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Chs ster 1

Intr »duction

Our economy is oune that never stands still. New companies appear and othiers
become « solete. New products arise. and then disappear again. This constant
reitewal of elements is one of the most fascinating characteristics of our economy.
The dive ity of products. and of the mechanisins to manufacture them. is astound-
ing. Despite these characteristics. economics. for the larger part. chooses to ignore
this aspect of the cconomic system (Hodgson. 1993: Blatt, 1983). A descriptive
treatment by Schumpeter (1961) and followers is a rave exception.  Mainstreanm
ccononlics treats the svstem as if it were in uilibriun, or at least ncarby and
moving toward cquilibrimm.  Although the field of economic geography, which in
the nineteen sixties closely followe  developmients in economies, has largely left that
quantitative age behind. - ¢ deseriptive appro. 1 that has taken its place does not
allow a arough analvsis of the processes of  novation. However. as Dosi of al.
write, technological change is “now widely recognized to constitute a primary sonrce
of indus  al dynamics™ (Dost et al., 1997, p.12 ). or it is even “the driving force
of cconomic growth”™ (Dawid. 20006. p.1237 his emphasis). No wonder the success
of these  Hproaches is limited. when the evolvin - capacities that arve respounsible for

the diversity. and which are recognized as a iving force behind the whole eco-



















but there arve also many small inmmovations that cumulatively are important. Each
innovation plays its role in the web of technological progress. and techimologies and
products coevolve in unforeseen directions.

Therefore. the imipact of innovation and diversification is enormous. and needs to
be included in the study of economic systems and. by extension economic geography.
A smalll Hixed list possible future inmovatic s is nsufficient. What s necessary.
and what this thesis argues for, is an explicit handl ¢ of snnovation in addition to
dynamics. This will make the treatment of evolution explicit.

Innovation is a difficult concept to capture in a model. Tt involves novelty.
and how does one anticipate novelty”? To a certain extent. the appearance of new
elements is a reaction to actual future situations that we cannot foresee. Thus
we can 1t pre-determine novelty, nor do we  wmt to. We need a model capable
of generating novelty  1new elements. and new relationships  independent of the
modellier. Such models are studied in the field of artificial chemistry, and are called

constructive models.

1.2 ’onst uctive dynamic modelling

In a constructive dynamical system new components can appear. which
mayv change 10 dvnamics of the svstem. This is different from a con-
ve ional dvnamical syvstemn where all components and interactions are
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n at the outset of the process. (Dittrich et al.. 2001, p.235)

Agent based models and cellular automata models are considered conventional
dynami 1 systems and do not exhibit evolutionary behaviour. There are no new

cutities 1 these models, and no new qualities. Evolution appears when a model




itself constructs new components and new relationships among the conmponents.
Dyvuamic 1odelling theory has to be expanded to include constructive svstems.

In this thesis it is argued that the existing field of evolutionary cconomics and its
geograph Al applications does not include a constru— ve svstenn. Many. if not all. of
the evolutionary econoniic models focus on changes in labour and capital coefficients.
and the | ssible adaptations open to firms are  ected from a predefined hist. This
makes the models undoubtedly dynamic, but not evolutionary. At best, the models
of evolutionary cconomics - Hlay a partial Lamarckian evolution. a Lamarckian
adaptation, where changes in the enviromment (i.e. the market) force agents to
adapt through optimizing their routines. This thesis will go further. allowing agents
to be truly innovating. developit new products and technology during a model run.
As a res t, an increasingly complex economy, with a diversifving set of products
and technologies. 1s generated during a model run.

The ultimate aim of this thesis then is to sinmlate a spatial economy that is both
dyvnamic and evolutionary. This means developing a model with two fundaimental
characteristics. First. the model must display la)  ve behaviour due to the inter-
action of its parts. Secondlv, at the si > tinie the model hias to be a construetive
systenr. hich means that new variables ai woqualities are introduced to the

model by the model itself. This is more than just dyunamical modelling,.

1.3 Space

Evolutionary economics. and evolution in general, depend on variety anong the ac-
tors in the systen. Without variety there is inheritance of different traits and

110 sclection of the fitter traits. Without vari « there arve very restricted possibil-







from accumulation of knowledge (Audretsel and Feldman, 1986). Space matters.
space generates variety. and. space also generates stability (Hofbauer and Siginnd.,
1988). B 1use such a model framework does not vet exist, this thesis will develop
A constructive spatial economic svstein.

The cimerging field of evolutionary cconomic geography (Boschima and Frenken.
2006) adds dynamic aspeets to the deseriptive nstitutionalist approach and spatial
aspects to evolutionary economics.  In addition to explaining differences hetween
regions. evolutionary cconomic geography models t - process of adaptation. How-
ever. despite its name, evolutionary cconomic geography does not include novelty
in its models. for the models are not coustructive.  This thesis will address this
issue directly and thereby go bevond evolutionary economic geography as it cur-
rently stoads. It will deseribe the development of a constructive svstem to model
inovation and a diversifving spatial econoniy.

First it will provide an overview of the current  ate of the art aud a review the
science of evolving cconomic svstems. Then chapter 3 and 4 will introduce the basic
model and a method to expand the economv qualitatively. Chapter 5 describes a
typical model run and Chapter 6 results. Chapter 7 introduces a spatial application.

and Anallv Chapter 8 provides a conclusion.
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Chapter 2

Bac :eround to the prblem

This chapter provides the context to the problem and gives sources of ispiration
for the approach to follow. First. it discusses the changing nature of economic
peograpl  and Low dissatisfaction with previous methods and results led to shifts
in parad 1, ultimately leading to the current insti  tionalist approach. This thesis
argues that the continuing scarel for the right theoretical framework in part can be
explaine by the failure to realise that cconc ic geographers are dealing not only
with complex systems. but with evolving svstews as well. O economic environient
is an op -ended svstem, with constantly changing boundary conditions. and as such
it should not be approached under the coferis puribus assumption. The recent turn
of cconomic geography away from a quantitative approach was. in part, an attempt
to deal with this problem. However. the turn stranded the field in a deseriptive
approach. Deseriptive approaches are not very successful in providing insight into
complex svstems, in that they focus on speci s of location, and fail to recognize
the principle processes governing the observed dynamics.

Economics, where much of the inspiration for rescarch in economic geography
originates, faces exactly the same situation. and these issues are discussed 1 see-

tion 2.2. Mainstream econoniics is still largely the domain of general equilibrinm
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theoryv. Y ue of the often very impressive theory on the relations hetween prices,
niarkets, supply and demand has anvthing to say - H>out the alwavs growing and
changing cconomy. vet this fact scems to be ignored. Von Neumann provided an
clegant t- orv on expauding cconomies (von Neo naun. 1946). but expansion is lim-
ited to a multiplication of cconomic activity — er sector by a constant factor. so
although the amount of activity increases. the relations among the activities do ot
change, and the tvpes of activities do not change. T it 1s not the type of expansion
this thesis addresses. Like in Sclnunpeter (1961, p.63) we do not consider mere
erowth as a process of development. Here we  n to model an ever erowing set of
products and technologies. The ereation of new  ctors. rather than the enlargement
of existing sectors. is the main focns of the model here. The constant wave of new
goods that flood our markets. and the disappearance of old-fashioned products that
have become obsolete, is the kind of expansion we aim to understand. Schimpeter
provided a description of these processes (Schumpeter. 1961). Here we go further
and capture the processes in a model. This thesis argues that though this has heen
tried before in the field of evolutionary economics founded by Nelson and Winter. so
far none  f the models have been evolutionary, in the sense that none of the models
are constiructive. a concept borrowed from the field of artificial chiemistry.
Kauffinan’s work on a generie biology de: with the cmergence of order and
structure, and in one of his books he describes a simple constructive economy (Kauft-
man. 1995). His Lego world idea (IKauffman. 2000). discussed in more detail later.
is an aj ropriate scheme for a constructive svsteni: it just needs to be modelled
IN Al Ceonomic conte Since some of the tools developed in artificial chemistry

will he useful i the context of cconomics as well. some of the relevant ideas are







demonstrate the stable state of the svsten.

[ the nineteen seventies, cconomic geographers began to realize that these
models were nnsuccessful i explaining spatial cconomic hehaviour in often rapidiv
changing cuvironments. Thus. when this formal theoretical approach did not satisfy.
geographers changed their focus back to localities. and moved awayv from general-
ized neoclassical cconomies (Boschima and Fre o en. 2006). This shift, around 1930,
hias bheen called the cultural or the institutional turn. Several streamns of economie
gcography sprang from this turn. such as the | wxist approach. the structuration
approach. and behavioural geography. and these can bhe put under the nmbrella of

institutionalisn. According to Boschma and Frenken:

I its most stringent fornt. institutional ap  oaches argue that differences
i cconomic behiaviowr are primarily related to differences i institutions.
[nstitutional differences can be present a ong finins (in term of organiza-
tional routines and business cultures) and among territories (in terms of
legal frameworks. informational rules. policies. values and norms). C'om-
parative analyvsis between these units with different institutions can then
be related to diaorenc in " outcomes, such ¢ pre 7 growth.

income distribution and conflicts. (Bosclina and Freuken, 2006. p. 276).

As far as understanding evolving svstems is concerned. which is the ultimate aim
of this thesis. this was certainly a step in therig direction. since the institutionalist
approach focused on differences in local spec o5 to explain differences in global
develop: mts. This is already a much more ope  theory. much less restricted by the
constraints that come with analytical rescarch  ethods.

Apparently the move away from spatial neo  ssical cconomics created a vacuun,

14




and in the nineteen nineties. economists moved into this void with the new econoniic
geography (IXxrugiman, 1995: Fujita «f al.. 1999). Thougl the work by Krugiman and
his followers does not rely on analvtical techniques to come to a result. but nsteacd
uses mnuerical examples through simulations. and — as appears to be dynanie. it
does so only in order to determine the stable end result. It thus merely reintroduced
the consunmmatory neoclassical equilibrinm approach into the geographic domain to
explain t - de. specialization and agglomeration.

Though this approach adds to the existing body of neoclassic econonie geogra-
phy. it ignores the fact that such an approach had been tried and declared unsuc-
cessful to explain many phenomena. By again “using formal models assmuing utility
maximization. representative agents. and homogencous space and using, equilibrinm
analvsis to come to theoretical conclusions or | dictions”™ (Boschima and Frenken,
2006. p. 277). it goes straight back to the cconc i geography from before the
cultural turn. In addition. a very similar approach exists that predates Krugian by
almost twenty vears (Allen and Sanglier. 1979; White. 1977, 1978, 1990). Needless
to sav. such a move by economists into the domain of cconomic geography has not
been well received. and there is little cooperation between the two subficlds.  As
Boschma 1 Frenken write. ~on the contrary, the debates have been fierce and
with litt  progress”™ (Boscluna and Frenken. 2000).

Bosc  na and Frenken write that the institutionalist approacl and the new eco-
nomic geograply differ in two wavs: firstly. formal modelling is absolutely not done
in the fo uer. while it is the hasis of the latter, and secondly. bounded rationality
and con  stuality are the essence of the institu malist approach. while the opposite

15 assued by Krugman.






proaches in that evolutionary cconomic geography is dyvnamic. It is not heading
toward an equilibriuin. an it does not explain the diffevences in ciarrent organisa-
tion based on the difference in present institutic s Instead it explains by studying
thie interaction of present routines.

Worker and Athreve (2004) also mentions the difference hetween the new cco-
nowmic ge raphy rooted in equilibriuin theory and the more process hased evolu-
tionary approaches. What is more important. however. is their discussion of the

cffect of knowledge and its spillovers. They mention that:

Changes i the endowment of infrastructure and production factors
might lead to chauges i regional supply an  demnand. which in turn
affect the industry structure of a region. 5 the regional industry strue-
ture is the outconie as well as the driving foree of regional supply and
demand. it is often central to the aualvsis (Werker and Athreve, 2004

p.ro3).

How 1. the examples of such analvsis are then limited to the interaction be-
tween industry structure and local knowledge =pillovers. and knowledge accumula-
tion. Results have been sparse. and to a certain extent. contradictory (Werker and
Atlireve. 2004).

This  1esis will show that supply and denie L ice. the systewn of input aud out-
put. and thus the How of commodities required for existing and innovative technol-
ogy. together provide an easier and more interesting link between innovation and in-
dustry structure. We agree hiere with Metcalfe that innovation itself is unpredictable
in detail: = Innovation is about surprise and su  rises are not predictable”™ (Metealfe,

19938, p.&6G). However. nothing can come of nothing. Innovations are combinations

17



and new applications of existing concepts and commodities. By creating a construc-
tive artificial cconomy, in which existing products and technologies are combined to
create ne o products and technologies. the effeet of mnovation on regional supply
and demand is made formally explicit and can studied.

[n ore ¢ to generate such a constructive artificial economy two models need to
be intearated - a model for innovation and a model of the market. which serves as
a sclectic mechanisin, Markets arve difficult to model. Many attempts following
the neoclassical paradigm exist. but these lack locational and individual specities.
Here an agent based model of production and trade has heen developed to deal with
location  and individual differences. where production and trade are regulated by
a price niechanisu.

I the book Production of commodities by mcans of commoditics (Srafla. 1963).
Sraffa explains how it is possible to replace the neoclassical construct of utility, de-
mand. a 1 supply for determining price (the marg  al method) by a mueh siimpler
method for determining prices in the steady state. According to Sraffa. i stable sit-
uations 1ere coefficients. for example. do not change. the focus on change that is so
mch part of the study of marginal cost. is unnecessarily complicated. By analvsing
stable Hows between  ctors. it s possible to derive the prices based on comparison
of input costs and output value per sector. It ne assumes that the systent is i a
steady state. and thus, that next vear's production figures will be thie same as this
vear's, then this vear's output value should enable the sector to acquire next vear's
imput. the study of dyvnamic econontics. ac itional information is required. hut
still much less. than what is required for the neoclassical approach (Blatt. 1983).

Thus, one does not have to make neoclassical assnmptions on the character of de-



mtand and utility functions: these natwrally rest from the agent hased simulation
of a local market if one follows Sraffa’s reasoning on ices. The model in this thesis
does prec ly that.

There is empirical support for such an approach. Essletzbichler and Righy show
that there is significant difference hetween regions in ters of applied technology.
and this d  crence is persistent (Righy and Essletzbichler. 1997, 2006). Theirs is
a statistical analysis of Census of Mamfactures data. It does not mvestigate the
underlvii — causes of these differences. hut the variety is certainly there. in support
of the evolhutionary economics approach and falsifving the generalizing assmnptions
of equilil um theory.

Dosi ¢t al. (1995) studies these regional industry svstems. as does Boschma and
Lamboov (1999). These approaches, especia - the latter. scem rather vague and
leave the trie underlving process unexplained. Boschma and Lambooy study “the
offect of new variety on e long-term evolution of the spatial svstem™. hut what
exactly this new variety is. is unclear. and the disruptive nature of technological
change is deseribed in terms of “spatial leapfrogging”™ (Boschima and Lambooy. 1999
P.419). Chance is a major factor in setting up new chnology in a region and after
that. "¢ nee events and increasing returns are hmportant mechanisms to explain
the spa 1 formation™ (Boschma aud Lambo . 1999, p.424). This thesis argues
thiat sin lations are needed to test such statements.

Dosi «f al. seem to be aware of the need to model such systems. They develop
a model to simulate inmmovation under differer  technological and market selection
regimes. and explain several stvlized facts of dustrial systems. It is hmaportaut

that a model of innovation include a market mechanism in order to justify entry
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and exit of goods and Arms. and the model by osi o al. “tries to specifv an ex-
plicit market dyvnamics™ (Dosi ot al.. 1995, p. 118) . The inclusion of a rvealistic
market mechanisi is an element of paramount importance in capturing the essence
of evolving cconomies. The market mechanisin - roposed by Dosi ef al. consists of
a probabilistic rule that determines market share and death based on an artificial
measure of competitiveness. The resulting model 1s a dvnamic model that deals
with ine ation and selection through a market mechanism: this is done in a very
stiiplistic wav. Innovation consists of a random increase in a measure of the com-
petitiveness of a firn. ¢;. In addition. as is the case with all followers of Nelson and
Winter. nothing new is added to the svstem. and “the representation of the process
of techue Hgical change leaves a large black box between the inflowing funds and
the resulting productivity increase”™ (Dawid. 20 5, p. 1248). Since competitiveness
is an art  cal construct measured Dy a nmuber ¢, the market and market share in
the model are equa - artificial.

Though such work makes a start toward investigating the consequences of o
changing technology expressed by a changing competitiveness. it does not allow
the study of the resulting changes in the industrial system as proposed here. The
interaction between the inc  rv structure and innovation. mediated by supply and
demand. such as was argued for in Werker an - Athreve (2004) and addressed i this
thesis. is not studied in the neoclassic or institutional approach. Nor is it studied in
evolutionary economics. Despite the focus onaiptation and a dvinamic perspective.
and despite the word evolutionary in the subfield’™s nanie, evolutionary cconomies
really oulv deals with dyvuamics. The source of this shortecoming is that creativity or

truce innovation is lacking. As Dosi ¢f al. discu  Jovanovie's work (Jovanovie, 1982).




thev state that “the universe of available techniques is given from the start: hence
learning”. i the sense of discovering something ger: nely new. is ruled out™ {(Dosi

(1 al.. 1997, p.16). Likewise. Nelson and Winter write:

Usc fthe term “search™ to denote a firm's activities aimed at iimproving
on 5 current technology invokes the idea of a preexisting set of tech-
nological possibilities. with the firm enga 1 in exploring this set. This
connotation ... seeins less natural when one is considering RED aimed
to develop a new aireraft. or. more generallv. R&D aetivities where the
terms “invention” or “design” seeis appropriate. Instead of exploring
a set of preexisting possibilities. R&ED is more naturally viewed in these
contexts as creating something new that did not exist before. (Nelson

and Winter, 1982, p.210)

Up until this point, the argument in this thesis is ally compatible with the stance
taken by Nelson and Winter. However. they then continue the above statement with

the following remark:

Bv  for the purpose of our evolutionary 100 ing. the distinetion here
is one of semanties not su ance. The RED activities of our firms will
he modeled in terms of a probability distribution for coming up with
different new techmiques. We will discuss this in teris of sampling from

a  stribution of existing techniques. (No on and Winter, 1982, p.211)

The h Nelson and Winter are aware of — » problem. the lack of novelty is
swept under the carpet. and “something genuinely new™ is ruled out. Evolution-
arv economics has mainly folowed Nelson a1 Winter in this approach (Dawid.
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2006). The present thesis addresses this problein that it shows that modelling
technolog b evolution does not invoke the idea of a reexisting set of technological
possibilities.  As a matter of fact. it is siimply  ipossible to pre-state the techno-
logical possibilitios at any given time (Kauffinan. 2000). Doing so leads merely to
optimizing the functioning of the institution i a given environment. which ineludes
the so called innovations right from the start. 1 this case. variety is “generated”
by selecting new technology from a list. However. evolution requires three ingredi-
ents (Righy and Essletzbichler. 1997). of which one is a persistent source of variety.
Furthermore, it requires some mechanisim that allows the inheritance of gualities
to preserve the svstenn. and some mechanism v ich performs scelection. be it better
reproduction or better survival, Trueo the latter tv o processes are both present in
cvolutionary economics. The  redity comes { m the copying of behavioural rou-
tines. Combined with a selection mechanisi. this results in a model of Lamarckian
adaptation (Righv and Essletzbichler. 1997). Lamarck offers a theory for the in-
heritance of chavacteristics acquired during the lifetime, as opposed to Darwinian
inheritable traits. whicl are left unatfected by life experiences. However. this thesis
argues that a persistent source of novelty is missing in models based on Nelson and
Winter. and thus in evoluti economics.  Other work related to teclimological
evolution. such as work by Frenken and Nuvolari does allow novelty (Frenken and
Nuvolari. 2004). However. such work depends on randomly defined fitness, and thus
features a highly artificial selection mechanisu. Until now. there does not seenn to
be an appropriate cconomic model that com  ues noveltye ieredity and selection.
The bi: st challenge is to model technological novelty., To avoid having to specify

preexis g sets of qualifies of sone sort, we wuse conustructive svstens. a coneept



borrowed —om artificial chemistry. Thix approach will he discussed in Section 2.1
of this chaptoer.

Most of the papers discussed in this section are from the fast two decades. This
suggests that evolutionary economics is new. This is not the case however. Long
term eco mic development and chauge have been considered important since the
carly davs of modern cconomies. To what extent it has actually been studied is

explored in the next section.

2.2 Long term behaviour, dynamics and evolu-
tion in economics

2.2.1 Mechanical economics

In this section we explore what economics has to say about whole economic systems.
Most of the topics discussed in this section will be used in sonie form later in the
thiesis. Much of the discussion here is based on Ce erbery (2001). who provides a
chronological treatinent of the history of the © smal scicuce™. economices.

[ the Tubleau Economique of 1759, Quesnay and the physiocrats argued that
the economy functioned like the circular flow of blood through a body. Apricultural
production led to a surplus. the output heing higher than the production costs dne
to the added value of the use of land. which v« a gift of nature. Oulv agriculture
could go erate a surplus due to thix added va e of the land. The surplus of goods
from the land Howed to other sectors. These sectors merely transformed the goods:
there was no added value. hecause manfactur o output equaled input. Labour was
paid for by wages. wages were used to purchase ¢oods. which cuabled the labour
force to work. Lais created a circular e of goods. and an opposite flow of money
in the form of purchases and wages. However: a large part of the money flow was
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diverted to land holders who received money. without producing anvthing. in the
form of rent. Even more surprisingly. taxation was based on production and not
on possession of land.  According to Quesnay, the wrong sector was taxed. and
restricting the circulation by taxation or hamperi | the How by tariffs would slow
down the long term development of the svstem. The ofore. Quesnay argued for free
trade instead of mercantilistic taritfs. This metaphorical use of the cardiovascular
system to model the flows through the cconomy is a very interesting idea. and it
1s one tl - was too casily forgotten. Quesnav and his use of the circular How were
later rev »d by Schunpeter and Sraffa (Sraffa. 196:3: Blatt. 1983).

Adam Smith also argued for unrestricted economic activity and saw a much
bigger ro - for manufacturing surplus in the cconor ¢ svstem. In the post Newton
era. lie argued that once the economy was set inwotion by the hand of God, there
was no need to interfere. Self interest drives the svstenn, but self interest also is
held in check by the self interest of others. “An  dividual is led by an invisible
liand to promote an end which was no part of his intention™ (Canterbery. 2001,
p-54). Through prices. the laws of the marke  determine the quantities of goods
producc  as well as the income of workers  1d mamufacturers, and there is no
need to interfere in order to achieve the optimal state. Agaiin. the economy was
treated as a whole, where local micro-scale ¢ cisions generate a well functioning
macro-cconomy. Hodgson (1993) speculates on Ac 1 Smith's inHuence on Darwin.,
particularly the idea that the interaction of individuals leads to a larger. more
complex structure that comes with a natural organisation. regardless of the fact
that none of the individuals is concerned with anvthing other than his own situation.

This might have inspired Darwin to vealise that the sumn of all the parts can result







theory of value will be used in the model developed i this thesis. The value of
commodi s in Ricardo’s svstenn, depends on the costs of the  roducts and labour
involved in producing the good. This is kev in ¢ classic approach.

Marx wrote that classic liberalism would not save the svstem. Capitalism and
the free market depend on healthy competition to fi - ction well. but the same com-
petition drives competitors out of the market until only wmonopolies remain. and
thus. capitalism is destined to collapse. His me ol of the economic svstem showed
an unavoidable revolution of the economic svstem. In many wavs. this resembles
the deseription of an evolving system. but Hody  m argues that the developnients in
Marx's t ory are of a different kind than those in Darwinian evolution. Hodgson
writes that the class struggle in which individuals arve “collectively engaged™ is very
different o the race between a wide variety  { individuals in Darwin {(Hodgsou,
1993). Furthermore. Marx saw the sociocconomic svstem evolve to an equilibrivmn
state. e the classless society. One could sav  1at NMarx's thicory was much more
meclianical than evolutionary.

The neoclassical school of thought differs from e classical through the devel-
opment of an alternative theorv of value. Whercas the classic idea of value was
based on the cost of production. the neoclassical approach based value on utility.
Utility  difficult to quantifv. but Marshall provided a solution to this probleimn by
linking  ice and utilityv: if one is willing to pay me . utility is higher {Canterbery.
2001. p.132). This idea was coupled with margh lisin both on the demand and
the supply side. Ineremental cost and incremental utility are compared by the con-
stner and at the same thue marginal cost is determined by the producer. The price

then follows from a balance hetween marghie  utility and marginal cost. and supply



and demand match at that price. In addition to the treatiment of land (Quesnay)
and labour (Smith) as production factors. the ncoclassics introduce capital as an
essential ingredient.

Marshall provided a mathematical method  value commodities one at a time
by comparing utility. demand and supply. If in mediate products involved in the
productic  increase in price. production costs change awd a new halance between
supply and denmand has to he struck. which in tv 1 would affect other prices. Walras
developed a theory of value that dealt with all comniodities at the same time. He
developed a svstem of equations to set the ve ms between production and prices
and purported to demonstrate that there was an et ibrium for the whole cconomic
svstem by showing the nnmber of variables to  equal to the number of equations.
However. this is neither a necessary nor a suffi nt condition for the existence of a
solution. Wald for the first thme provided a set of conditions and a rigorous proof
of the existence of an equilibrinm solution by allowing inequalities (supply should
be greater than or equal to demand).  This implies that some products cau be
overproduced. with price zero. while others will have positive prices. and likewise.
some p1 luetion processes are used while othe v ave abandoned (Morgenstern and
Thompsow. 1976. p.2). Hicks based the set of equ  brium prices on the behaviour
of const ers and producers (Canterbery. 2001, p.137). Arrow and Debren subse-
quently used set theory and the Nash equilibrinim in order to prove the existence of
equilibria (Canterbery. “901. p.406). For these equilibria to exist under conditions
of unce ainty they did Lhowever require perfeet foresight. which means that every
produce and consumer has to know all por le future price sets and production

(quantities. Ulthnately. the theory of value and pricing lias become very nnpressive.
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rea  ed in their growtl. In this vital respect all seiences of life are akin to
one another. and are unlike physical sciences. And therefore in the later
stages of economics. when we are approaching nearlv to the conditions

i

of life. biological analogics are to be preft ced to the mechanical, other

things being cqual (Hod o, 1993, p.106).

As has been mentioned before. the problem th quilibriuin models is that they
arc not evenl an appropriate vehicle for studving dynamic svstenms. much less evolving
ones. An example is our atmospherie svstem (Blatt, 1983). Dne to the constant
flow of energy into the system. the resulting state of our atmosphere is never
equilibrium.  Arguably. the boundary conditions of our weather svstem are stable.
but never  eless. every day we experience very dyviamic, and far from equilibrinm
weather. Our cconomy sees a similar flow of energy fueling the svstemnr (the sane
sun. or indireetly, fossil fuels. raw materials etel). In addition. the interactions
among |1 Hduets of the economic syvstem keep changing and the cconomy grows and
becomes more complex. We started with a simple economy of beads and primitive
tools made out of stone. and we now trade w  k at a desk for ilPods. The variety
of products. the technological capabilities. and t1 many forms of work that are
performed have all increased tremendously. Naturally, there is a drive for demand
to meet  pplyv: we need to balance expenditures with income. However, this needs
to happen under alwavs changing civcumstances. Thercfore, the ccteridius paribus
equilibrium approach does not provide ns a my te description of the cconomice
svstem. We need to look further.

Alternatives to the static Walrasian systc have already been developed. The

first alternative was descriptive. as Schumpeter developed a theory on the role of
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the entreprenenr and innovation in the cconomic svstem (Morgenstern and Thomp-
son. 1976). Schmn eter’s model of economic life  hased on a deseription of a
circular 1w of goods. consumables and land  ad Tabour. This is reminiscent of
Quesnay use of a the cardiovascular svstem to illustrate the functioning of an
cconomy. Decisions regarding production (to produce means to combine materials
and forces (Schumpeter. 1961, p.65)) and trade are made with the help of data and
experien s from the past. Under constant conditions (no sudden changes in the
data) an  assuming that one strives for making the best combinations of available
resources. gained experience leads to the developiment of well-tried routines and
Walras™ stable state.

On top of this static cireular How model Sc umpeter places a model of develop-
nent. For Selhannpeter. development means a cha e in possible combinations: a
new pre 1ct. a new production method. opening of a new narket. a new source of
supply. a new organisation. However. the appeara » of a new combination is only
the invention. Successful introduction of the invention required two additional ac-
tions. The new combination is based on existing goods. Since all existing goods are
produced according to the needs in the existing stable cirenlar How, and shmilarly fi-
nances are ouly sufficient to supply the existing systeni. credit in order to acquire the
required resources has to be provided from so  ewhere else. and this is the task for
the cap alist. Next the new techuology ias to he embedded in the existing systenn.
Since cconomic activity is based on data and expericnce. and this is non-existent
for the new technology. a persistent visionary, the entreprencur, is needed who can
guide action without falling back on previous experience. Here Schumpeter provides

his take on the actors of the capitalist cconor ¢ svsten: the manager dealing with
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why should thev be the same as those of the anagers? i addition. the model
developed in this thesis shows that striving for maximum personal gain given the
local circumstances can lead to stable behavie  as well as inmovating bhehaviour.
and in that case managing agents and innovating agents act on the hasis of similar
rules.

To conclude this deseription of mechanical economics. twenticth century models
of economies still dominate cconomics in the twentv-first century. These models
are hased on neoclassical equilibrivm theory and do not have much to say about
dynamic svstems. much less evolving ones. At hest. they deal with growing svstems.
These sy ems grow quantitatively, not qualitatively. and Marshall's remark on the
importance of being able to deal with qualitative changes is more valid than ever.
For example, the turnpike t1 ries hased on von Newnann's constant growth rate
projectic s which describe the fastest wav of cconomie quantitative development
i.e. the largest expansion factor. arve the closest the neoclassical approach gets to
modelling long term behaviour of the cconomic svstent. As a reaction to this. a new
approach. evolutionary economiics. appeared in the nineteen seventies and cighties.
This approach builds on the nineteenth century ins — utionalist economics by Veblen
and otl 5. The fo owing section focuses a little more on the problems addressed
by this w field.

2.2.2 volutionary economics
Dawid (2006) distinguishes a number of important aspects ¢ iunovation that have
been incorporated into evolutionary cconomics. « d which have been ignored by

traditional cconomics. One such aspect is t1 relation betw 0 rescarcli and devel-

opment and knowledee accumulation and spi over. Another aspect is the prediction,
o



by means  fagents” internal models. of the ontc ae when introducing new technol-
ogv. The performance of new technology is very difficult to predict. However. in
order to assess the profitability: of new techuology,  timates regarding anticipated
effects are very iportant for firms. A third as et dealt with in evolutionary eco-
nomies is the importaice of the heterogeneity of adaptive strategies. fe. a firm's
iunovative strategies. In addition to the inclusic — of these facets of innovation. which
would be hard to achieve using the analvtical approach. evolutionary economices has
focused o generating so called stvlized facts (sl of al.. 1997). Examples of stylized

facts are
e stable power law i ibution in finu size
e porsistence of asvnmuetric performances
e instability in market size and market shares
e turbulence in entry and exit of firms
e life eyeles of products

While these phenomena are left unexplained by the neo-classical approacl. evo-
lutionary economics uses models to explain the stylized facts by experimenting with
the con  tions under which the models generate them. This can be done for each
fact at  time. but it is even more important to combine all of these puzzles and
find an explanation for these facts simultancously (Dosi ot al.. 1997). How can we
obtain  ible firn size distribution with a per stent variety of performances within
one sector. while products come and go. firms come and and markets come and

go? Ev ationary economies is gaining momentnn and adding to the understanding
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Kauthnan. the two components. reproduction and — ctabolism. are the esseuce of

life and autonomy:

An autonomous agent must bhe an auto-catalytic svstem able to re-
produce and able to performn one or 1 ¢ thermodynamic work cyv-

cles (Kauffiman. 2000, p.19).

Mattoer is available in many parts of the universe. as is cuergy. sinee the universe
Las been out of equilibrium since the big bang.  These deviations from equilib-
rimn can be exploited to extract work. and this work will lead to new. different
displacements from equilibrium. that can be « tected again. and utilized i some
other. sl htly more complex. wav. Kauffinan heheves that auto-catalvtic svstems
are capable of doing this. In short, Kauffinan  roposes a theory for the persistent

cuergence of new species e an ecosystenn and the extmetion of old species,

B the cconosphere has similar extinetion a1 speciation events. Con-
sic rmy favorite example: The introdr ion of the automobile drove
the horse. as a mode of transport. extinet. With the horse went the
barn. the bugev, the stable. the smithy. the  ddlery, the Ponv express.
Vo I the car came paved roads. an otl an sas industry. motels. fast food
1 aurants. and subwbia. The Austriar onomist. Joseph Sclnnpeter.
ciod these gales of creative destruction. where old goods die and new

ones are born (IKauffuian. 2000. p.216).

Such a systenn. in combination with Darv an evolution. could very well he a

good model for an evolving economy.
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high demand for coal due to the shortage of v od in sixteenth century England
led to larger mining operations. that operated o greater depths. requiring the use
of much metal machinery and tools. The increased need for ivon to produce these
tools led  a higher demand for metal parts in the  aelting operation. as well as a
greater need for coal to fuel the blast furnaces, Transportation involved in supplying
bhoth met  and coal required. even in the age of wo den ships. many metal parts.
as well as cannons and sheathed hulls for protection (Nef. 1936). Just as Eigen
(1992) a1 1es that anto-catalvtic sets will outperform non auto-catalytic sets, so 1t
can be a ued that England outperformed France. and experienced a much faster
growth due to the effects of positive feedback in the cluster of metallurgical and
mining industries. (See also Padgett «f al. (2 3) for a model that sinmlates the
appearance of auto-catalytic sets in a producti 1 systen.)

This thesis does not attempt to add anvthing to the study of the evolution of
life. However. the idea is that theories on the evolution of life and the emergence
of structnre. developed in biology., particularly — olecular biology. artificial life. and
artificial - hemistry, can be applicd to economics as well. This is not a new idea as
Padgett ¢t al. (2003) shows, but the idea has never heen fully developed and imple-
nmented. Kaufliman talks about the econosphere as a svstem similar to the biosphere
when regarded as a grammar or a ro iting svstenn. These grammiar systeis, which

give rules for performing replacements. are studied in artificc chemistry.

2.4 Artificial chemistry

As nientioned above, Darwinian evolution dc  model an adaptive process. but it

does not explain the emergence of life. The a earance of the reproducing entities



that arve required for Darwinian evolution itself cannot have happened through the
Darwinian process. Because of this, much rescarch in artificial life and artificial
chemistry alims at explaining the cimercence of orga  sation in general. and in par-
ticular, t emergence of systeins capable of self-maintenance and self-construction.
Artificial chemistry investigates such svstems by modelling the interaction of artifi-
cial chemicals and studyving under which conditious certain structures emerge.

Dittrich ot al. (2001) provides an overview of the literature on artiticial chem-

istry and they classify the different models nsed i the ficld. Their deseription of

constructive artificial chiemistries tits perfectly what this thesis purports to demon-
strate for evolving cconomies. The model in t! - next chapters will be an example
of an explicit conustructive dvnamic svstem. This section will explain what 15 meant
by that, and it will hriefly discuss some models thi o resciuble what is done in this

thiesis.
2.4.1 Molecules, reactions and constructive systems

An artificial chemistry can be defined as a triple (SR, .A4). where S is the set of all
possible molecules. 1715 a set of collision rules. 1d A is an algorithm deseribing the
domain and how the rules are applied to the molecules.

The following example from Dittrich of al. (2001) illustrates this formal definition
of an artificial chemistry, Let S = {2.3.4.. ..} be the set « all natural munbers
preater than 1. The set of collision rules is given by R = {5 + 50 — 51 + &3
Spysp. 83 € S A sy = sy/s1 . This rule set implies that when two molecules s and
sy collide (the + is not the arithmetic addition. but is instead used to represent
collision). the result of this interaction is s, and s3 in case s; divides s 5 can be

regarded as a catalyst. When s does not divide s,. the collision is clastic and no
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reaction takes place. Finallv, the reaction algorithim A is given by a random draw
of two molecules from the set S, and replaces one of them if it can be divided by
the other (Dittrich of ol 2001, p. 233). At the beginning of a simulation. S is a
finite set of randomly drawn natural numbers  size larger than one. and during,
the run of the model new moleenles are introduced into the model. For example,
it S = {5.12.20.28.32 44}, and 5 and 20 collide. then a new element. . veplaces
200 and S = {1.5.12.28.32. 44}, Before this re. 1o took place. all collisions with
clements of {12.28.32. 44} were elastic. With the ereation of a new catalvst -1
new functionality is introduced into the svstem. and many more molecules can be
decompo L

In th  model. the molecules are defined nmplicitlv: not all molecules are specif-
ically mentioned. and all that is known is that thev belong to the set of natural
mmnbers. It is even possible that new molecules appear. However, when defining
an artificial chemistry, it is also possible to ex) citly define the molecule set. such
as in S = {tamber brick. iron orc wool wheat. g Toroad. village. town}.  These
“molecules™ are copied from board game The Settlers of Caton (Teuber. 1995).
and the rules of the gane state that two picces of tiimber and a brick can be ex-
changed  raroad. The coll  on rules for this game represent the technology present
in the game, and describe the possible transformations of input into output. An-
other rule states that one village. three units  firon ore and two units of wheat
can be exchanged for a town. The board game is a clear exaple of a svstem with
not only explicitly defined molecules, but also explicit collision rules. The exanmple
borrowed from Dittrich f ol (2001) uses an plicit definition of the rules. The

rule makes use of the structure of the natural munber set. and one rle defines all
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m specific circamstances. and Kautfman believes that it is iimpossible to pre-state
all traits 1 all clrcanstances. This is taken as fact and left for what it is in this
thesis, and new functions of products. both exi ng and new. appear more or less
randoumly.

Verv i eresting in the context of this thesis - work done by Jain and Krishna.
The remainder of this seetion on artificial chemi v will hriefly discuss their models
and results; as well as ways in which their approach ditters from what is proposed

here.
2.4.2 The evolution of autocatalyi : networks

Jain and - vishna (2003) poses two questions coucerning the origin of life. First.
how did o network and its processes and spatial — ructures come into existence
when none was present?” Secondly, the set of me cules involved i these structures
is a very special. small subset of a very large set of  ssible molecules. and equally
specialize  is the set of their interactions. What are e mechanisims that can create
such highly structired or ordered organizations?  Jain and Krislima remark that
similar questions are relevant for cconontics and social networks.

The model with which they propose to study these questions is a dyvnamical
svstem i which the graph deseribing the network is also a dynamical variable,
However. thev do not treat the complete reaction raph of input and output of
reactious. but merely deal with the catalvsts reqr ed for the reactions. In doing this.
thev follow. among others. Eigen and Kanfhie  who both consider anto-catalyvtic
sets as an essential part of the appearance of self-replicating svstems and the origin
of life. Suppose (" is a directed boolean graph that has ¢, = 1 if node j is a catalvst

for node 7 and ¢;; = 0if not.
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Bv mc s of Perron-Frobenius theory on elg  values and cigenvectors. it can be
determined if the network contains anto-catalvtic sets (ACS) and. more specifically.
which one is the dominant ACS. This concept of don 1ance goes hand in hand with
the definition of the population dynamics

s

I = Z Ciply = i Q Chyy

i=1 Jk=1
where r; is the proportion of the population in state 7 and s 1s the number of nodes.
Basically these dynamices imply that the change : the concentration /7 depends on the
Hux from states j to i and back. However. it is exac - this definition of population
dynamics that makes the ACS determined by ] rron-Frobenius the dominant one.
and hecause of this the others can be ignored. This is very convenient. because in
ceneral. it is not casv to detect auto-catalvtic sets in networks, (see section 6.3).
The fact that some. or even most, ACS are not deteeted is no problem here. sinee
the dominant ACS will attract the whole popt tion.  With market determined
dynamics. as we will see in the next chapter. e theory in this paper loses some of
it= power, but still it is useful. since at least sor - ACS can be found. Furthermore,
i1 cconontic svstems, it is interesting to detect closed auto-catalytic sets. e, clnsters
of techne — gv that are relatively self sufficient. ¢ wparable to encapsulating clusters
of molecules and reactions into compartments , .gen. 1992). such sets could serve.
for example. as plans for companies, and this would allow me  lling the emergence
of higher level economic organizations.

The implementation of the mechanisin that makes a systemn constructive is not
unlike the dynamics proposed in this thesis™  Hnomic model.  Jain and Krishna
randomly remove one of the nodes, (which mear  they remove cohumn 7 and row ¢

when node 7 is taken out of the system) and replace both withh a random boolean






The cconomy consists of a set of n products. and a set of 1 technologies. The
techimologies describe how products ave manufactured. Products are produced out
of other ¢ ds. the technologies consist of input vectors and output veetors of length
n. and the elements of these vectors specify how many units of each of the goods in
the cconomy are required as input or are expe  »d as output. For example. in an
cconomy with n = 4 products (a.b. c.and d) at mology to create product  out of
two units of product a. one of product b, and one of product e, required as capital.
is represented i the model by input veetor {2.1. 1.0} and output vector {0.0. 1.1}
Furthicrmore. a constant return to seale is assumed: to generate two units of . twice
the input vector is required. Note that product ¢ is both inp  and output of this
techniology. This is one wav to represent capital in such a model. Furthermore,
it also sl ws that joint production is possible: one technology can have nmltiple
products as output. All mr input vectors collected as columns determine the input
matrix /. and the m output vectors give thie output matrix o.

Let = = {21 2.5 > 0 be the annnal activity levels for the me different
technologies. The right multiplication of input  atrix 7 with - tivity vector = gives
the total input -z required for the annual prod tion. Siilavly. the total generateed
output 1s equal to o - =

Similarlv. let p = {py.po. ... Pt > 0 be the price veetor for the n different
products. The left multiplication of iuput matrix i with price vector p gives the
input cost p - for cach of the techmologies. The output costs are given by p - o.

As mentioned above, von Neumann assun - a uniforin expansion rate a. This
means that with current annual activity levels 20 next vear’s activity is az. Tinorder

to maintain a sustainable economy. the an al pro  ction hi - to he greater than or



equal to - st vear’s input required for activity
0,2 2 iz

[ addition. prices have to exist such that the value of out 1t is larger than the

cost of mput plus interest. When the iuterest rate is rand 3= 1+r
p.o = Apa

Thus. the model consists of input and out .t wmatrices ¢ nd o and munerical
unknowns 2. p.a and J. with relations. Von Neumaun's publication “A Model of
General Economic Equilibriim™ (von Newmann., 1 6) gives the conditions nnder
which a solution exists.

Von Newmnann's model provides a very eleg it representation of the production
and pricing svstenr. Not all of the required assmuptions are very realistic though.
and innuediately after the article was publisl | in English. (first publication was
in Gerian (von Newnann., 1937)) it received commments on how nnrealistic it was
that all production techniques require all of —1e products (Champernowne. T946).
Kemeny ot al. developed an alternative set of couditions that solved this issue (KNe-
weny ot al.. 1956). Thev replaced von Neumann's assumption by the following three

ASSUILD sl

1. Every production techunigue requires at least one input
2. Every product is produced by at least ¢ production techuique
3. At least one product has a price larger  an zero

It is still required that products are involved in the production of other products.

but not necessarily directly.



In addition to the proof of existence of an activity vector. price vector and
growth a;  return rate. other work focused on the calculation of the unknowns.
Hamburger ¢t al. developed an algorithim to determine the mininnm and maxionuom
of the ex  nsion rate o (Hamburger ¢f al.. 19 7). Gale showed that in order to
determine a solution no more than n processes are required for a solution when n
is the number of products and the numnber of processes nris rger than o (Gale.
1956). Weil turned this into “An Algorithin { the von Nemmann Economy™ to
determine all unknowns =, poa and 3 (Weil Jr. 1964). This involved selecting noout
of m pro sses in order to change the problemn into an cigenvalue problent. \When
and n ect larger, this hecomes rathier cumbersome.  ad so Thompson developed an
alternative (Thompson. 1974). His algorithin has been implemented for the analvsis
of the artificially generated economies of this thesis in Section 6.3.

The solution to the above von Nemnann technology maodel with maxinmum growth
rate o an  corresponding activity levels 2 and price vector pis often called the
turnpike. the fast lane for growth since a has heen maximized. The turnpike theory
explains that optimal growth can be achieved by getting onto the turnpike. meaning
that if activity levels do not correspond to = they have to bhe adjusted. even if that
means temporarily lower production munbers (Dorfuian of al.. 19H8).

Regardless of the success of balaunced growth theories, equilibrinm models are
not really appropriate for studying essentiallv dy  unic svstems. or worse. evolv-
ing svst s, Note that when one speaks of expanding ccor mies liere. it implies
cconomies with an expansion factor o > 1. not an cconomy with innovation and
diversification. There is however another wav. It has heen suggested by several. but

lias not  cen implemented so tar. In 1956 Kemeny of ol wrote:
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may be invented and hence hecome available for use. as time goes on.
This makes the total number of processes a function of time: A =
M (). There is no need to remove obsolete processes from the list. sinee
such processes may be run at zero activity level. Although this wayv of
handling technological progress exists in in Hles we are not aware of
anv actual theoretical work making use of this idea.. .. The inclusion of
techmological progress appears to us to be a ighly interesting avenue

for further exploration. (Blatt. 1983, p.\..,

About adc g new processes Standish writes in 1998:

In

The difficulty is deciding liow to choose 1 ¢ Hicients ay,;. b, #; when
a new process is added. There is no gene pe of a process - the closest
thing to it is Dawkins's meme. and there is no genetic algorithm the-
oryv of the meme. Clearly new processes arise evolutionarily. with the
new processes modeled on the old. The  ew coethicients will he varied
randomly about the old values according to some kind of central distri-

bution. (Standish. 1998. p.77)
conclusion Standish writes:

Perhaps the most important point I we d 1 » to make 15 that rather
than studving a finite dimensional dynamical svstem. we should he
st Iving what might be called open-dimensional dyvuamical systems. in
which the munber of degrees of freedom is finite. but not fixed at any
point in time. ... Ouly then might we adeve Marshiall's cconomice biol-
ogv and have an understanding of why cconomic svsteins have evolved

to be the way they are. (Standish, 19980 p.78)






ceononmice sphere. Kauthnan's cconosphere (INa - finan. 2000). It is acknowledged
that we can never capture or understand human ereativity and that we will never
be able to predict exactly innovative use of existing products and technology., To
repeat. innovation itself is unpredictable i detail: ~Innovation is about surprise
and surprises are not predictable”™ (Metcalfe, 1998, p.86). However. as has been
sald before. nothing can come of nothing. hmovations are combinations and new
applicati 15 of existing concepts and commoditios. This perspective on innovation
perhaps does not allow us to predict in detail very far into the future. but it does
allows to understand consequences of possible  novations that are to bhe expected.
and it de s allow us to model the consequences of more imaginative mnovations. It
is possil - to take as a given the fact that sets of technology and products do evolve.
and to model this generically. One can then learn to understand the consequences of
entries and exits, and find patterns in how the svstenn that envelopes technology is
adapting to the new. The precision might not T high. but in a world of uneertainty.
there is much to gain with a little inereased understanding (Farmer and Lo, 1999).

This thesis develops a model whicli is an ¢ en ended or open dimensional syvs-
tem (St adish. 1998, 2008): it generates new elements and new velations.  Like
Schnunpeter. it considers © onomic evolution as open ended process of qualita-
tive cha " (Foster and Holzl. 2004). and like Dawid (2006) demand and innovation
co-evolve, Tt is different from existing approac s to evolutio v economics. So far
it 1s not the economy that evolves in evolutionary economics. but instead it is quan-
titative 1ange in applied routines. Here. instead of modelling adaptive strategies,
the model uses auffinan’s Lego world analogy to introduce new processes and new

products. It will be shown that the niodel results display real evolutionary dynamies.
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Chapter 3

Technology matrice and agent
based modelling

The previous chapter provided an overview of evolutionary modelling in economies
and cconomic geography. It concluded that 1 order to deal explicitly with an
evolving svstenn. the model needs to be construetive. This means that the model
Lias to be capable of generating novelty during ¢ simulation. randomly. or i
response to the simulation resnlts. The impler  ntation of novelty. ie. the product
and techuology inmovation process, will he de ribed in Chapter 1. but before this
can be done. an appropriate representation « a production svstem has to be in
place. The present chapter introduces a fraanework to model a siimple cconomy.
This m ¢l consists of two parts. The first pa represents the fixed technology aned
product sct by mieans of technology matrices. 1t two deals with cconomic activity,
In order to generate activity, we need entities  pable of performing actions: agents.
Activity of agents is triggered by the opport ity to gener e profit. In order to
define profit, a pricing mechanisin is required. When these three components. the
product and technology set. the cconomic agents, and the price mechamism are
combined. a dvuamic representation of a market is obtained. The final section of

this chapter illustrates the individual based  -market model with a simulation.



3.1 ' echnology matrices

As was discussed i1 Section 2.4, an artificial chieniistry can be represented by actriple
(5. R.A). where S is the set of all possible mc ules. 7 s a set of collision rules.
and A s an algorithm describing the domain and how the ru s are applied to the
molecules. This chapter will apply this representat n of an artificial chemistry to
develop a framework for an artificial cconomy. I a free-market economy. the in-
centives for production are provided by the ma  »t. The algoritlm should therefore
represent a market i order to provide the rules for what is produced. when, and
where. T addition. S the set of all products  and B the set of all production
processes  need to be defined. A very efficient w of defining oty sets at the same
tinie is available from economics: technology matrices (vour Neumann. 1916). Blatt
provides a very good introduction to techne gy atrices and the corresponding
dynamic cconomic svstems (Blatt, 1983). Here Blatt’s outline of technology models
is followed. However. the examples developed arve different om Blatt s, and are

more appropriate for what is to follow.
3.1.1 A stable production system

Iustead of a set S of molecules. v define a set 2 of products. Suppose the product

set P e sists of the following goods:
P =12.3.5.7. 11,13, 130.260. 104}

Here we lrave clhiosen to represent commoc  ies by integers: primes for raw ma-
terials,  1d products of integers for composites. This allows us to use the structure
offered by the natural numbers, and the cconomy so represented can he called the

N cconomy. Products literally can be decomposed into their prinie factorisation to

a
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soe what raw materials are involved in making e products. In this model. labour
is treated  xplicitly as a commodity (the munber 2). Furthiermore. there is a special
product.  1ich serves as money. and this is the number 3. A note on the use of the
N cconomy: initially the names of commodities were siiply a + b6 when the inputs
were a and b, or even coal + iron when coal aud iron were  sed to produce the
good. This method became very cumbersome in farge simulation. and was dropped
in favour of the natural number notation. The multiplication of inputs in the form
of natur.  numbers is much more efficient. an - still allows « ¢ to trace back the
ingredients by factorization. The idea of the N cconomy is borrowed from Herriot
and Sawhill (2008).

Suppose we have a small product set. as above, and five production processes

per time interval. as displaved in Table 3.1.

Table 3.1: Overview of the production processes during one time interval

2xproducts 2 —  2xproducts b

2 xproducts 2 + 2xproducts 5 + 2xproducts 13— 3xproducts 130
3xproducts 2 +  3xproducts 130 —  Gxproducts 260
G x products 2 +  Gxproducts 260 —  Gxproducts 104
G xproducts 104 — 13 xproducts 2

Note that there is no production of connnodity 13. vet it is required in one
of the production processes. This product is assuined to be a free good. such as
suulight. It can casily be verified that the prod tic  in Table 3.1 is in balance: total
labour  roduct 2) uscd equals total labour | erated. and the products reguired
for the  ueration of this labour are also covered. so that the  uired input per time

interval is exactly the sa o as the output at the end of the thne interval. Based on

these production activities per unit of thne. it is possible to deterinine a price set



that will  low the system to function. I order for this to be the case a producer
needs to be able to finance the inputs for the nc  time interval with the sale of the
current production. In other words. the price of the output shiould be greater than
or cqual to the price of the input. Assuming that activity levels for the next time
step will remain the same. and sinee there is no surplus in the svstenn. this gives the

following set of equalitics. When p, stands for » price of produet 7. then

2pg = 2
3P0 = 2pa+2ps + 2p1s
Gpaso = 3p2 + 3130
Gproa = Opy +6j o
13p, = Opiog

When the price of one product (the nmneraire good) is taken as a price unit, for
exaple the price of labour p, = 1 and the free good pyg = 00 then this svstem of
equalities has a unique solution. mamely py = Lops = Yopry — Oopao = 130 pase =
/6. o = 13/6.

This cconomic svstem can casily be rewritte as a Leontief technology systenn as
in Table 3.2, This table displayvs two matrices. el of the colummns corresponds to a
product  n process, and the rows correspond to products. The left matrix displays
the mput matrix. and cach columm shows tl inpur required for that particular
transformation.  Shmilarlv. the output matrix shows what product is the result of
cach of the production processes. For example. e fourth column of the mput
matrix {%.(l.%.().().%,().().()} shows that to  ccute teelmiq - four. =; unit of 2. 2

. . 9 . . . . . . .
unit of 5 and £ unit of 13 are required. The output of this process is to be found

e



Table 3.2: Input and output matrices represc  ing technology and the products
involved

products mpul atrir output matrir

2 1112 3+1 0 0000 01
3 0000000 0000000
5 0002000 1000000
7 0000000 0100000
11 0000000 0010000
13 0002000 0000000
130 0000+ o0o 0 0001000
260 000001 0 0000 00
104 0000002 0000010

i1 the fourth colmn of the output matrix: one unit of product 130.

In the same wayv the other columus represent the different technologies present
in the cconomic svstem of Table 3.1, Each of the colmumns, with the exception of
the last e, requires product 2. which plavs - role of labour. The last production
process (the last column) generates labour at the cost ol product 104. whicl is
therefore considered to be a consuuable. Sometimes processes arve very efficient and
all inputs are used (for example. 2+5+13 — 2-5-13 = 130). but inn other processes.
not all factors in the input are used: 2 4+ 260 — 2-260/5 = 104. Product 5 is not
required to produce product 104, but happens to be part of one of the ingredients.
I sucht cases. thie remainder is simply discavded. Possibly one can experiment here
with pollution or externalities. but this hias so far not been done.

The Leontief techinology system as described here is different from the standard
Leontief input-output matrix. Leontief start  wit  similar types of data to those in
Table 3.1. namely a record of transactions bet ~en sectors over a fixed time period.

usnally a vear. Subsequently, flows from sector to sector are presented in a single
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niatrix forn. the input-output matrix, where a quotient indicates the part of the
total scetor output that flows to cach of the other sectors. For example. when the
five prod tion processes above are regarded as five different sectors. the matrix in

Tabhle 3.3 is obtained.

Table 3.3: Standard Leontief input-output mat  :representing flows anong sectors.
All output of sector 1 flows to the next sector. 2 in - is case. i d the same happens
for for sectors 2. 3 and 4. The output of sector 5 is divided o ¢ sectors 10203 and
4 In differing anionnts,

sectors |12 3 1D
1 0000 3
2 1000 3
3 0100 °
1 0010
D 00 01 v

Basc  on this matrix. one can caleulate what the value of the total output per
sector must be in order to obtain a sustainable cconomy. in which the income equals
the oute  ne for each of the sectors. I we name the matrix in T Hle 3.3 L. the identity
nmatrix 7. and ¢ the vector of value per sector, then Lo = ¢ & (L — ). =0 (Weil
Jr.. 1964). This svstemn of equations can be casily solved. or equivalently, ¢ must
he the eigenvector of L corresponding to the cigenvalue 1. It follows that ¢ is any
multiple of {2.4.7.13.13}. When this vector ¢ the value of the outputr per sector
is compared with the product outpnt per sector (2 products 5.3 products 130. 6
products 260. 6 procucts 104. 13 products 2). ¢ obtaiu the same prices for cach of
the pro acts as before.

The  assic Leontief method provides good insight into the distribution of scctor
income over a particular tine interval. The tecmology matrices in this chapter

scrve a different purpose. First of all. these mat s are not aggregate monetary



results: every technology is treated separately « i though they possibly belong to
the same sector. since thev possibly produce t° same product. Secondly. the sys-
temn consisting of two matrices does not analvse the monev Hows statically, as is the
case in Leontief s work. but is an imiportant part of  model that analvses economie
dyvnamics as thme progresses. In the exaiuple above. there is no input substitution
possible. hich means that every product can  produced in only one way. Other
models, which will be dealt with later will have n ltiple technologies to produce
the same product. The models without input substitution reseimble Leontief models,
as if the  ata have heen ageregated into distinet scectors. and therefore. ave heen
named dynamic Leontief svstems (Blatt. 1983). Models with the possibility of nml-
tiple technologies per product are called von Newn m technologies. In both cases,
the mat — es establish the connections between commodities. and cnable siimulation
of ccononiic activity over time. This chapter deals with the simpler Leontief case.
and the Chapter 4 deals with the von Nemmann technology atrices.

Let = = {7129, 23. 21 25. 2. 27} be the vee v oof activities. that is, the numbaoer
of times cach of the columns in Table 3.2 is ¢ uted each time step. IF we assume
constant activity levels. we obtain the following svstem of equations that represent

the demand and supply of each of the goods:

2 ]
ol +Zg+-i;;+731+3:3+:(1 = I
S 2
531 =
1
Sr:-’y = -
6 — <n
6 o
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60



When we take the labour production 77 to be equal to L3, as it was in Table 3.1,
then it follows casily that = {2.0.0.3.6.6, 1. is a solution to this systenn. This

illustrates solving the niatrix equation:
(input matrie).: = (output matrir).:

However, we can simplify this a little. Since ey 3 s not part of the production
process and 13 does not have to be produced. we can discard rows 2 and 6. and the
output matrix becomes a 7 by 7 square matrix. Through reordering the columns.
the outp  matrix B can be transformed into  lentity matrix /. The corresponding
input matrix we name A, Then A is the input required for this activity and
I.> = = is the output. and these two are ecqui — We are now interested in solving

the folle  ng systems, where pis the price vector and 2 is the activity vector:

The  etors satistving these relations are equal to the right and left eigenvee-
tors of matrix A correspondit  to eigemvalue 1. It can be verified that. indeed,
1 is an cigenvalue of matrix A and it is the  gest real cigenvector. The Pervon-
Frobenins theorenn guarantees positive real corresponding cigenvectors (Berman and

Plemmons. 1979). In this case. the cigenveetors are p = 1. l.l.%. G%} atd

2

= {1 2.0.0.3.6.6}. These vectors corre  on  to the above stated price and

activity per time interval.
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3.1.2 Surplus

The previous example illustrated how. based on the production munbers per time
interval. it is possible to derive an appropriate  rice set and an activity veetor which
suarantees sustainable production through the use of Leontief technology matrices.
If we chi  ge one of the output coefficients in the above matrices. we get a slightly
different svstem (see Table 3.4). As can be seen, the output coctlicient of the second

to last colunm has doubled.

Table 3.4: Adapted Leontief input output systen

products mput matrie output matrir

2 1112110 0000001
3 0000000 0000000
5 0002000 1000 00
7 0000000 0100000
11 0000000 0010000
13 00032000 0000000
130 0000300 0001000
260 0000010 0000100
104 000000 L% 0000020

13

Again. we can transfornn the © oHut and output  trices into matrices A and 1.
where [ the identity matrix. In addition to ¢ eting two rows and moving the last
columi, we now also have to divide hoth second to last cohunins by two. in order to
obtain i output coefficient equal to 1. Since  verything except the higher output
of one  Hivity has staved the same. the ccor mic svstem with the same activity
levels as before will still function. Now this economy will generate a surplis. Siuce
the sur] 1s involves a consumable good. we i ume for now that all the surplus will

be cous  aed and not reinvested in the system. The activity levels of this economy
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will therefore be the same as those of the svste 1 above. However. the prices in this
svstem must change. because the equality of value of output  ud input is used to
establish the prices. If we asswine that we are dealing with a competitive systein.
then every industry has the same rate of return 7. an - profits a distributed equally.

We thus have to find a solution for the following equation:

A1+ =p-B B
(p- A1 +r)=p S T

Again. this is precisely an cigenvalue and cigenveetor problem: the cigenvalue
of 4 is equal to 0.8021, and thus the rate of tuwrn for cach of the industries is
1+r = 0.8021 & 14 r = 1.2468. Surplus thus leads to profit rates larger than O and

prices corresponding to this return rate are
p={1.1.1.24679,1.24679.1.21679. 0. 1.86753. 1.78761. 1.73779}
3.1.3 Balanced growth

Suppose  ow we have matrices as in Table 3.5, These matrices represent the technol-
ogy set i an economy. Each of the colmmug can he regarded as a transformation of
products. and shows what can be obtained Dy using certain combinations of goods.
Again let 4 be the input matrix and B the o1 Hut matrix of which. in both cases,
rows two and six have been removed (money and the free product). The role of the
money clement 3 will become clear when the market model is explained,

As the previous example shows, it is possit:  to generate surplus in such systeins
when output is larger than the input required in the next time interval. Above. the
surplius was destined for discretionary consum — ion. but what happens when all the

surplus is reinvested in the systemn? A first  ossibility is that the system displays
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Table 3.5: Leonticet technology systemn

products mput matrir output matrie

2 11111 L0 00 0000%6
3 00 0 0000 O 0 0 0 0 00
5 0001000 1 o 00000
7 00 00000 00 0 00
11 0000000 001 0000
13 0001000 00 00000
130 0000100 0004000
260 00000120 0000200
104 0000001 00 000 % 0

halanced growtl. This means that the activity of every sector grows exponentially,
with constant factor a. =(t + 1) = az(t). For the equations regarding the activity

levels. this hmplies

The Hlution to this equation is the generalized right eigenvector correspond-
ing to the largest real eigenvalue aud it is easily verified that « = 2 and = =
{6.0.0.3.6.6,7}. For example, the output of s h = is Bz = {42.6.0.0,12. 12, 1.4}
The input required for this level of activity is A -z = {21.3.0.0.6.6.7}. Indeed,
tlie output is twice the size of the input, aud  hen all surplus is reinvested in the
svstenn, this allows the cconomy to grow expounentiallv: (f + 1) = ax(f). This is
the fam 15 von Neuwann balanced growth sitt - rion. where the system is stable and
expanding at the same time (quasi-stationary equilibrium (€ ampernowne. 1946)).

The twrn rate and price vector are deter  ined likewise:

1

+r

pl+r)-4 p-B & [)-(A—l B)=10
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The lTargest real cigenvalue of A witli respe to B is 20 the retwrn factor 1 4
is equal to 2. and therefore, the return rate ris equal to [ and this cigenvalue
corresponds to the left eigenvector {1.2.2.2, :f 5.3} when Tabour is chosen as the
nmuneraire ecood. A return rate of 1 and a growth factor of 2 are perliaps not very
realistic, but the svstem serves pertectly well as an example.

Another possibility of what to do with surp s has already heen mentioned: the
surplus can whollv or partlv he consmued. The remainder is stored. In this case, the
return 1 . and thus return factor. remains the same: prices are based on produc-
tion uun - crs and not on the final destination of t products. The growth factor,
however. decrcases with consumption. as there is not enouglh production to secure
the maximum growth rate (2 in the example above). Diseretionary consmmption can
sustainably be at levels between 0 and the total = plus, and higher consumption
slows down the erowth of the svstem. According to Blatt. this is in agrecient with
Adam Smith's remark “Every prodigal appears to be a public cuemy, and every
frugal man a public benefactor™ (Blatt, 1983, p.102). However, often consumption
is seen as a driving force as well, and this is the case in the individual or agent based
model t it will he introduced below.

This thesis a m +a priorh no growth in activity levels: all + Hlus is either
constmed. or it is stored. and constumed or nse  for production later. Expansion of
the svstem is left to the svstem itself. either by increased discretionary consumption
levels or by an increased number of consumers. However. the equilibrivin price set
does not depend on consumption levels and  nalwavs be calculated. and with a

kuown level of diseretionary consumption. the activity levels can be calculated.
(A= DB)-~—consumption=0& == (4-DB) " consumption
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sunlight. The distribution of free cnergy can he varvied. but cinvrently it is such that
there is alwavs an abundance.

On tc of the land is a connection network. w o ch represents the presence of
trade links between cells, Links go both wavs,  if a cell @ is connected to a cell b,
then b is connected to a. and all agents on a can trade with all agents on b and vice
versa. Initially the network is cnmipty. but as agents obtai skills and require inputs
for these skills. thes can establish connections with providers. A wide range of rules
of how to expand or contract an agent’s tra - network is possible. For example.
an agent canl randomly seleet one of its current providers and subsequently do a
local search around the sclected trade partner 1 an attempt to find an additional
provider.  Or an agent mav be allowed to conunect to the nearest provider. In
addition. it ix possible that an agent looses oue of the more distaut connections and
subsequ v attempts to find a supplier nearer by, Such rules obviously attempt to
keep the social network consisting of trading p. ners compact. The rules according

to which agents behave are described in the next section.
3.2.2 Agents

The gri space is home to a munber of ccc omice agents. Thev all have a fixed
location and an identity number. so that we can distinguish different agents on
one location (cell). Furthermore. agents possess assets: resources, otlier products
presenut in the cconomy and skills. All assets ave stored 1 a list. Therefore. an agent

can be  Hresented hy

where .y is the location. = is the identity nu Her for that agent. py... .. P lists the
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Produce: After exchange of products and 1 ney. the agent has all the resources
required for e production plan and it caun transform the ingredients into its

output.

Update: An agent executes all of these steps. and the state of the agent and the

agents eng. d in trade are updated.

Unlike cells in ccllular automata, the agents cannot be updated synchironously.
bhecanse one agent s action will change the state of its partiers with whonn it engages
i trade. Theref o0 the ageuts perforin sequer — allv. All the agents are randomly
ordered.  ud in o they go through the above list of actions. When evervbody
has had a turn. new randomly ordered list is created for the next iteration. A
complete sequence of agents™ actions defines one iteration. The randoin list of agents
generated anew for each iteration prevents any bias due to specitic ordering of the

agents. The next section diseusses the agent s decision mechanisim in more detail.
Linear programming to maximize profit

Suppose the input matrix and output matrix are 4 aud 3. imensions of these
matrices are n X m, meaning that there are 1 production processes and that the
cconomy consists of o products. with m.on € As in previous examples. the first

product is labour and the second product represents one unit of monev. Now expand

these i rices I adding the matrices M oand [1:




where Tis the identity matrix of size n, and M is the square matrix of size nowith all
clements cqual to except for the second row v il is equal to p = {py. pae o pu
For example. in an cconomy with =3 produ s [ = {{1.0.0}.{0. 1.0}.{0,0. L }}
and M = {{0.0.0} {pr. pa.ps}. {0.0.0}}. The addition of these two matrices to A
and B re esent all possible actions involving  roduction. buving and seling. Just
as columus in A and B represent the input and output for production processes, the
columus in A/ and 1 represent input aud output for buving products. The mput

15 the price of a product. the output is the product itself. Selling simply does the

opposite. When v write 2 = {21 2000 .. 2500 as the vector of all actions of an
agent. that is. 2 consists of clements 2., .. 7, to indicate the activities regarding
the mrpr lnetion processes: 2,,,q. ... . e s toindicate the quantities of products
that need to be bonght. and =4, 2.0, Zmaon the quantities of products that need

to be sold, then 7- 2 lists the quantities of products required for the exeeution of
vector = and and o - 2 lists the quantities of products generated by veetor = The
quantities 7+ = and o+ = are named the input a- output. respectively. of the vector
of action =.

Likewise. when the vector p = {py.po... ) Hsts the  ices for cach of the
products. then p- (0 — /) is a vector that gives the profit of cacli of the actions.
When activity o ls and profit per activity are e Hined. we obtain the following

expression for the profit:

profit(zy=p-(o-2—i-z)=p-(o—1)-=

The agent will maximize profit. but in de g so. it has several constraints. Most
importantly. the final halance of products e to be positive. If the assets of an

agent. the set of products that the agent has ¢ the beginning of the turn. is o —

=1
[



{ar.ay. .. a,} then the end result of its actions should be positive for each of the

products.
a+{o—1)->2>20

Buving and selling options are naturally cor rained: vou cammot sell more than
vou have or than vour trade partner can afford. and vou cannot buy more than what
is offered. Trading for a product is limited to one transaction with one agent per
product per turn. Therefore. the maximum quantity of a product that an agent can
buy is determined by the agent that. of all trading  artners. possesses the most of
that par  ular commodity. This means that —er product. an ageut can have only
one supplier, although next turn. of course, it can have a diff -t supplier for that
same product. Within one turn, different products can be honght from different
scllers. The fact that. during one turn. an agent cannot buy a product from more
than one seller is not realistic. but it makes progranuning much simpler. Chapter 7

will provide an alternative. The constraints that apply to buving are as follows:
{ ..0b) <Hmax(tp). maxco(tp).. . max e, (1p)}
p n p

where fp goes through the 1 of trading part 1 and ¢, ({p) equals the stock held
by trad: 1 partuer tp of product ¢ for some i € {1..... nt.

S’ ey, the maximum quantity that an agent can sell is determined by vector
a. Soit e write 2 = {1 s aant = oy b by osoo oS, ) to Drreak
up the activity level vector into the different parts of manufacturing (m ), buving

(b ) and sclling (s). then
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again prices are set. Based on these prices. the carrently active agent maximizes the
outcome of its ac ous: the profitable actions w  be executed as muel as possible,
and the ones that  csult in a loss. as little as possible. The algorithins for the model
including situated agents and local pricing can be found in Appendix B.3.

The price mechanism is perfectly capable o reducing loc  shortages and sur-
plises. and at the e time, the global market.  hich is comp ed of many different
overlapping local markets. is kept in balance. The next section will provide evidence

for this claimn.

3.3 | fixed model run

3.3.1 Setup
With all the above in place, we can run the model to simulate production and trading
processes. Suppose we have the following st products: I our and money. raw

materia  and colnposites,

labour = 2
money = 3
raw materials = {H.7.1.
‘ee resource = 13
composites = {130.260, 10-

P o= {2.3.5.7.11.13.130.260. 104}

The input aud output matrices in Table 3.6 denote the technology set. Note

that these matr s are not square. but by de ting the rows 2 and 6 whicli involve
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Table 3.6: The possible transformations. where three of the output cocthicients are
set to 2 and the final output cocfficient is determined such that all sectors have an
cqual profit rate of 5%.

products imput matrir output matrir

2 I 111110 00000 =
3 0000000 000000 0
5 O 001000 100000 0
7 0000000 010000 0
11 0000000 001000 0
13 0001000 000000 0
130 0000100 000200 0
260 0000010 000020 0
104 0000001 0 0 002 0

the products money 3 and the free product 13 we can obtain 7 x 7 matrices which
still contain all the relevant produets. This alle s us to treat  1e price and activity
vectors as solutions to an ecigenveetor problem. Let A and I3 denote the squared

input and output matrices.

. . . LY , . .
The  rgest real cigenvalue of A4 with respeet to s ;—‘]’ This means that a price

vector (the corresponding cigenvector) exists i at cach of the processes results

ina 5% turn on the value of the input.

» ool ol e
It can be verified that p = {1, 2. 2 2 bl Lol

30 G- oo e, OV any mudtiple of

p is a solution of the above equation. By insert ¢ price 1 for money and price
O for t  free product, an equilibrivan price set for the al ve input and output
niatricc  is obtained. During simulationus. products will he locally priced around
this eqqv  ibrium price: prices will locally be higher when shortages appear and lower

or equal to the equilibrinm price when supy - is sufficient. 1 general. cach of the
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profit rates will be different. and moreover. pr it rates per technology will differ
from the standard 5% rate. The actual pricing and ¢ responging profit rate depend
on the local halance hetween supply and dema:  for cach of the products.

As for the intensity levels. we aeced to o a solution for = in the following

equation
(B — A)-z = {consumption} < = = (B - A) Heonswmption}

where consumption is the total quantity of consumables that cacli iteration are
consunic  because of the exogenously set consumption paraeter ¢ This equation
is similar to the Leontief inverse matrix technique to caleulate activity levels for a
certain external demand. Here. external demand is replaced by consumption. and
the 2 of the above equation gives the activity levels required to generate enough
consunables both for labour and for constmmption. Note also that the cigenvalue is
missing in the equation. Growth is not assmmed to be constant. However. growth
is possil o and it will depend on the number of agents and their activity in the
niarket. or o increasing constumption.

Sup;  se now that cach of the consuiers provides labour when there is demand
for labour through normal consumption. [ ade ion to this. cach consumer is
forced t consume at a level of ¢ = l—’;) This implies that at cach turn a consumer

1:_:) units of abour. These

has to take in an ammount of consumables cqr alent to
coustiiables are not transfered into labour. but are stimply taken out of the svs-
tem (consmuption for the sake of consumptic ). Or what is effectively the same.
these consumables are transfered into labour. and that labour is taken out of the

svstem. In either case the consumables disap  car. The method of expressing the

forced  nsumption ¢ in units of labour is preferred because in the case there are
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more consumables. as there will be later. every agent is free to choose fronn all

consutllables. as long as the consumables are ¢ advalent to ¢ units of labour. The

total forced consmnption then is ]—:, X |lconsl|. where |jcons]| denotes the number of

consumers.  In Figure 3.1, there were 38 prod — ers and an eqgual nuuber of con-
3

suiier scattered over the map. Toral consump mis thus 38 x5 = == This gives

the following consumption vector {%.().().(),(l L0.0.0.0}. Tt can be verified that

-

r=(B—  E.0.0.0.0.0.0.0.0.0} &~ {9.37.0.0.9.37. 18.7. 37.5. T1.9}.

3.3.2 Lecontief results

Suppose we start a simulation with agents on a erid as in igure 3.1, and with
ai econc v as given i Table 3.6, The corresponding How «  connmodities of this
product and technology set is displayed in the directed grayp  in Figure 3.20 The
products are ordered counterclockwise, and the arrows indicate which products are
required for the production of each of the goods. It shows that 2 (flabour) is required
for each of the processes, and that 2,5,13 result in product 130 and so on. The
production processes are sintilar to those i Table 3.1.

We provide every agent with a randon of techmological skills. and with a
fixed list of assets {1.100.6.4.4.2. 1. 1.1} to allow them to start. Remewber that
ail agent is represented by a list of coordinates, assets and technologies. The agent

i the top left corner of Figure 3.1 is, for exawmple. given by
{1211 {1.100. 6.4 4.2, 1 L1 {1.1. 1. 0.0.0. 0}

Since the production history is unknown. it is assmuned that it is equal to 0 for
all w50 iterations. An iteration is a series of actions where cach agent gets a turn

to perform the various actions. Every iteration contains all agents. but for every
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Figure 3.2: The flow of connnodities t1 Hugh the economy

iteration. the agents are ordered randomly. T iallyv the local stocks are suflicient
hecause current inventory is larger than the | ovious deniand. Because the price
mechanisim assesses the difference between what is locally i stock and what has
been do anded in previous iterations. there is no drive for production based on
the initial configuration. If. in addition. the ¢ umption par  neter was equal to ().
then the model would be in a trivial stable state. as none of the agents wounld see any
reasol to start production. However. with consumption ¢ larger than 0 (ﬁ—] in this
case). the consumer group begins to demand consumables. and depletes the stock.
As soon as their consumption becomes Targer than what is i stock. a shortage is
detected and prices begin to change. making it profitable to start production of
104. the consumable in this case. Initiallv the input for this activity comes {from
whatever is in store. but soon these stocks wi— be depleted too. After a nmunber of

iterations. the whole production process has been  wted. If we continue to yun this
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system for about H00 iterations. the production munbers displayed in Fignre 3.3 are
obtained.

The left column of Figure 3.3 shows the raw production numbers per iteration
for cach of the products involved in the evele. As mentioned ¢ Clier. the production
history at the start of the svstem s emipty, an - this is represented by 0 level pro-
duction  civities. As tie progresses. the stoc s are depleted. and the production
cvele. as 1 Figure 3.20 is developed. The production per iteration differs from the
previous and the next in a quite erratic manner due to the rather sniall number of
agents i this run. One agent makes up a lar » part of the aggregate hehaviour.
Ultimately. all products are constantly produc . sometimes leading to an overpro-
duction after which production is lower. until stocks arve depleted again. This is
an inventory evele showing a cvelical pattern over and underproduction. When
the price window parameter, wlhich is nsed to set the length of the memory of the
svstent. longer than the period of the iuventory evele. the svsten is dampened as
is tllustrated in the figure.

The right column of Figure 3.3 shows the same production datac bat here the
munbers are averaged over a gliding window to filte  out the gl frequency evelical
over and underproduction. After the start of t1 simulation. the gliding average pro-
duction per iteration fairlv quickly stabilises at approximate levels {86.9.19.37. 75}
Vorv in cesting is that these average produce Hu nmubers correspond precisely to
the output of the activity vector = caleulated by means of the inverse Leontief ma-

trix.
B~ {9.37.0.0.9.37. 18.7.37.5. 71.9} {86.3.9.37. 0. 0. 18.734. 37468, 71936}

This illustrates that the local market awd its price nechanisin function very
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well. Tt o illustrates Adam Smith's invisible hand that guic < the economy. Lo-
cal agents are only aware of shortages and su  luses in their diveet neighbourboodd
through e contacts they have with their trading partners. This results in local
prices. b don which. as Adain Smith procla aed. cacli individual will strive for
maximal ersonal gain. When all agents are doing so. the average ageregate be-
Laviour corresponds precisely with the required activity levels caleulated by means
of the Leontief inverse technique. Agents do overproduce or nnderproduce. hut only
tempora v A well functioning market with competing cconontice agents is thus
capable of guiding economic activity. and rest s i an approy  ate global economice
heltaviour. Adam Smith mentioned this over two centuries ago. and to myv knowl-
edge. this is the first model capable of actually simulating this process. This is not
the main goal of this thesis, but it does show that the market mechanism. which
will be used hiere to seleet successful and uns cessful innovations, is functioning

properly.
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Chapter 4

Innovation, entry a1 d exit

Manipulating the input or output coeflicients in technology matrices. as happened
i an ex aple in the previous chapter, is not unconnnon in economics. Indeed. this
is preciselv how innovation is often treated in evolutionary economics (Nelson and
Winter. 1982: Dosi et al.. 1995). However. the actual underl: g change in process
is never  Hecified. A very short section in Morgenstern and = snpson (1976) is an
exception. but it is merely a sketch. and is not explored in any detail. Furthermore.
simply changing coefficients does not include new products. or create new connec-
tions. and these are essential ineredients of inmovation. This leaves innovation as the
outcome of a black box (Dawid. 2006). evenr  vugh it has been recognized as a pri-
nary sotree of industrial dynamics (Dosi of al.. 1997). Innovation clearly deserves.
and requires. more attention.

The  ddition of a truly new production t anique to the systen. or the intro-
duction of a new product into the market. t s thesis will show. is a much more
appropriate way to include inmovation in an ccone e model: doing so means that
the str ture of the model itself evolves as the model is run. A new production
techniq  represents a completely new fune  m, and a new relation among the in-

puts. 2 of the products involved may have already been i the svsteis. but. until
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then. it was never realized that they had such a use. As a vesult. innovation is
not a random change of one of the input or ou  ut coetticients. such as the labour
and capital input cocfficients a; and ay in Nelson and Winter (1982). Innovation is
a completely new application of existing stock. The line of thonght developed in
this chapter is to expand the tecdmology matri s of the previous chapter to a von
Neumann technology set. and subsequently. to expand the matrices repetitively so
that theyv represent an open dinmensional dynamical systemn that includes inmovation
and diversification.  New cohmnns represent new relations and new functions. i.e.
new technology. Some innovations will require the introduction of new products
to the svstem. In a similar fashion. new pre  1cets can be added to the svstem by
expandil  the munber of rows. Adding columnis and rows to techinology matrices

will provide a much more comprehensive metli 1 of dealing withi innovation.

4.1 nnovation

The principle used to simulate innovation is based on Kaut  1an's Lego world. or
constructive svstems in artificial chemistry, Noo products appear by joining already
existing  roducts. Products can function as capital, intermediate products or con-
sumables. and thus we will see new forms of © ch functions. Each addition of a
colmnmn to the technology matrices implements new technology, This. in a nut shell.
is how innovation is dealt with in this thesis.

NMar  cases of innovation throughout history can be appre  hed this way. Rosen-
berg acknowledges the path-dependence of tecl  ological change. and the dependence
of new technology on the old. “"Present activities are powerfully shaped by techmo-

logical knowledge from the past™ (Rosenberg. )94, p.1-1). Here this line of thought
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is extended: if current technology is based on technology of the past. then future
technology is shaped by current technology.

Having said that. it is clear from the outset that innovation is a ditficult con-
cept that s not casily captured by rules. We agree with Metcalfe that inmovation
itsclf is unpredictable in detail: “innovation is about surprise aned surprises are not
predictable™ (Metealfe, 1998, p.86G). Subscequently. Metealfe argues that one has to
focus on differences hetween companies i the quest for inmovation. not ou the

mventions thcemselves.

Thus we must hmagine onr selection set as a continually changing set
of product and process combinations. and those inmovations which are
fur amental inoan evolutionary sense will be those which change its

boundary. (Metcalfe, 1998, p.87)

Thix leads to the approach taken by Nelson and Winter. and the evolutionary
cconontists. However. as has been said hefore, nothing can come of nothing. Tu-
novations are combinations and new applications of existing teclhinologios and comn-
modities. This perspective on innovation niav not allow us to predict in detail. hut
it does  able us to model the consequences of artificial innovations. This approach
allows s to deal explicitly with what Metc  fe suggests we have to imagine: the
continually changing product and process sct.

Burke (1978) gives a wonderful. though popular. overview of the links between
different technologies, and it provides wuch support for the approach advocated by
this thesis. The book consists of examples of connections hetween already existing
techniques or products that then result in new techuiques or products. Often these

comiec s appear quite randon. Initiallv. the techniques that will hecome con-
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nected appear to have nothing in common. A < king example of this phenomenon
is an invention by Edison. who combined conte  porary ideas as if part of a jigsaw
puzzle: the light bulb. the billiard bhall. the zoopraxiscope and the phonograph.
These four seemingly random picces. or parts thereof. were fit together to create
the kinetoscope. The bitliard ball of those davs was 1o longer produced from ivory
due to short supplies. Instead the shell was  ade out of a newly developed ma-
terial. celluloid.  The zoopraxiscope was capable of giving the illusion of motion
out of static images. The light bulb and phonograph ave stll well known.  The
combination of these products or techniques to create the kine scope scems alimost
randon. vet its application a century later in cinemas is st based on the same
principle. This illustrates two characteristios of mmovations: the novelty generated
by scemingly random combinations, and. at the same time. the unpredictability of

these co binations.

4.1.1 An example

The pre nt work does not pretend to be cap Hle of predicting innovation: this is
clearly out of reacli, However, it does mirror the construction of innovation. by
somewhat randomly constructing new clements out of existing ones. This allows
the study of lmnovation and its consequences v the production system. Table 4.1
illustrates how realistically the imovation pro oss can be ¢ tured by the method
proposced here. This table displavs part of a chapter on the developient of en-
crgy sc o ces from Connections (Burke. 1978). Instead of deseribing the evolution
of pow generation teclmology. as Burke has done. these two matrices show the
evolition in von Nemnann technoloegy matriy o The o inual expansion of the

matrices over time. visualized by the different shades of grev. appears like Tavers of
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an onion. cncapsulating the expanding state ¢ 1e art. The following paragraphs
briefly st marize Burke's chapter and describe the developmeuts in the von Neu-
mann matrices of Table 4.1, Both the table and the sumimary give a shmplified
account of the developments, but they suffice to illustrate the use of expanding von
Nemmaun technology matrices to model the inmovation process.

Arou 1500 A.D. window glass hecame a much more widely used consumer
product, whereas previously it had been used a ost exclusively for religions build-
mgs. The first columns a of the input and ou  ut matrices show that labour. sand.
potash, lime and wood are used to produce glass. When glass gained popularity.
better ovens were developed for producing glass. bhut wood remained the source of
energy fueling the ovens (columms b). The glass indnstry had to compete with the
manufacture of iron (cohunns ¢,d). which wi  nused among o cr things for casting
iron cannons from 1543 onwards (colummns £). 0 ship building (colums e) for the
dwindling wood reserves in England and, to a lesser extent. Enrope. Due to the
very serious shortage of wood around 1600, the gl industry was in a erisis since
priority s given to the other two industries. At that point. coal was already known
(columms g) but used on a small scale due to the impurities coal fires caused in the
finished  roduct. whether glass or iron. In 1611, a new method of glass making was
developed. which. through the use of a ditferent furnace. was able to make glass by
using coal (cohnnns h,i). With the new furn . coal could be used i the making
of glass. as well as in the process of making my s, such as brass and iron (columnmns
j. k).

Increased industrial activity required many more raw materials. suclt as coal.

copper. zine and iron ore. With the increasing 1 for transportation to ship these
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raw materials came an inercasing need for ships, and protecting these ships led to
a large demand for cannons. A better: stronger cannon was developed by casting
a massive evlinder and then drilling the bare  afterwards,  stead of the previ-
ous meth 1 of casting a hollow cvlinder. In the meantime. although raw materials
were available in England. where many of these developments took place. coal and
ninerals had to be extracted from deeper and deeper within the carth, and nuines
often flooded. Tuitially. horses were used to Bl water out of the miues. hut this
was rather ineffective. The first improvement was the Savery water puinp of 1690
(colummus 1,m). which used steam pressure to drive water upwards. Due to the prin-
itive constriction of these carly steamn pumps. which lacked the required strength
and precision. these svstems needed much main nance. When a leakage caused wa-
ter to en v the steam chamber, a technician by the name of Newcomen was struck
by the force that was gencrated hy the condensing steam. or more precisely. the
power of atmospheric pressure over an instantly created partial vacuum, In 1701
Lie developed this principle into a much more effective water pmup. the Newconen
water proap (columns n,o). When Watt was sked to repa one of Newconien's
puimps. he improved its efficiency and used the nuproved dri d cannon barrels as
a cvlinder y create a e reliable and « steanr puinp (column t).
In some  ases. the water raised by these steam pumps was used to drive water-
wheels.  ortly after, the waterwheel was replaced by a rod driving a crank directly
(borrowed from among other things. a spinning wheel). or by a rod in combination
with sun and planet gears to circiuavent the  ank patent. and became a power
source for many processes. such as precision drilled canons (columms u). Eventu-

allv. coal would completely replace wood as an cnergy source. The importance of
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the steam engine as a power generator, and ¢ impact the steamn engine had on
industrial development. can hardly be exaggera | The replacement of nmueh of the
wood and water mill based industry of old by steam engines in cities. and the many
spin-offs resulting from this development. is a true example of Schumpeter's gale
of creative destruction. The von Nemmann ted nology nratrices are an appropriate
tool to represent developments and innovations i a compact forni.

Schumpeter was one of the first to realize t it Hortanee of nnovation i eco-
nowmic development.  Lacking tlie tools to study movation through modelling.
Sclmmpeter used the descriptive approach to 1 ng the importance of capital. en-
treprene ship and innovation into the spotligl  Now that we have high capacity
computers at our disposal. we ¢can attempt ton ror the innovation process and oh-
tain an understanding of what factors affect the process and vt vesulting changes
oceur in the production system. This allows us not necessarily to prediet. but to
understa 1. In evolutionary cconomics there  much talk about gales of creative
destruction. However, so far formal ecouomics has not bheen able to simulate the
process of renewal that sweeps through our economies. This thesis attempts to do

just that, and expanding techuology matrices i > a perfeet voicle to achieve this.
4.2 xpanding technology matrices

The introduction of new technology and new products consists of two parts. First the
new coneepts have to be invented, subsequen - the invention has to be introduced
into the production process and accepted by the market forces. This section explains

the implementation of the invention process.
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4.2.1 on Ncumann technology

The tech: logy matrices of Chapter 3 had exactly as many production processes as
there were products. which resulted in square matrices. A dvuamic Leontief svsten.
such as in Section 3.1.3. can casily be expanded to beconie @ von Neunann svstein.
In Table -1.2 for example. the technology set has heen obtained by adding a colummn
to the fo 1er Leontief technology set of Table 5. T this case. there are multiple
technignes to produce one and the same product. and thus the number of technigues
is Larger than the number of products. One can choose to produce product 104
by using products 2 and 260 (columus 6), or alternatively. by using products 2.
11 and 130. which illustrates the possibilitv of mput substitution.  Furthermore.
the outp  of the last columm contains multip products, whicli shows that joint
production is possible. The presence of product 11 in the output is particularly
interesti: . osince it is also part of the input required for that techuique. This
illustrates the implementation of capital in the system. Capital, equivalent 1o a
catalvst i chemistry, facilitates cortain processes or reactions, whicli would not
very likely occur in its absence. Although it possible that capital shows wear
after being used. it is not completely used up. ais distinguishies capital from
hitermec ite products.

As in von Neumann (1946). it is assued  ere that befo » prices are adapted
by the price mechanisin. which regulates prices during a simulation. all techniques
have an equal return rate. The addition of the last colu s to the iuput and
output matrices in Table 4.2 does not require any new products. The prices of
all products involved are already determined.  Therefore. it is straightforward to

determine the output coctficient oc such that the new colunm has the same return



Table 4.2: Von Nemmann technology matrvices with input substitution and the use
of capital. oc stands for output coefficient and 1l needs to he determined. The
colmmns i between the hars represent a new ac ition to the existing matrices.

products input matrie output matrir
2 111 1 1 1 01 00060 610
3 000000 00 000 00 0[]0
5 00 0100 00 T 000 00 00
7 00 0 000070 70 0 0 0 0]0
11 00000001 01 000 0]1
13 000100 00 00 0000 0]0
130 00001002 o004 0000
260 00000100 0000 20 0]0
104 00 0000110 0 0 0 0 0 % 0| o

rate 1+ as the other columns, which is 2 in this case (Section 3.1.3). Thus trom
(1+ 1) (1py 4+ 2ps) = ocpg and py = 1.pr = 2 pg = 3.and 1+ = 2 it follows that
the outp  coefficient oc is equal to 3. Note the  the retwn on capital (product 11)

is ignore  here.
4.2.2 Activity levels and price

With tlic appearance of an nnequal number of technology columus m and product
rov n (m > n) like in von N¢ 5 case. eigenvalue techuiques or the Leontief
inverse will no longer work to establish the price sets and activity levels. Even the
existence of an unique solution is no longer guaranteed. This  where von Neumaun
(1946) begins.

Assume we have m production processes and n commodities i an cconomy,
where 1 and n oare allowed to be different. The activities are denoted by input
vectors € N and output vectors b; € N for activity ¢ here ¢ € M and M s

sonte i x set of size nr. We assunie eonstant returns to scale. which means twice
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the input  sults in twice the output. The activ - levels (von Neuwann calls these
intensities) for process ¢ at time ¢ are given by (7). and prices of the commodities
are denoted by py. j € N, where IV is an index set of size n.

Vou Nemmann writes that he is “iuterested in those states where the whole ccon-

omy expi ds without change of structure. i.c. where the ratios of the intensities

Iy 0.y, remain unchanged, although ay..oo r, mayv change.” (von Neuuan,
1946, p.o As far as this thesis is concerned. this is a severe restriction on the

possible hehaviour of evolving cconomics. but as the previous example shows. von
Newnani's model can be casily adapted to el le innovation. We have the follow-

ing cquation for the activity levels:
it + 1) = az(t) Viel ={l2... mh

Sraffa. Leontief and von Newmann regard the cconomy. like Quesnay and Ri-
cardo. as a closed cireular systenm. in which conmmodities as intermediates How from
producers to producers, and as consumables from producer to consumers. who are
in twrn producers (of labour). and so on. The sellers ave also 1 vers. and the buvers
are also sellers (Schumpeter. 1961, p.7). Prices are such that selling allows them
to buy. which is necessary for continuity. This allows the economic theory to tocus
on only the production and flow of conmodities ™ ough the economy. and it is not
HecessAry to worry about concepts like marginal utility and its relation to price,
demand  nd supply. which is difficult to grasp. To fiwther & d complication. von
Neumann exchides consumption, so all produce of time ¢ is (and must he) available
for production at time { 4 1.

‘V‘ b > (rZ sy Ve N={12..... nt

[ i=1
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11 the case of excess production (strict inequality). the price of those commodities
is cqual to 0.
Vou Newnann then assuimes that no activities can have more than the standard

rate of return r. If we write 3 =1+ r

Zb,-jpj < A‘)’Zu,-_}pj VieM={1.2.....m}
=1

J=1

This nicans that the vi e of the output is 5 than or equal to the value of the
input times 3 = 1+ r. In case the latter conc m has a strict inequality for some
i then t activity level z; will be 0 for that  tivity, Furthermorve. von Neumann
oxcludes the null solution. and thus ¥i z; > 0 and at least one z; > 0. The same
applies to the prices: all prices p; > 0 and at least one p; > 0.

Finallv. von Neumann assumes tliat

a; +b; >0 VvieM={1L2...omfar jeN={L2. .. n}

and shows that under these assumption a solntion exists, and in addition a = 7.
This is quite a list of conditions. and they are not always very realistic. The Tast
condition in particular caused much resistance among econonists (Champernowne.
1946). It states that every product must be  volved in every activity. either as
input or as output. In the vears that followed, many worked on replacing some
of the conditions with more acceptable ones  emeny et al.. 1956: Gale. 1968).
Kemeny  * al. for example have replaced the last condition by the assumptions that
cach technique requires at least one input. a1 every product can be produced by
at least one technique, while at least one product produced by the economic systein
has a nonzero price.

Based on his conditions, vou Neumann stated that return rate 1+ 2 and growth

factor a exist and are equal. In particular. the return rate is equal for cach of the
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systemn ¢ benefit, we introduce new techmology (e, a tool aud the skill to use
it) to produce something of which there is cur atly a shortage. in the same way
an alteruative in the form of coal was found for ¢ wood that was in short supply.
Surplus and shortage are defined as i the price me  anisi.

The innovation algorithm pseudo code is given in Figure 4.1, The parametoers

qr. > and gy control the probabilities of innovation and the type of immovation.

it random < ¢, innovation:
if random < ¢
then generate new constumable:
combine random products
set the quantity of labour resulting from consumptic  of this good
clse  nerate new technology:
lect product that is in excess deniaid
reate a tool f
if random < gy
tlicn new tool requires new product:
find list of products with appropriate factorization
nltiply these products to cre e new product
clse new tool t uses old products:
find list of products with appropriate factorization

Fignure 1.1: The innovation algorithm in pseudo code. random is a uniform random
variable in the (0. 1) interval. gy, g2 and gz are parameters to cc trol the probabilities
of immovation and the tvpe of innovation.

Suppose that random < ¢, such that nc  technology w  be generated. The
case of new consumables is explained i the nc  section. Ouee one of the products
in short apply is identified. the input for the new tool ¢ can be composed. More
preciselv. when the product in excess demand ped is factorized ped = [} Sf e fu
for some n and ¢ € N. it is clear which factors are required in the input. A

random st of products ¢..... i,, that contain those factors is generated such that
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the product of these inputs ¢ = ¢y - /5 - ...« 4, will be divisible by the sought after
product ped, thus m = ¢ € N. There are then two possibilities: a draw of a mniform
random variable is less than ¢ and the tool § sets the production of the required
product ped. based on the new input 7. or the  aiform random variable is larger
than ¢3 a | the tool requires the different parts iy -0 .07, ad uses these without
product 7 first heing assembled. ¢ is considered garbage and ignored.

Supp: » we have a product set 2.3.5.7,11.13.70.110. 154, 130,260.104. In
this set 2 s labour. 3 is money. 5. 7011 are raw materials, as is 130 but the latrer
is free. The other products are composites. T rthermore. there exist production
techniqu  to change free product 13 into cons  uable 104, During a sinmulation. a
shortage of product 104 arises occasionally, anud thus new technology is developed
i an attempt to prevent this from happening. Table 4.3 illustrates the expansion of
this existing von Neumann techunology matrix. The skill colinmmns in between vertical
lnes are added to the initial set of trausformations.

In the example of Table -L.3. two new products are introduced. 308 — 2+ 154 and
6166160 = 2+ 1542 - 130. Tool 308 is used to transtorm 6166160 into product 104 of
which there was a shortage. Since every process requires labour. the transformation
rule of this action is 2 4+ 6166160 + 308 101+ 308 as 15 shown i the last colun.
In this transformation. tool 308 is also part of the output. since the tool is merely
used in the process and not used up. As can he seen. the new transformations are

simply added to the existing set. \With this new set of products and transtormations

comes a - expanded price vector,
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Table 4+.3: The application of a new tool. where ocy still needs to be determined.
Tool 308 is produced by the transformation in the fivst of the new skill columms and
applied i the last column to transform 616610 < into 104s. oy = :“;("");:::) such that
the profit rate for all processes equals 54

input matrix

products shells

2 1 11 1 1 1t 1 1 1 1)1 11
3 0 0 0 0 0 0 0 00 0f0 00
5 O 0 0 1 1 0 1 00 0o 0
7 00 0 1 01 000 00 0
11 O 0 0 0 1 1L 00 0 0[0 00
13 00 0000 1 00 0[]0 0
70 0O 0 0 0 0 0 1 00 0l0 00
110 00 00000100000
154 0O 00 000 001 01 20
130 0 0 0 0 0 0 1 0 0l0 1 0
260 G0 00 00 001 0l0 00
104 a0 o0 0 0 0 1]0 0 0
308 v u 00 0 0 00 0]0 v 11
6166160 O 0 0 0 0 0 00 00 0 )

output matrix

products shills

2 0 0 0 0 0 0 0 0 0 o0 0 0
3 O 0 0 0 0 0 0 0 0 0 0O 0 0
5 10 0 0 0 0 0 0 0 0 0 0 0
7 01 0 0 0 0 0 0 0 0 0O 0 0
11 O 0 1 6 0 0 0 0 0 0 0 0 0
13 0O 0 0 0 0 0 0 00 0 0 o 0
70 o o0 0 1 0 0 0O 0 0 0 0 0
110 0O o0 0 0 1 0 0 1 0 0 0 0 0
154 0O 0 0o 0 0 1 0 01 () 0 0 0
130 0O 00 0 0 0 1 0 0 0100 0
260 0O 0 0o 0 0o 0 0 2 0 0 g 0 0
104 nop o0 0 n D03 0 (0 ey
308 o 00 0 v oo d 00 0 4 v |
6166160 0 0 0 0 0 0 0O 0 0 |0 1 0
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I3 is the output matrix. and (7 is the capital 1 ity which has zeros evervwhere
except w1 a product plays the role of capital in a production process. This is
casy to solve for the variables pyg. pry and for t1 output of the new techmique ocy.
The price  of the new products are detennined Dy the cost of their mput and the
rate of return. which is the same for all skills. 5 well. the price of product 101 is
alrcady ¢ blished. Since the price of the output of the new teclmigue depends on
the price of the input and on the output quantity. and the prices are set, there is
a unique solution tor oy, As in voir Neumann's theorv, the rate of return ou imput
for cach ¢ the processes is equal, and here is H%(.

I the case that the random variable random the mnovation algorithm of
Figure 4.1 is larger than gy, then the input for the new technology is a list of old
products iustead of the new product 6166160, This would lead to two new colunns
instead of three new colummns as was the case Table 4.3, The first new colummn
helow shows the production process to make t1 tool. and the second new colunm
shows the use of the tool applied to a numb  of products in order to generate

product 104, The output coeflicient oc can be deterniined as above.

{1.0.0.0.0.0.0.0.1.0.0.0.0} — {0.0.0.0.0.0.0.0.0.0.0.0.1}

{1.0.0,0.0.0.0.0.2.1,0.0. 1} — {0 .0.0.0,0.0.0,0.0.0.0c. 1}

On a side note. it is also possible to reduce the price of product 101 By doing so.
the new production process would he able to carn the standa  interest rate of 5%,
while the old production process is reduced in its return rate because of the lower
price. The older teclmique could still make a pr i, but in equilibriun. it will be less

than the standard return rate. Its services ave  ssibly still required by the svstem.
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even thot 1 the old process now shows a lower perfo  1ance. The success of the new
teclmigue will depend on its introduction by inne ating agents (see Section -1.3). It is
possible that the new tecmology is a striking success. but until the new technology
takes over completely, the old svstem that is  ready i place can keep up with
the demand that is not met by the new technology. This would lead to a gradual
introduction of the uew technologv. comparable to  1e dyuaiics resulting from a
control parameter in Morgenstern and Thompson (1976, sectic: 8.3). The difference
is that in the agent based model. it is not the modeller who slowly increases the
parameter to raise the market share of the new technology. It is insteacd the agents
themselves who decide whether or not to innovate, and who cc - rol what part of the
market is covered by which technique. Tt is possible that more than one technique
is used. i d these may not even be the most ¢ cieut ones. This 1s a very realistic
situation: Dosi et al. write that the persistence of asvuunetric perforiances is one
of the puzzles in economic studies vet to be exp ued (Dosi o al.. 1995). The idea of
cdifferent return rates has not vet been explore  but even without different return
rates there will appear differences in the success of the teel blogies. The model
results will show interesting competition between techniques producing the same

product.

4.2.4 New consumables

Adding a consumption good is less complicated than adding capital or an interme-
diate product. A new product is ercated and introduced as deseribed above. and
this new product can be consumed in order to produce labour.

The first column of Table 4.4 shows the  roduction of a new product 1820 =

2., .130. and the second columm shows the e version of this product into I our.
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Table 4.4 Additions to the existing technology matrices of Table 4.3 to introduce
a new constmable. The first of the new columns of the input matrix supplement
shows the input for product 1320. The second of the new colmmmns of the input and
output matrices shows the consumption of ocs units of 1820 to result in ocy nnits of
labour (product 2).

new columns new columns
input matrix out 1t matrix

products shills shalls
2 1] o 01 o,y
3 01 0 01 0
5 0O 0 01 0
7 11 0 O 0
11 01 0 01 0
13 01 0 01 0
70 O 0 0f 0
110 01 0 0O 0
154 0] 0 0] 0O
130 110 01 0
260 01 0 0] 0
104 0 0 0] 0
308 O] 0 0] 0
6166160 o> n O] 0
1820 0] ocy | 110

Again. the values of pis. ocy and oy have to e determined such that the profit
rate is 5% . Consumers can be modelled such  1at thev do not have a preference
for auy of the cousmmnables available: they v 1 use whatever is available at the
smallest cost. Another option is to let consuner preference correspond to the labonr
output  cfficient ocy. More advanced products can thus be more attractive to
the cousnmuer than old fashioned products. This is not the most clegant model
of consumer demand. but consummner preference is a very dil  nlt subject and falls
outside the scope of this rescarch. For an introduction to consmmer hehaviour

modellin— see Aversi f all (1999). which develops a probabilistic consumer model
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based on imitation or imtovation of consuiers™ preference strings. The next chapter
will discuss some outcomes of different modes of consunier behaviour.

In principle. the model can expand the matrices indefinitelyv. However, this is,
of comrse. impossible due to practical constraints, Instead of immediately replacing
existing production processes with new ones. as is done in Jain and Krislhina (2002).
the model adds columms to the matrices. but  lso keeps track ot the use of the
different skills. As well. the model keeps a record of the performance of the agents.
Poorly performing agents and obsolete skills are moved. and sometimes this allows
for produets to be removed. since they have become obsolete.

If suceessful, the introduction of new techniques. which will be dealt witl in
the next section. possibly reduces the need for older processes in the technology
set even though the new technology has the same equilibrinn profit rate as all
thie other processes. When competing technologies (1.e. tec 1ologies making the
same product) meet with different levels of success. often the difference can be
explained by the more efficient production of . vanced techniques. This is caused
by more intensive production. a higher output per unit of action. It is therefore
to be expected that over time. different sets active production techniques will
appear. The introduction of new teclmology ¢ srefore 1 ke older technology
obsolete. Older technologies can be removed from the svstem Dy deleting columms
in the i1 ut and output matrices. This in turn can lead to a reduced demand for
sonie inputs. and their production skills. Such a continmous process of replacement
of prod s by new products and technology v new technology brings us to the

Schumpterian gales of creative destruction.
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4.3 Entry and exit of tech: »>logy

Asdiscus 1in Section 3.2.3. the agent’s behaviour is determined by maximization of
the profit generated by the agent’s actions. to which certain constraints are applied.
These constraints deal with available nicans and commodities, ax well as with the
skills the agent possesses. With the expansio  of the technology matrices as in
the previous section, new products and new skills are not vet introduced into the
cconomy. The new products only appear when agents use the new skills and the new
products. This section describes the process of the introduction and the diffusion

of skills. The model design of this process is based on Bruckner of al. (1989).
4.3.1 Technology fields

Bruckner of al. (1989) desceribe a general moc | to study evolutionary processes,
The moc  consists of a countable set of fields = {F,. Fs.. ..} with for cach freld
F.oanu ber N, indicating the nmuber of elements in the field. The state of the
whole svstemn is given by the set of occupaney numbers { N Ny 0} Changes in
occupaley nunbers are discrete and ocewr in t o smallest steps possible: fields gain
or lose one element. The probabilities of these  anges depend on thie current state
of the systen.

The trausition probability W of field / lncreasing in size depends on self-replica-

tion, second order self-reproduction. and growtlh sponsored by other fields.

N, + NN = AN+ VNN B, LY,

o . . . 1)
where oo, 1s the parameter controlling self-re  oduction. 1(, regulates the proba-
bility of self-amplification. and ;5 deals with sponsoring of one ficld F; by another

Held F;. Besides these events driven by the current state. the size of field F; may
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iicrease due to some spontancous event. such as in-migration, and the fixed proba-

bility is deternined by parameter ;.

(N +1) = o

The size increntent may oceur because of mutation. The parameter A, controls
the probability that element 7 results as a mutation from element j. The probability
of crror reproduction is given by the expression below, where again the larger the
field F;. the larger N is. and thus the larger the  obability of a mutation originating

from Fj.

AT NN AN Y — AT
WI(N, +1..V,|IN.N)) = M N,
The expression for a decrease in size is comparable to that for an increase i size.

(n

0 . 9 . . e
D, represents the linear death rate. D7 and 7 are the non-linear self-inhibition

i

paranicters. anud C; controls how field Fj constrains field F;. The probability of the

deatli of 1 clement is given by

AN = 1N = DN+ DYNN, + DY N NN, + O NN,

It is also possible for tields to exchange an clement. The fields involved in this
O
process can cooperate. or the exchange can occur because a field expels an element

.
v

into another field. The probability that one element of field F; woves to field £ is

N, + LN, — 1NN = AN, + AN,

(0) .. . . ..
where A;;" coutrols the probability of uncooperative growth of £ i.e N is not

. . . L) . .
involved in this process, and Af-j is the paran er for cooperative exchange.
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The Markov process given by this set of probabilities of interactions between
ficlds is ¢ Hable of generating a wide variety of eve ationary dviamies (Bruckner
ct al.. 1989). In particular. Bruckner ot ol write that this tvpe of model is capa-
ble of simulating, the dyvnamics of evolutionary svstems. including the dyvuamics of
technological evolution. for which they refer to Mosekilde an - Rasmussen (1986).
who have applied a similar approach to study cconomic snccession and waves, Tu
a later paper, Bruckner of al. experiment with the parameters for the stochastic
cconontic substitution model and show that rec stie substitution dyvnamices can he
obtained (Bruckner ot al.. 19906).

In the context of this thesis. a ficld represents a techuology, and the occupatey
of a tecli Hlogy is the mnmber of agents that nse that technology. The stochastic
process deseribes the interaction between the  lds. whereo in the general model,
the possible interactions are self-reproduction. exchange. decline. and spontaneons
generation. In evolutionary cconomics. one can  aink of the creation of new agents,
with new or existing techuology, innovation by an existing agent by the acquisition
of new technology. imitation of successtul techuology, bankruptev, and spontancous
introduction of new techuology by in-migration of new economic agents.

The model can be used here to regulate 11 substitution of old technigues and
products with new ones. Our model does not merely give the size dynaices of the
different  elds. Instead. the interaction betwee  fields is used to vegulate the intro-
duction and removal of agents and technology. Consequently. we are not so much in-
terested in the size of the felds as we are in what changing occurrences of techmology
mean for the market dyvnamics, which obviously are affected hy chauging techmology.

products and cconc " agents. Inorder to ap 1y the wouckne ot al. framework for
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| ficld interaction to the substitution of techuologios, we need to deternine a reason-
(0 1 0 (1} (2) V] il
able sot of parameters A AY B M p" DY pF ;. AEI-J. A,»].). o; to control

the probabilities of events, such as the ereation of 1ew agents. 1 1ovation. mmitation.

and the removal of agents.
4.3.2 robabilities

As mentioned above, Bruckuer of al. (1996) describes a simili exereise. Bruckner
¢l al distinguish a number of different innovative processes. and not all of these
apply to the model in this thesis. In particular. they distinguish firms and plants,
where one firm can consist of different plants. and plants are prodiction units of
firms. In is thesis. every production unit. ie. every agent. is independent and
considered a firm. When Bruckner's list of i 1ovation processes is limited to the
ones that are applicable to the model here, we obtain a list of five relevant tyvpes
of events: innovation by a new agent. innovation by an existing agent. random
iimitation of teclmology. spawning of a new agent with exi ng technology. and
imitation of successful technology by an existing agent.

These types of events can be interpreted in such a way that they tit within the

general framework provided by Bruckuer of al. (1989).

Innovation by new agent: \When a new technology heconies available. its estab-
lisheut is affected by some of the existing techuologies. Parameter 4,5 de-
seribes the inelination of technology j to establish techinology @ by means of a

new agent: (N + 1LY,

Ni=0.N)= X,

Innova m by existing agent: When an agent expands its skills. be it with a

new technology or an existing teclmology. the agent innovates its prodnetion

110




process. The choice of additional technology is affected by the existing tech-

nologies. Parameter M5 deseribes the inclination of techimology j to establish

technology @ by means of an existing agent: W N, 4+ 10V, [\,)) = M\,

Growth of existing technology by spontar ous new agent: Au increase in
the nunber of agents using technology ¢ independent of the state of the syvsten:

”(\1 + 1) = O

Growth of existing technology by new agent: An increase in the munber of
agc s using techmology ¢ due to self-repro wetion or sponsoring by technology

WV LN NN = AN - AN N B NN

Replacement of technology by existing a; nt: Agents imitate the successtul
techmologies of other agents. and thus rep ace less suceessful skills. The paraim-
cters A, represents a measure of suceess o d failure. Furthermore. the proba-
bility is influenced by the current size of e the techimology fields. The larger
the field. the more occurrences of the technology in question. aud the greater

NN = AN AN

the probability of replacement: 1WEN, + 1.V, — 1

An inportant type of event is missing from this list. In ¢ present model the
removal of technology from an agent is not probabilistic. as is the case in Bruckner
ct ol (1989, 1996). Here we have chosen to remove technology when it s not
used during a simulation. Removal of mused technology. and subsequently. unnsed
products. is realistic and in addition has tI advantage of keeping the program
running at a reasontable speed as much as possible.

The quantification of the paramcters to determine the above transition proba-

bhilities is a free interpretation of Bruckner ¢f al. (1996). who base the detinition of
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parameters o work by Nelson and Winter (198 1 All agree that sinee technology
exists by the grace of agents or firms applving the technology,  d since these firns
operate i a market. parameters governing the dvnanies of technology fields (i.e.
changes in the munber of occurrences of technology) need to he based on cconomie
indicators. Three indicators are used to define the parameters: distance hetween
teclmology. aross return. and counectivity, and these cconomic indicators influence
the prob: ilities of changes in the occurrence of technologies i the model.

Nelson and Winter define a measure for distance between technologies: the eloser
two technologies are. the more comparable they are. and the casier it is for an agent
to change from one technology to the other (2 son and Winter, 19820 p.211). In

their case, technology is given by two output coceficients, one for capital and one

for labo We can do something similar by defining the distance hetween two
techmologies ¢ and j hased on input coefficients ¢;. ..oy and o000 ey, Tespectively
D

This results in an inverse distance measure - technologies, where for technolo-
gles with equal input coetlicients the inverse distance s equ to 1. For example.
the distance between the first two colunms in Table 4.20 {1.0.0.0.0.0.0.0,0} and
{1.0.0.0.0.0.0.0.0} respectively, is exp(—=|1 - 1]) = exp(0) = 1. The distance
between the fifth column and the last colwmn in that table. {1.0.0.0.0.0.1.0,0}

and {1. 0.0.1.0.2.0.0} respectively. would T exp—(]i = ]+ [0 — 1] + |1 = 2|) =

&

oxp(—2) 0.135. With increasing differences in cocthicients, the verse distance
v decrcase to 0. This ¢i beused tode™ ~the o Hbabilitv of su ituting

one technology for another.



Bruckner o f al. suggest that gross return is an appropriate measure to distinguish
hetween the capability of techimologies to expand their field. To measure the actual
gross return per technology, activity levels per techimology of the last w iterations are
added and nmltiplied by their out put value to calculate total revemie per techuology.
Note that this measure is dependent on tinie £, co production levels will vary over

time.

gr(t) = (total production(t) — total produ  on(t — w)) -

Here o(s) is the value of the output of skill <. and thus, gross revenue gir(t) =
{gr(1)....gr(n)} is a vector of values of output generated by each of the technology
per agent possessing that technology.  Subse aently. the vector is normalized by
division by the largest clement. resulting in a vector of clements larger than or
cqual to 0. and smaller than or equal to 1. with 0 indicating no output. and |
indicating the largest output per occrrence of that technology.

Finally. we define a measure to indicate the connectivity of ditferent techmolo-
gies. To nulate vertical expansion of an agent. it is iuteresting to take into acconnt
the connections sectors have. either to upstream suy  lving teclinologies or to down-
strean huvers that are being served by thie sector (or both). This measure is given
by the boolean input-output matrix to indicate the existence of Hows between the
different sectors. It is straightforward to construct a square matrix of size . where
ris the number of technologies tn the model. For examp  Table 1.5 gives the
upstream connections of the technologies. The transpose of this matrix gives the
downstream connections. The sum of these two matrices represents all connections.

The  efficients used to determine the transition probabil = are based on these

tlhree coo omic indicators. The sponsoring of new technology by existing teclimology
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Table 4.5: Upstream connections between the technologies in Table 4.2

buying scctor

1 23456 78

1o 00 000

200 00 000 0 0

310 00000 01

selling scetor 4]0 0 0 0 1 0 0 1
500 00001 00

610 0 0 0 0 0 1 0
711111 1 1 01
2100 0 0010

depends on the conneetions between the new and old technology. An existing tech-
nology w sponsor the establishiment of a new technology only — the new technology
deals with either input or ontput of the existin  techmology. regardless of whether
the new  “linology is established by an existing agent or through a new agent. The
sponsoring by existing technology of a new agent with a particular techuology (new
or existing) depends on all three factors: the gross return of the sponsoring tech-
nology. the distance between the two technologies in question. and the connections
between e two. Finally, the imitation probabilities depend on how poorly one
technology is doing and how well another tech Hle | is performing. The lower the
gross return. the higher the cocfficient to replace the poorly performing technology
with another technology. The higher the gross return of a techmology. the higher
the coefficient of substituting that technology f something else. Table 4.6 provides
an overview of the different trausitions and their dependencies. Note that sonie
paraieters ave set equal to (.

Once the dependencies of inmovating events are quantified. these values can be

casily t1 1sformed into a probability distributic  that describes the introduction and
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Table 1.6: The definition of entry and exit cc fhcients. o stands tor the distance
matrix, gr stands for the gross return of cach of the techmologies, and ¢ stands for
the connection matrix.  f and ¢ are functions combining the cconomic indicators
into one 1 atrix. For example, g combines the gross return (1 = gr) and gr to define
combinations of poorly functioning teclinologies with well functioning technologies
i order to Hud appropriate replacements for poorly performing technologies. N, is
the nuunber of occurrences of technology 7 in the model. i.e. the size of field /.

Tvpe of innovation Dependencey
Innovation by new agent
WN + 10NN, =0.N,) = AN, M, =«
mnovation by existing agent
WO\, + LNV, =0.N) = 4,0, A, =0
Spoutancous new agent
WLV + 1) = o o; = Random(0. 1)
rxpansion through new agent
Wi+ LNJNN,) = B, = flgr.d.c). AV =0, A =0
A AYNN + BN
Imitation
. . . . , (1 ()
W5(N, + 1N, = 1NN = A =algr). 4 —0
(0) A~ (1) e 2~
AT AY

removal of agents and technology. Suppose there arve n different techmologies. For
cach of these 1 techmologies there are five differ t types of transitions. For ouly one
of these  pes are the coefficients independent of the state of the systent. namely the
spontancous introduction of an agent with techmology. The transition coefficients
for spontancous introduction are given by n 1 domly generated coeflicients: one
for cach of the technologies, such that different technologies can have different prob-
abilities to be mtroduced at randoni. The other tvpes of trausition depend on both
the receiving technology 7, as well as the technology j the transition originates from
(sponsoring or replacement). and thus. the tra  ition cocflicients are given per pair

of teehn ogies, n? for cach tvpe of transition.  he example in Figire 1.2 is gener-



ated with a total of 1 = 12 technologies. of v ich one is new. which imiplies that
mnovation can occur since one field has size 0. Based on twelve techuologies, the
sponsored creation of a new ageut with a particular technology can oceur in n? wavs,
44 i this case. The same applies to innovation through a new agent. innovation
by an ox g agent and the replacement of a technology by another technology.
The total number of events is thus 1444 1444124 1414 144=H88. and for cach of
these eve s, a coefficient has heen calewlated according to the rules in Table 1.6.
All coeflicients W (7, j) . W00 ). W) WG ) and 1570 ) can be divided by the
total Z:'_rl Wit )+ 0500 )+ Wase)+= 1. y) + 1500 /) in order to create the
probability distribution. However. in order to guarantee equal total probabilities
for cach of the types of transition. the coethicients are first summed and divided
by the to al per type. This process leads to t0 cv mlative trausition probability
distribution in Figure 1.2, The figure shows D88 intervals. althongh many of the
intervals have size 0 (where there is no increment ). A random munber in the range
(0. 1) determines which event will occur. A new agent with a technology indicated
by the 1 dom draw will ocenr on a random location on the map. Iimitation ocenrs
when a technology feld £ gains at the expense of another field £, (V; + 1.0V, - 1),
For this to occur in the agent based mocel. sent that possesses the techmology
J and ne 7 s selected: that agent looses technology j and gains technology o To
nuplement the introduction of innovation ¢ spousorced by technology j by an existing
agent. an agent is chosen such that that agent | ssesses the sponsoring technology j
and this agent acquires technology 7. This leads to a random process impleimenting
the teel Hlogy field dyvnamies, see Appendix B.6 for the sche aling of these events,

Note that this model functions on both a elobal and a local level. Global in-
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Chapter 5

A simulation

A sinlation of an economy consisting of spa il agents and a fixed product and
techmology set. as deseribed in Seetion 3.3, can run indefinitely. but the question this
thesis sets out to auswer is what happens when  ew technology or new products are
generate Oy the existing system? The previous chapter has described a model of the
inmovation process. and allows us to study the  »msequences of the introduction of
uew technology. It is here that this research extends the exis g body of cconomic
geography and cconomics. by treating the spatial cconomy as if it were an open
dimensie al open thermodynamice systenn Such a svstenn tries to find wayvs to deal
with the surplus of cuergy that is fed iuto i, and that dissipates into all sorts of
products and activities. while allowing creativity on behialf of the actors, who find
more aid more advanced wavs of guiding cnergy Hows to the sink.  As a result.
nore el orate products and production proce es appear, and it is this cmergence
of structure that this work tries to capture,

Obviously. it is impossible to predict the specifies of real economic evolution in
the model. In biology., where evolution has been studied for much longer and to
a nch greater extent than in economices, it s mknown where evolution will take

the bio here. including ourselves. This is not wl - biology is aiming for though:
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instead. it intends to provide understanding of — process hy which evolution takes
place. The sitnation is similar in cconomics, and specifically in this model. Tt is
unknown where evolution is going to take the e omy. Nevertheless. shnulating an
evolving, economy provides insight into the possible consequences of innovation or
changing  oundary conditions. The present chapter discusses a typical simulation
run of the model developed in this thesis. It explains the setup of o model run
and the events that oceur during the run. The general results of sueh rans will be

discnssed in more detail in the following chapter.

5.1 The model setup

The ager s in this sinmlation ave located on a bounded grid. At random locations.
fwo agents are placed: one agent is a producer. and the other is a consumer. For

example. the location {2.1} contains the following two lists of mumbers:

({2.0.11.0.100.0.4. 12,2221 1 1) {1 1L 1.0.0.0.1.0. 1.0} }

{{2.4.23.{0.100.0.4.1.2,2.2.2.1. 1. 11.{0.0.0.0.0.0.0.0.0. 1}

These lists indicate that the location contains two agents. one agent with identity
{2.4.1) and one ag at {2,482} Initiallv. all ¢ nts receive an equal. small amount
of resources and 100 units of money. In this case. the list of resources is given by
{0.100.  4.4.2.2.2.2.1. 1. 1}. The tinal boolean list for cach of the agents identifies
which skills or techuology the agent possesses. Here there ave 10 skills, and agent
{2.4.1} possesses skills 1,2.3.7. and 9. The second agent at {2.1} only has skill 10.
The skills represent the transformations indicated in Table 5.1

These matrices show the input and ou | 1t req red for all possible transtorma-

tions. v ore cach cohunn represents one tr sformation or one techmology. Input
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Table 5.1: The possible transformations, where | sectors iave an equal profit rate
of 100%.

products mput natre output matrir
2 1111 1 11110 0000000003
3 0000000000 0000000000
5 0001101000 I 000000000
7 0001010000 O 10 0 000000
11 0000110000 001 0000000
13 00 0 0001000 00000000020
70 0000001000 000100 —') 0 0 0
110 0000000100 0 001 00 —') 0 0
154 0000000010 0 00 0 1 00 —l) 0
130 000000600100 0 00003000
260 0000000010 0000000300
104 0o 00000001 060600000040

and output are given by units of products. and the different products are listed in
the left most colunmm. Here, the initial list of products is

{2. 3.5, 7,11, 13,70, 110, 154, 130.260. 104},
where 2 is labour. 3 is wonev. and H.. ... 13 are raw materials. of which 13 cannot
he produced and is freely available. The other products are composites of these
primitive products. Note that labour (product 2) can be generated by transtorming
product 104 into 2. represented by the techne gy in the last colummn of the input
and output matrices. All agents possessing this skill are consumers. while the other
skills he ng the the producers.

The output coefficients in Table 5.1 have been chosen such that the largest
real generalized eigenvalue of the input matrix. with respect to the output matrix.

equals 1. This results in both a growth i~ and a return rate of 2. A return

rate of 2 corresponds to 100% return on investinents. This is not a realistic value.



but it all s the resulting output cocfficieuts to be more user friendly. e, inte-
gers or simple fractions instead of fractions with a large numerator and denomi-
nator. That the growth rate of the svstem she nin Table 5.1 is in fact 2 can be
verified by the fact that the activity vector 2 = {8.0.0.0.0.0.4.6. 9. I8} requires
input matrir-z = {27.0.4.0.0.1.1.6.9.6.9. 18 an rvesults in output matrirv-: =

{54.0.8.0.0.0. 8213 19 18,36}, When labour is taken as the mumeraive good

[N S

boand

with a p1 » of one. the resulting price vector is {1.1.2.2.2.0.10. 10, 10.2, 2,

[

—_

5.5, 5.3.3. 3.4}

505050303802

I other words. the profit (output minus input ) per technologv. divided by the input

- (output matrie — input matrir) {1.1.

NS

p—t—
—_
—_
—_

e Ginput matrie — catalysts)

costs, disregarding the catalvsts, equals 1 for cacli of the teclinologies. a 1009 return
on the i ut. so to speak. As explained in Chapter 4. the constant return rate is
nsed in a later stage used to determine the output cocefficient of new teclhimology
discovered during the run of the simulation.

In this simulation. agents are placed randor v in pairs on a grid. In this partic-
ular case. this results in 29 locations with agents. as shown in Figure 5.1. The dots
represent locations where agents are present. and the lines connect locations such
that age s can interact with surrounding agents. Locations without a dot harbour
110 agents.

The network of conections is not fixed. At random an ent drops one of its
furthest  onmections. scans the neighbourhood and adds the ncarest supplier of a
cood that is lacking in the local mmarket. The network one iteration later is displaved
in Figure 5.2.

The rules that govern the behaviour of agents were described in Seetion 3.2.3.

It was explained that every agent maximizes e value of its possessions through
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Figure 5.1 The agents on a map. The dots represent the locations where agents
are pres tooand the lines connect locations such that agents can interact with
surrounding agents.

engaging in profitable activities. However, in doing so. a nmul - v of constraints have
to be taken into account. When setting up a sin - lation. parameters controlling
these cor raints have to be set. Appendix A provides an overview of the parameters
involved in the sinmlation deseribed in this chapter.

By taking into consideration these constre ats and curre t conunodity prices.
cach producer maximizes its possessions. This will alter the activity record and the
2oods in store. and thus the prices mav have to be adapted to reflect the new supply
and derr nd. New prices will lead to new pro tability levels. and as a consequence.
the ager o will adapt their behaviour.

Dt simulation. the model does not liave @ exogenously fixed cousmnption rate
¢ for all consuiners as was used in Section 3.3, astead. cach consumer individually
decides how much it can afford. Consumers ai - to maximize the quantity of labour

they can produce. Initiallv. there is onlv one consumable. product 1041 i Table 5.1,
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Figure 5.2: The agents in space with connections

aund thus they buv as much of it as they can atford and transform it into labour.
which wi  be available to the producers as one of the inputs in their manufacturing
processes. Later i the siimulation, more advanced consunables will he available.
These products enable the consmmer to genere  wore labour per wuit input. but
they come with a higher price as they require more  vanced i outs to he produced.
Curreutly, consunier preference is set by the output coefficient: the greater the
amount  labour generated through the consunption of a particular product. the
more deable the product is. There is also 1 possibility of experimenting with
more claborate models of consunier preferences here. but so fur this has not heen
done. Li our generated by the consimers is available to thie producers.

The  come of all agents consists of the revenue generated by their production
of goods or labour. Con=umers. however, have 1 additional source of income i the
formm of  vidend. When producers make a pr 1 due to the sale of goods. because
the input costs to produce these were lower than the value of the output. the snrplus

revenue is cqually divided over the consmners, as if they all  ad an cqual stake in
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the production process.

To begin the simulation, all agents are randomly ordered in a list: eacl of the
agents is s ccted in tuwrn and goes through the process deseribed in Section 3.2.3.
Before an - gent makes its plan for producing. buving and selling, prices are set hased
on the agent’s local market situation. Then the agent wins free resources. possibly
replaces a distant trade partner with a nearer one. makes a plan that optimizes
possession. buvs missing ingredients. sells swp s of products to generate incowme,
aud cugages in production of the profitable products v execut g the corresponding
techniques. as well as engaging in the transformations that are not profitable. but
that are nevertheless necessary to enable the execution of the 1w All activities are
logeed. and the simulation moves on to the next agent on the list. When all agents
Lave had their turn, one iteration has been con  leted, and the process described in

this paragraph 1s repeated.
S

5.2 Alodel beh:. .iour

5.2.1 The initial fixed run

During the simulation. all transactions and production activities are logged.  Aun
example of this is given in Figure 5.3, This  agment of the log book shows the
actions  five agents during the simulation. The first ager {1411} finds itself
in a situation i which taking no action results in the best iteome. Noue of the
technology available to this agent is profitable. or if it is. the  ssources required are
not available. The agenut simply passes its turn, an - the simulation moves on to the
the next agent at location {14.14.1}. Thisager is the position to generate profit.

and it executes skill 8 and <kill 9. 0.5 and 3.5 thnes respectively. Note that thiese



initiative step 64 taken by

{14, 4, 1}{0., 97.5, 4., 4., 4., 3., 2., 2., 2., 1., 1., 0.}
At step 64 | result of agent {14, 4, 1} is

{0., 97.5, 4., 4., 4., 3., 2., 2., 2., 1., 1., 0.}

initiative in step 65 taken by

{14, 14, 1}{0., 100., 0., 4., 4., 6., 2., 2., 2., 1., 1., 0.}
execute 0.5 times skill 8

execute 3.5 times skill 9

4. money for 4. pieces of 2

15. money for 1.5 pieces of 154

2. money for 1. pieces of 260

At step 65 end result of agent {14, 14, 1} is

{0., 79., 0., 4., 4., 6., 2., 2., 3.5, 0.5, 0., 14.}

initiative in step 66 taken by

{4, 7, 1}¥{0., 100., 0., 4., 4., 12., 2., 2., 2., 1., 0., 1.}
execute 1. times skill 9

1. money for 1. pieces of 2

2. money for 1. pieces of 260

At step 66 end result of agent {4, 7, 1} is

{0., 97., 0., 4., 4., 12., 2., 2., 2., 1., 0., 5.}

initiative in step 67 taken by

{14, 8, 2}{2., 103.35, 0., 4., 4., 5., 2., 2., 2., 1., 1., 0.}
At step 67 end result of agent {14, 8, 2} is

{2., 103.356, 0., 4., 4., 5., 2., 2., 2., 1., 1., 0.}

initiative in step 68 taken by

{7, 2, 2}{2., 103.356, 0., 4., 4., 8., 2., 2., 2., 1., 1., 0.}
execute 1. times skill 10

2.455 money for 1. pieces of 104

At step 68 end result of agent {7, 2, 2} is

{5., 100.901, O0., 4., 4., 8., 2., 2., 2.,1.,1., 0.}

Figure 5.3: Logging of transac ms and prod  tion

activity levels st up to 4. which is the maximum total activity level per agent. In

order to exceute these skills. it requires additional resources, which are hought from

swrounding agents. The money and commod — es are excha ed. and. at the cost

of 4415 2=21 wnits of money. 14 mnits of product 104 are produced. As the end

result of these actions. this agent is down 21 units of money in comparison with its

initial s te and up L4 units of product 104 The next agent {1.7.1} shows similar

behavice

The last two agents shown in the log in Figure 3 are conswmners. Agent {14.8.2}

Depil its turn with 2 units of labc  and su cient monetary resources. but appar-



ently lias no access to consumables and thus remains in the same state. The last
ageut in the above illustration is able to buy one unit of product 101 and subse-

quently exeentes skill 10 to generate three new units of Tabour,
5.2.2 Acquiring additional skills

After a v uber of iterations, the initiallv abundant stocks of resonrces ave depleted,
and the agents have to produce the full gamut of products in order to supply the
demand for constmable 104, Because the sk s were randomly chosen. the iuitial
distribut  n of skills is not ideal.  With the t  amology field model described in
Section 4.3, the agents will slowly replace less frequently used skills with more
successful skills. or adopt new skills that will support skills thev alveady possess. The
following paragraphs describe the implementation of this process. and subsequently.
the parameters controlling the technology field interactions ave discussed.

Ficu 5.4 shows the production of the ditferent prodncets for cacli iteration from
the start of the model run. Because the price mechanism depends on the history
of the svstem. and the past is non-existent at e start of the simulation, an cmpty
Lhistory is given. This is visible i the graphs as no activity during the first 50
iterations. However. the consumers thien begin to demand their product 101 and to
convert this product into labour. There are some products [O4 in the svstem at the
outsct. but these are soon constuned and thus, the stock is sinaller than the demand.
This will lead to an incereased price for product 104, All agents with skill 9 (colnnn
9 in Table 5.1) see the opportunity to make a profit, and thus start demanding
product 260. aud. in smaller amounts. pro et 154, which are. respectively, the
input a | capital involved in the production proe . of product 104, Shortly after.

the stock of 260 i depleted or smaller than the demand. and agents with skill 8
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come into action, which leads to demand for produets 130 and 1100 the input and
the capital required, respectivelv, for product 0. Now. the same happens agam
to other products further down the productic  line. aud thus the deniand for the
coustinable 104 cascades down. eventually leading to demand for the raw materials,

Product 2 (Iabour) is the end product. an  at the same tine. the beghming of
all action. It is labour that cnables agents with  ills 1.2 or 3 to ine raw materials.
Therefore. the level of labour production is a g¢ measure for assessing the activity
level in the svstem. As can be seen in Figure 5.4. labour production hegins higl.
and renains wore or less constant until iteration 100, At this point it falls back
a little. after which it gradually regains higher levels. The higher starting level is
explained by the abundant stocks of resources handed out in the setup of the system
that can be used when convenient. When these resources are used up. all resources
liave to be produced. and the agents™ activity  as to be divided over all necessary
processes. This explains the slight reduction of labour production around iteration
100. due to the Tack of product 104 and its ingredients.

At this time. the model begins to implement the interaction between the tech-
nologv - Ids. Tin other words. agents hegin to learn. or to replace less needed skills
with me o successful skills. The fact that lahe v production slowly increases again
call be explained by the slow change in the distribution of skills. The probabilities
of changing skills are controlled by the parameters 1 Table 5.2

The  arameters in this table differ from the ones given in the previous chapter.
Here, the parameters are set such that there very few introductions of new agents
to the svstenr. The only time this occurs is when a new techinology is established by

a new agent. New technology can also be este lished Dy an existing agent. and the



Table 5.2: The definition of entry and exit coel  ents. ¢ stands tor the connection
matrix, »n for new technology, o of the occupancy i o and gr stands for the gross
return of cach of the technologies. f g and oo~ funetions cor Hining the econowmic
mdicators into one matrix. .V is the mmber of occurrences of technology 7 in the
model. i.e. the size of field J.

Tv  of innovation Parameters
Ex  nsion through new agent
N, + 1LVNL ) = B,=0. A" =0 A"=0

AN+ AYNN 4+ BNV
Il vation by new agent
WV + 1.V N, =0.N) = 3N, M, = [(con)
Sptauncous new agent

N, +1V) =0 o, =0

Imitation

W(N 4+ 1N, = [|N.N)) = AL = higr (1= gr).o). AL =0
AN+ AN

Iunovation by existing agent

WAN, +1.VIN) = A4, A= glygr.c)

probabilities with which this happens depend on the gross return of the technology
and the commection matrix. The higher the gross return of a techinology. the more
capable  at teclmology is of supporting the establishiment of supplying teclinol-
ogy (e, vertical expansion to include backward links). Note that this additional
technology can be new (in the sense that this will be the hrst occurrence of this
technoloeyv in the model). or it can be an existing technology. Tt both cases. we
sav the agent is innovating in its production process by adopting the new technol-
ogv. Finallyv, imitation occurs when a technology that is seldonr nsed is replaced
by a technology with a higher gross return ra - The probability of this happening,
alko depends on the occupancy rate. so that when many agents already possess a
particular skill. the probability of additional introductions of that skill is reduced
accordi v
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For example. Figure 5.5 shows the cumulative probability distribution at the
heginning of iteration 100, There are 10 skills. and thus 107 = 100 instances of
expansion through a new agent of a skill promoted by another skill. 100 instances of
innovati 1 by a new agent promoted by an existing skill. 10 instances of a sponta-
neous introduction of a new agent. 100 possible  wses of imitation of a successtul skill
replacing another skill. and 100 possible cases  f one skill enconraging the acquisi-
tion of au additional skill. Most of the probabilities for these 410 events are equal
to zero. because the parameters are set equal to 0. Others are 0 hecanse there is no
new technology currently available. so there is no innovation by a new agent. Only
the last two events, imitation and imovation by an existing agent. show positive
coefficients. The coetficients are added and s «d in order to create a cumulative
probability distribution, as in Figure 5.5. Since botli tvpes of events make up half
thie probability, imitation will occur with a ri dom draw in {0. %} and mnovation

by an existing agent will oceur with a random draw in {5.1}. If there is a new
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technology available. each of the tvpes of events will have a probability of 1‘

After cach iteration is finished. a new cumulative prob. ility distribution is
drawn up. a random munber between 0 and 1 s generated. and the corresponding
interactic - hetween two technologies is seleeted. I the case of Figure 5.5, the event
could he  placement of one skill by another. «  the acquisition of a skill that will
supply a techuology., An agent that qualifies for such a change is selected at random.

and the change in skills is made in the agent’s skill - st (see Figure 5.6).

imitation of skill 8 at cost of skill 5
{28, 29, 29, 16, 12, 19, 15, 15, 18, 29} changes to
{28, 29, 29, 16, 11, 19, 15, 16, 18, 29}

imitation of skill 9 at cost of skill 3

{28, 29, 29, 16, 11, 19, 15, 16, 18, 29}changes to
{28, 29, 28, 16, 11, 19, 15, 16, 19, 29}

imitation of skill 8 at cost of skill 2

{28, 29, 28, 16, 11, 19, 15, 16, 19, 29} changes to
{28, 28, 28, 16, 11, 19, 15, 17, 19, 29}

innovation within agent to acquire skill 6

{28, 28, 28, 16, 11, 19, 15, 17, 19, 29} changes to
{28, 28, 28, 16, 11, 20, 15, 17, 19, 29}

Fignre 5.6: Logging of changes made to the distribution of skills. The reported
changes ave illustrated by chianges to the total ocemrences of technologies in the
model, which has 29 producers and 29 consumers. Producer skills in high demand
(7.8.9) > replacing less useful skills. or ager +are adding sl Is that supply one or
wore of 1eir other skills to their skill list.

5.2.3 Inventions and the adoption of new - chnology

Althoun  the wodel shows interesting bel: -iour so far. @ 1 demonstrates that
agents without a centralized control center can manage to feed and entertain theim-
selves in a sustainable way. the real adventure lies in the introduction of new tech-

nology and products. and studyving the effect of utterly new elements on the existing
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svstem. e framework developed in this thesis is set up in such a wayv that ex-
perinients of this kind are a straightforward expansion of the model above, The
technology matrices are expanded at random times. as explained in Figure L1 re-
sulting in a new cohnnm for a new technology. and new rows for new products. Based
on the probability distribution deseribed above. at s 10 point an agent is assigned a
new technology, and starts using the newly acqguired technology if profitable. If the
new technology does not snit the sitnation. hecause it does not improve profitabil-
itv. the new technology might be short lived. Perhaps it would have done better in
another location. but we may never find out.

New  cchimology. if successful, will Tead to new demands. ie. inmovation co-
evolves with demand (Dawid. 2006). and new niches arve ereated over and over again.
New techmology will compete with the other technologies for inputs. and change the
How of . ods. This in turn will change the o and for skills, Technology onee of
paraimount importance may be replaced by more efficient technology. or may fa
because there is no longer demand for its ontput. New technology and demand
for new  roducts can wipe out what were on well greased production lines. and
replace them with something that. for whatever reason. serves better, thus foreing
the ccor mic system to reorganize.

At this point in our siimulation. a new product is introduced to the consumers.
There are many possibilities for dealing with — nsumer preferences. One method is
to set a exogenously fixed rate ¢ of consmuption. as was deseribed in Section 3.3.
Because of this minimum level of consumption, all consumers must acquire a cer-
tain an unt of consumables. equivalent to v at can be t1 asformed into ¢ units

of labonr. Those consumables are removed from the svstenn (actually. the consmm-
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ables are transforied into labour and these ¢ units of labowr are renoved from the
svsten).  there is a surplus of labour, prices fo labowr are such that consmnption
is not profitable. Nevertheless. the requirement for consmunption ¢ has to be mert.
As a result, with excess labour supyp - thie consuniers will consume precisely the
recuired level and nothing more. If there is a mand for labour greater than the
supply. generating labour becomes profitable. and consumers will constme as nnich
as possible. while satistving all constraints t1 apply. NMove advanced products
will allow a larger output of labour. The total level of activity per agent is fixed
and limited. However, with more advanced 1 out. a higher output s generated.
This leads to a preference for more advanced products, but ¢ v when denmand for
labowr is high. When demand for labour is low. all the cons  1er ninst do is meet
the consmmption requirements. Therefore, the  ved for improved technology is not
consistent, unless the forced level of consumpti - 1 ¢ inereases over time. whicl is not
cntirely unrealistic. The difficulty lies in setting the correct rate of inerease. When
the increase is too low. there is no desire for nnproved teelmology. and when high
capacity constinables are used. thev are so pro  ictive in ters of generating labour.
that it Hoods the whole svstemn with an abundance that leads to temporary inac-
tivity. © hen the merease is too high. the svstem grinds to a halt. since too wmany
resources have heen spent on diseretionary: consmnption. After much cumbersome
experimentation witl appropriate increases. a «ifferent route was chosen.

A consmmner agent’s behaviour rules are such that they will optimize the quan-
tity of labour generated within the usual bor  daries given by the constraints. see
Appenc : Bod for more details on the implementation. At the begining of the turn.

the agent considers his monetary resowrcees, which possibly have incrcased due to
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the sale of labowr or pavients of dividend. The agent subseq ntly acquires those
consumables that are available and that will all ¢ it to generate as much labour as
possible. When there is only one constimable available, as has heen the case so far
there is only one option. When there is more thi one constable, consumers have
to choose hetween the options based on their consmner preferences. Sinee consumner
preference falls ontside the scope of this thesis, the consumer preference model s
kept as simple as possible. and the desivability of the consmmable is given by the

labour «  put coefficient. In Table 5.3, for ¢ my . both consmuables. 104 and

27040, are cqually desirable. sinee both generate 3 units of labour per 1 unit of

CONSUINCT activity,

Table 5.3 Introduction of a new consmmable in the svstem. Techmology seven (col-
mn 7 of the iuput and output matrices in between the bars) shows the production
process of a new consuiable 27040, The last colummn shows  ow this product can
bhe trans red into labour.

products amput matrir outpuat matrer

2 1 11 1 1 1j1f1 1L ofog) 0000007000033
3 00000 0/00 0000 0000000000 0[]0
5 g 00 1 1 0j01 000 L0000 000 00 00
7 0001017010000 01 000000 00070
11 G000 1 1100000 O 0L 0001010 00 00
13 o 00000701 000 0000001070 00 00
70 00000001 000 0001 00]0 —f 0 0 01]0
110 000000700100 000 I 07010 31 0 010
27040 0 0O v v O OJolo o0 olX] 000 “0o0[t[o 0 0 00
154 00000 O0]0juu1 0] 00 0 00 11010 0 —" 010
130 0000000100 000 000013 00 00
260 000000000 1T 00 000600070030 0]0
104 0000001000 1|0 0000006000 4 0]0

The  utput coetlicient of a new consumable is a random munber varyving between
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the maxinunn labour output coefticient and double that cocfticient. For the expan-
sion illustrated in Table 5.3, a random number between 3 and 6 was generated. To
maintain a constant return rate for all colunms. the input coefficient was adapted
such that the value of the output is twice the value of the input. Here. the mput
cocficient of the transformation of product 27010 into labor s equal to & The
reason for such a reculated output coeflicient is twofold. First. a new consumable
with a labour output coeficient helow already existing output coethicients is a waste
of simulation efforts. since it will not be incorpe ated. Even at the tine of introduc-
tion. rhere already exist more desirable alternatives. Secondly. a new consmmable
with simply 1 unit of consumable as iuput coetlicient and a calculated output cocf-
ficient (such that return rates remain equal) o s to an unrealistically rapid desire
for change with this model of consimmer behaviowr. Based ou one nnit of input. the
new constimable above would have an output coefficient of 18, Due to the chosen
consumer preference model. this would result 1 a cousummable far superior to the
old one. Regardless of the implementation. ultimately the consmners move to the
product that provides most satisfaction. but with a regulated aud more gradunal
growtll of output coefficients, consumer hehaviour changes el more slowly and
more realistically,

Figure 5.7 shows the adoption of the new technology to generate the new con-
sumable 27040 by producers. Since the probal ity of imitating technology depends
on the s return of the technology. its imitation by numerous producers ndicates
that this technology is domg fairly well in comparison with the other skills. most
likelv because there is a demand for it. vet only a fow providers.

Evc  though this new technology proves to be quite suceessful at the time of
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innovation new agent with skill 7
innovation within agent to acquire skill 6
innovation within agent to acquire skill 8

imitation of skill 7 at cost of skill 1
imitation of skill 7 at cost of skill 2

imitation of skill 7 at cost of skill 1

imitation of skill 7 at cost of skill 4

Figure 5.7: Logging of the appearance of a = w technology to produce the new

constmable (product 27040).  Adoption of the no techmology shown here took
place over 16 iterations. Due to the lack of ¢ 1er technologies that stand out in
terms of their gross return, skill 7 quickly obtai d a gross return sufficient to result
in imitation probabilities high cnough to cause repeated hnitation events,
its introduction. the success is short lived. The quick exit of the consumable 270:10
oceurs 1ot hecause there are problems on the supply side. hut beeause demand fails
due to the introduction of newer constimables and newer technology. This time. the
newer coustiables come with clearly higher labour output coctlicients (see Table
5.4 and 5.5 where the labour output coeflicients are 5 and 10 instead of 3). and
as a result. they are more desirable to the ¢ np of cousmuers. Demaud for the
newer ¢ sables s strong. and with the do lopment of an iudustry capable of
supplving these newer consumables, the older consumables fade. (see Figure 5.%).
The market share of cach of the consunables is graphed in the left figure. It
shows that while initiallv there exists only o1 consumable that fullv controls the
market. slowly competition appears. ultimately resulting in four consumables w1
different shares in the generation of labour. Skill 17, nsing consumable 27040, is
iuitially quite successtul. and quickly captures sughly 259 of the market. However.
with the introduction of more favourable consumption goods. it quickly looses the

around gained. The rising star is product 2600, which. shortly after its introduction.
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Figure & : Both graphs display the market shares of technologies producing the

same product. The graph on the left shows t - shave of for skills (ecach using a
different consumable) m the generation of labour. The erap  on the right shows

that the consumable that was introduced last (¢ 90). and that hias only heen aronnd

for thirty or so iterations. is already produced by three different teclinologies. cach
of these competing to meet the demand for product 2600,

is already responsible for most of the labour generated. hiitiallv. only teclmology 9
prodnces 2600. The right graph in Figure 5.8 shows how newly introduced technol-
ogv is jo aing technology 9 in order to produce enough of product 2600 to satisfy
the increasing demand.

Alrcadv. with the technology set in Tables 5.4 and 5.5, interesting. realistic
hehavionr is obtained. We see persisting asvinnetric performances in sectors. we
see life eveles of products. and we see instability in market shares. The life eyele
of product 27040 was just discussed.  Althongh the product expericneed a brief
period ¢ success. it quickly becomes obsolete due to the introduction of better and
more desirable products. The techmologies responsible for the production of product
2600 cach have different input and output coc.uci s, although for the production
of 2600 = 2% . 5% .13, the products 2225, and 13 are required. regardless of
the production technique. Due to the use of different inputs. different production
tochiig s can coexist. and display ¢uite unstable market share hehavionr. See for

example Fieure 5.9, which shows the market  are of 5 technologios all producing
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product 2600, It shows that these different te niques coexist for quite a long time.
doing better or worse now and then. because t° v have to compete for their mputs
with other technologies.  If competition for o inpnt is fierce. production based
on that  put will possibly be lower and a competitor using different inputs will
benetit.  hen aceess to the input improves. the technology can regain its former
nmarket share,

Finallv, the last graph in Figure 5.10 shows the market share of the different
consulmables in the production of labour. To be more precise. the graph shows
the market shave of 11 different skills used to generate labour. but cach of these
<kills uses a unique consumable. and thus one can speak of the market share of
the consimnables. instead of the market share of the technologies.  As the figure
<hows. with the introduction of a new consinable, the old consumables are doomed
to beconie obsolete. One by one. the consuni - les are replaced by more advanced
products that result in higher labour output.  However. the replacement ix not
instant 10 to the sometines simall differences in desirability. or due to diffienltios
enconntered in establishing a production line for the new cousnmable capable of
supplving the whole market.

In v litv. new coustmnables are often added 1o the existing gamut of consun-
ables. without replacing all of the previous products. In that respect. the simple
model of consmmer preferences is not very rei stic. However. when the whole model
discussed here makes up one sector, for examy -+ computer electronies or sound svs-
tems, then new consumables do replace older vods. In addition. although it is an
essential part of modelling a market. this thesis does not deal with consumer be-

liaviour specificallv. However. the consumer preference model nsed here does suffice
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in creating a explicit complete market model which there is demand for newly
introduced products. The market model. in itself. is not the focus of this thesis.
but is included in order to seleet from the the varic on that is iutroduced into the
model by innovation and diversification. As such. the market 1odel does what it is
supposed to do. and this chapter has attempted o give afivst indication that this 1s

the case. In the next chapter. the model results are analvsed inmuch more detail.
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Chapter 6

Res 1lts and analysi

The prev s chapter showed how a tvpical model is set up. what a typical imodel run
looks like and what typical ontput is generated. This chapter will treat the output
in more detail and will extract and analvse  number of mteresting phenomena
penerated by the model and compare these witle reality.

This chapter continues the discussion of market shares t o was started in the
previonus chapter. In contrast with the model ¢ seribed in the previous chapter. the
consumers in this chapter are obliged to cons  ne an exogenously determined rate
of const 1ables. This rate is fixed and does not inercase during the simulation, As
new products and consimables are introduced. the labour output cocflicient of the
consuinable does not affect consumer preference, the consuiner’s only requirement is
to satisty the obliged consumption. equivalent to e ts of labour. Which productsit
will use to do so will depend on the availabil — and price. Related to this different
approach i the model is the method to determine the labour output coetficient
of a new consutnable: here simply the general rule that applies to all production
techniq s is applied. being that one unit of iuput results in e general profit rate.
There is no manipulation of the new output cocefficient. some output coetlicients

will he Jower than those already existing. sc e will he higher. As discussed i the
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previous chapter. such model of consumer behaviowr does not eucourage growth.
However. snch a model does illustrate the capability of the model to adapt aud to
reorganize itself by redivecting Hows of goods and money in order to create a better
fit hetween supply and demand.

Secondly. the chapter returns to the stable  contief activity levels. Where in a
previous illustration the resulting production numbers were compared to the pro-
duction mnnbers one could expeet based on the Leontief analvsis, this section will
explore o capacity of the agents and the auctioneer to organize the production
SYSTOIL,

Secti . 6.3 studies the methods available to determine the presence of sets of
technologies that can function independent of the other techimologies. so called fune-
tionallv closed sets. The interest for these funct na - closed sets lies in the fact that
thev provide insight into what is required for a well functioning svstem. They give
informa  m on which combinations of functions. qualitatively and quantitatively.
have the ability 1o perform well. Such clusters of techimologies are good candidates
for establishing independent organizations that arve self supporting.

Finally. section 6.4 applies a measure developed by Bedau. Snvder and Packard
to analyvse the class of evolution the model is capable of generating. The different
approaches applied in this chapter illustrate the wide reach the model displays. The
first section is mainly descriptive. the second =ection falls back on cconomic analysis.
The third section uses concepts borrowed from artificial chemistyy conceepts and
techmques derived from graph theory. The last approach of analysis stems from

biology. The model has been viewed from several ditferent perspectives.
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6.1 Tarket shares continue

The folle  ng results are a deseription of model output after 25 events in which new
technology or new products were mtroduced. Sonie of these were suceessful. at Teast
for a whi . sowe never made any change to the svstem. The invention events ocenr
at randont intervals, and are separated by perio of economie activity during which
the set of produnets and technology is not expanding. All together there were close
to 3000 iterations. in cach of which every agent took part in the cconomic process:
producing. trading. building a network. The . rage number of agents was about
0. aud  is leads to about 120000 agents” actions in an cconomy with 1 products
and 52 Hduction technologies after clean-up. Clean-up liere consists of removing
the teclh Hlogies which none of the agents is capable of usit - (the ones that were
capable hiave gone hankrupt or exchanged the skill for another more useful one) and
removing the products that no longer play a role after the  moval of the unused
technologies,

First we show in Figure 6.1 the market share of cach of the consmmables. Ulti-
mately there were 8 products that could be ¢ sumed (and thus transforme  into
labowr). However. most of them never reallv were successful. One can see a brief
life of a product around iteration 1500 on the x-axis as it almost reaches 2004 of the
ntarketshare. but shortly after that it pretty 1 1ch disappears as it dives helow H'A
marketshare. as many of the other new consu  ables do. However. the consunable
associated with transforation by techimique 35 turns out to be very suceesful and
more or less replaces the original conswnable that the model started with, Here we
see a1 olent example of a constructive svst - at work: a new product composed

of primitive products finds itself somehow a situation (better supply of input.
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better location with respect to the market. innmitation behaviour of ageuts copying,
succesinl production) in which it can grow and finally dominate the market. NMore-
over. the model itself introduces the new technology aud the new products hased
on endogenons factors, the modeller has nothin — to do with innovations. It is also
the mode itself that decides whether or not a new process is going to be succesful,
and this is achicved through the application of ¢ market mechanisi.

The replaceiient of one dominant consumal by another obviously changes the
production svstem. The production of LI is on the vise as ¢ production of 101
is decreasing. These two products are coutesting the domination of the consmmer
market. As product 140 is gaining market share. the production of inputs required
for it is wreasing. As 104 is losing. the pro action of its inputs is decreasing.
Ficure 6.2 shows the rise and fall of the two sectors.

However. within one sector also competition arises. Initially product 140 was
produced by combining 2 and 70. Soon. hov  ver. another production technigue
was intr - [ueed to make product 140 out of new product 18200 and also out of new
product 342000, See Figure 6.3 for the competition for the input market of product
140. T - first producer of product 140 by means of technique 7 is completely
replaced by new technigues 39 and 0. After a battle for the market. teclmigue 39
wiils.

In other simulations we see similar rest 5. A new co  wnable (sowmetines)
takes over the market. and therefore the production of the old consnmable wanes.
Naturallyv. the input required for the old cc  modity dwindles too. In Figure 6. 1.
product 104 was produced ont of labour and pro et 260, and 260 was produced

out of 130. It is interesting to see that while the production of 260 more or less falls
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Figure G.4: Production of consimable 104, As cousumable 104 is replaced by a
new product (left). the demand for the input 260 for producing 104 disappears too
(middle).  owever. product 130 which was fo erly involved in the production of
produect 50 obtains a new role and its production is continued (right ).

techmiques for product 104, siimilar to the mar  share graphs we have seen above.
Again. existing technology is partlv replaced by new technology. The first newly
developed tecmology that conqguers a substantial part of the market is technology
52 represented by columm 52 in the von Nemmaun input and output matrices.
As can v seen, this techimology disappears toward the end of the siimulation run.
illustrat ¢ a life evele of the involved products. The second image shows the market
share of cuergy sources in Canada between the vears 1871 and 1996, The model of
this thesis which was nsed to generate the results of the top himage is completely
abstract. and does not simulate the use of di reut sources to generate energy in
Canada. Nevertheless, the resemblance of the instabilities in both graphs is striking.
The tignres are included i this thesis to illn ate how realistic the competition for
market share resulting from the model possibly is. Fuother rescarch onmarket share

results is required.






6.2 able Leontief activity levels

Ina Leor  of svstem there are as many production processes as products. When our
model is set up to represent such a svstem, strohtforward linear algebra allows us
to calculate the activity or intensity per iteration that is required to supply every
agent with the input it needs. In such a svste .t production per iteration will
converge towards the Leontiel stable equilibriu . vegardless of the initial situation.
This occ s even though the agent’s enviromme — consists only of the prices. its own
stocks and the stocks of its trading partners. The agent has no direet information on
the "req  red” activity per iteration. but it does receive signals throngh the prices
set by the price mechanisn. The price mechanism uses the production nubers over
the last w iteration(s) and attempts to mainta in stock as much as is required for
these actions. as was explained in Chapter 3. T rough this price mechanism. an
appropriate production is encouraged. and an attempt is made by the agents to keep
in stock what was used in the last w iteration where w is o paramceter specifving
the length of the auctioneer’'s memorv. This leads to the Leontief stable state. as
was illu ated in Figure 3.3, The production per  cration level converges towards
the Leontief stable state.

In this section a similar experiment is described. but heve, the capacity of the
agents and the auctioneer to organize the Leontief production svstem is exp ored.
By repeatedly inereasing the foreed conswmption rate. agents are seduced by oppor-
tunities to generate inereased profits, aud thev adapt their prodnetion efforts to the
new situation. By increasing the foreed conswmuption rate of consumers toward the
maxing - sustained rate. one can obtain an  lea of how well the price mechanisim

functions. When the forced consumption is at such a level that the agents have to
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function at their maximum capacity, there is o ra o for mistakes. and the prices
have to instruet the agents i a timely manner  nd with preeision.

For this experiment. the technology nsed is slightly ditferent from the one nsed
in Chapter 3. The products are the same an o transtorniation of products mto
more advanced products is the same. but the output coetheients are different. For
simplicity. the output coefficients for all pro icts other than labour are 1. which
makes the activity level of the techinologies eq 1l to the production. The return rate
for cach of the techinologies is equal to two. T s results in the set of techimology ma-
trices in Table G.1. The corresponding price set is given by {101.2.2.2.0.60 14,3
where Tabour is the muneraire ¢ood. The reader can verify that with the price of
labour equal to one. and a return rate equal to two. the prices of the raw materials
5.7, and 11 are 2(1) = 2. the price of product 130 is 2(1 + 2 +0) = 6. the price of
product 260 is 2(1 + 6) = 14. and the price of product 104 is 2(1 + 14) = 30. Thus.
the outy t coeflicient of labour must be cqual 60 if the returm rate of the activity
in the last columms is equal to those of the other colmuns, namely 2.

Agents are randomly distributed on a 1.4 1-4 cell grid. resulting in 39 agents.
All ager s possess skill 1. enabling them to g eri - raw wmaterial 5 oout of labour.
Then every agent randomly selects one of the skills 15 or 6. A consumer agent is
placed with cacli of these producer agents, and thus. every occupied location has
a producer and a consumer. In total the svstem congists of 78 agents. The total
presence of skills in this svstem is {39.0.0, 12, 14 13,39}, Since every agent’s total
activity per turn is lhmited to 4. which is a model parameter. the total activity
per iteration must he less than {156.0.0.48.56.52. 156}, To allow the maximum

ywodne O capacity to be possible. all agents arve connected to all other agents, such
N 5 i)



Table 6.1: The possible transformations. where three of the output cocfficients are
set to 1 and the final ontput coefficient is determined such that all sectors have an
cqual pre trate of 100%.

products mipul matrir oulpat matrer
2 111110 0 00 0 0 GO
3 0000000 0 00 0 0 0
5 000 1 000 100 000 0
7 0O 000000 0100000
11 0000000 0010000
13 0001000 0000000
130 0Oo0 00100 0001000
260 Oo0 0001 0 0000100
104 0000001 000 00 1 0

that a lc 1l shortage of resources cannot hold back the agents.

The resulting activity vector = has to be s I that the ontcome is sutficient to
cover the input plus the forced consumption. Foreed consun tion in this model is
given by a quantitv of labour ¢. the result of e tre sformation of consmnables and
removed from the svstem for cacli of the consu s, Suppose cacli of the consmners
produce  labour whenever there is demand for it, but regardless of that demand
cach col mer also acquires ciiough consumaly 5 to generate ¢ = 10 units of Tabour.
For 39 consumers. this implies that the forced consumption demand vector D equals

{390.0.0.0.0.0.0.0.0} and when A is the i ut matrix and /3 the output matrix

Br=A4+De(B-A)=De-=(B-1)"D

which is the same equation as was used in Section 3.3, For 12 as above this results in
2 {6 5.0.0.6.96.6.96.6.96. 6.96}. It ix casy to see that when foreed consnmption
is about seven times as high as in the above example (¢ = 70). the required act 1y

veetor s seven times z.oor roughly {48,750 0. 4875 4875 48 L I8TH ) This



bhecomes  problem sinee there are only 12 agents wi - technology 4 their maximum
production level per iteration is 18, which is only possible if they can completely
devote tI mselves to this task and if they alwayvs have enough resources to do so.

The o periment below shows how close the reed cousumption can be hrought

==+ 10 &~ (9. The simulation starts with sparsely stocked

to the i amum rate of
agents and with forced consumption at a moderate level of ¢ = 10 units of labour
per consumer. Once the initial shock of adapting to this level of toreed consmnption
is over. and the agents have adapted to such activity Tevels and have acquired the
corresponding stocks (remember that appropric » stock levels depend on the history
of activity, and thus when activity levels change. stock levels change). the foreed
consunl]  on level is increased by 10 units. 7 s results ina simulation with the
{orced consmmption level ¢ being increased from 10 to 20 to 30 to 40 to 50. Then it
is increased to 55 and finallv to 60. The results ave presented in Figure 6.6,

The clianges in foreed consumption are clea - visible in the production of labour,
which sI - ws a distinet increase correspouding to each change in forced consumption.
The growth i labour production leads to o acreasing der i for consmmables.
Indeed. product 104 also shows fairly clear steps wi every inerease. The increase in
demand cascades down to the next product. 0, then to proc ¢t 130, and finally. to
product 5. In order to better see these trends. the vight colu 1 of Figure 6.0 again
shiows the same data but now averaged over six iterations.  fore iterations would
give o smoother result, but wonld also average out the initial steps leading to the
forced consumption equal to 50, 55, and finally 60. When the foreed constumption
15 equal to 60, still well below the calenlated upper boundary of 690 the resulting

produe  m figures become rather chaotic. It may be that the price mechanisun s






not preci  cnouglt to regulate the more eritical production rates. or that it is too
slow due to the long history of w iterations u 1 in caleulating prices. However,
other model features can also contribute to the inability of the agents to generate
this level of goods. When almost all agents possessing skill 4 ave required to apply
this skill to the maximum allowed level, they need to be able to do so. which means
that they need access to the resources required to carry out this skilll in this case
product 13. which is free and abundant. and product 5. Every agent possesses skill
1 to gen ate product 5: however. when i agent needs to execute hoth <kill | and
skill 1 it caaimot execute skill 4 the required 1 1es. sinee some of the total activity
per turn has to be used on skill 1. Furthermore. due to the random ordering of
agents per iteration. it s possible that agents are put in the “wrong™ order. For
example, too many agents with skill 5 may get their turn hefore their suppliers,
agents v skill 1. get their turn. If there is suffic nt stock of the output of <kill
4 (prod t 130) then this should not be a problem. However, when the system is
stretehied. the random order can certainly heco  » a factor,

Asis shown in Figure 6.6. from iteration 150 to i ration 220 there is no vregulavity
i the production munbers. Only after iteratic 2200 when the forced consumption
is reduced to 50 units of labc — per consumer. does the production return to a stable
state. T e gliding average with a window of ¢ iterations Jong doces not smooth the
results quite as much as in Figure 3.3, but in tl - figure the window was 50 itevations
long. Nevertheless, one can observe that the 1 oduction levels hover arouud the 35
level, w o cliis the mumber of cach of the products (exceept labour) required to support
a forced consumption of 5.

When there are different production proo es for the same product (input sub-
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suffice. 7 s implies that ditferent techniques to determine the functionally closed
sets are needed.,

The i erest for these functionally closed sets lies in the fact that they provide
insight into what is required for a well functioning svstem. They give information on
which combinations of functions. gualitatively and quantitatively. have the ability
to perforn well. Such clusters of teclmologies are good candidates for establishing
independent organizations that are self suppo 12, For reasons explained below.
there has not vet been a thorough investiga o i1 the appearance of such sets
in the model. but such work certainly has potential: it indicates which groups
of techmologies should be placed together. and in what proportions. If we could
construct a factory wall around such a group. which could be achieved in the model
by placing the group of skills in one agent. then the mdependently producing system
1o longer has to hope that suppliers will be available. and surplus of production is
also at their own disposal (i.e. Eigen's compartinented hyperevele (Eigen. 1992)).

In reality. companies are never totallv independent of the outside world: most
compauies require labour. energy and raw materials frow other suppliers. However.
there are many examples of businesses expanding vertically to smooth interactions
with supplicrs or buyvers, in an attempt to vec ce outside do endence and to keep
the resulting surplus within the organisation.

Also. these observations suggest that there is a certain « alogy with biological
svstems or with Kanfhman's autonomous agents (sce Section 2.3). which are cat-
alvtical  closed sets eapable of performing a work-cyele. The observations may also
suggest that there is a certain analogy in the organisation of such svstems. The

o nisation of = aller ¢ of functions is 1 able. but when the svstein
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hecomes too complex. the divection of the whe  svstemn has to be subdivided and
a liierarchical organisation is often the result.  cell i a human body is already
very complex svstem: it requires raw materials  om the outside, but it more or less
functions on its owi. However. there is no central management center i the cell
cither: the cell consists of many smaller bodies and apparat  es sucly as Iysomes.
microbodics. mitochiondria. golel apparatuses ete. (Carola of al.. 1992), that also
work more or less independently of their sirrounding. except for certain inputs.
Whethier or not such kinds of hierarchical org: isation applies to cells, organisms.
or companics is a question that goes far bevond the scope of this thesis. However. i
is a4 very interesting idea. and the method deseribed Tiere of identifving functionally

closed sets will eventually hielp in researching such questions.

6.3.1 Functionally closed sets

Table 6.2: Leontief techunology systenn

products mput matrir output matrer
2 111 11 10 00 06060006
3 O 0 00000 00 00000
5 O 0 01 000 10 0 0 000
7 000 0000 100 000
11 00 00000 001 0000
13 0001 000 00 00000
130 00 001 00 0o 0 0 4 0 0
260 00 00010 00 00200
104 00 0 0001 00 0 0 Z‘ 0

Suppose we have the set of production te uiques of Table 6.2, which was also
disenss i Chapter 3087 ¢ this technology set is a Leontief dynamic systenn. we

can treat it as a gencralized cigenvector problem and caleulate the Leontief stable
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state. which is the solution of 4-ax = B -+ » (A — %B) <z = 0. This vesults

in = ={6,0.0,3.6.6.7}. or any multiple hercof. This activity vector indicates the
presence of a functionally closed set. The combination of these production processes.
in the above gquantitics. results in a svstew the provides all of the required input
for cach of the processes in the set. Since this systemn consists of square matrices,
7 provides the unique solution. and thus it is the only case of a functionally closed
sot for this svstem. Suppose now that the above technology set is part of a larger

set as i Table 6.3.

Table 6.3: Technology matrices

products mput matrir output matrir
2 111 1 1 11|11 1 01 0 00 0O 01010 0 0 06
3 ¢ 0 000070710 0 0010 000 00 0]0]0 000
5 0001 107011 0 0 010 1 00 0 0 0j0]10 0 0 0
7 000101010 00 00 O 1 0 00 010100 00
11 0000 1 1,070 00 0]0 001 00 0010 0 00
13 0000007012 00010 00 0 00 0j0j0 0 0 0
70 0000007010 0000 0 0 0 0O 0y0]0 0 0 0O
110 00 000000 0000 00001 0j0]0 000
154 0000007000001 00 000 17070 0 00
67600 00 0000107000041 00000010 0 00
130 000000110 1 00 00 0 00 0(04 000
260 00 00007170010 00000 0j0[0 200
104 00 0000[0]l0 001 000 00070700 Z{ 1

This sct of technologies is not just larger than the above Leontief techinology set.
It also has multiple technologies to produce the same product (input substitution),
and it 1 tures joint production. For example, the last colmn displays a technique
with wultiple outputs. and one of these is the same as the output of the third colmmn

from t! right. The first difference is important here. since this implies that the
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matrices are not square. and thus the nunber of technologies mis larger than the
nuutber of products 1. Therefore, the solution of A-a: = 3+ cannot be determined
by treating it as an cigenvector problem or by wsing the Leontief inverse matrix.

It has been shown that for # products — cre exists an optimal process which
involves at most n techniques (Kemeny of af.. 1956: Gale. 1956). Weil uses this idea
to develop an algorithm for the calculation of activity levels (Weil Jr.. 1964). The
algorithim consists of selecting noout of m processes which then can he treated as a
generalized eigen problem. However. the numb of combinations (,'I’l) soon hecomes
very large. even when nand minerease only slightly.

Thompson (1971) develops an algorithim based on a two player fair matrix gaie,
In a two plaver matrix game the m x n pavofl 1atvix 7 represents the onteomie of
combinations of game options. where the i rows represent the m different options
for plaver R and the n columus represent the options for plaver €', ¢, 15 the amount
plaver € has to pav player R when plaver I? plavs option 7 and plaver €' plavs
option j. In the case g;; is negative. plaver [t to pay plaver C° —g;,. Of course.
plaver (" attempts to minimize the outcome of the game. while plaver 7 attempts to
1maximize the outcome. A pure strategy is an absolute choice for one of the rows or
colmmns (such as {0.0.1.0... .. 0}). and a mi: 1 strategy co <ists of a probability
vector of length m for the player R and a probability vector of length n for playver
C'. A probability vector is a vector with all ele  ents greater than or equal to 0. and
the suin of the elements equal to 1. A solutio  to the gaiie (¢ consists of the value of
the game ¢, and strategies o and g, such that G > {eo o ccedand Gy < {eo.. .. o}
where the first vector of ©'s has nocomponer <. and the latter transposed veetor of

e's con s of mocomponents. A game is called fair when o = 0 (Morgenstern and
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Thompson. 1976). Keweny of al. (1956) shows  at von Nemaun technology input
matrix - and output matrix 3 can he regarded as game matrices. an - that a von
Neunmann solution (e, an activity vector = and a price vector p) corresponds to
optimal strategies o and y. such that when M, = B—aoA0 M, > 00 M,y < 00 an

By > 0. where a is the expansion factor. In other words. find an o (there can he
more a's) such that ©{(M,) = 0. and r and y are optimal strategies. such that the
output generated by vector 1 and valued by vector g (Le. »By) is greater than 0.

Optimal strategies in matrix games can be determined by linear algebraic tech-
niques. and thus optimal activity levels can be determined by linear programniug,
techniques as well. Thompson provides an algorithim to determine the set of ex-
pansion factors and the corresponding activity and price veetors. If we look at the
whole m  lel. all technologies have the sanie retuen rate and expansion factor. which
is fixed. and when new technology is added to the svsteni, the same return rate is
used to determine the iput and output coe  cients. Therefore, in this case thiere
is no ne  to find the different a’s. Part of the algoritlim can be used to determine
the extreme points of the convex solution space. and this is precisely what is needed
in order s determine the set of functionallv v Hsed technology clusters in the model
Liere.

Thompson regards the set of extreme poiuts of the solution space as the vertices
Voof a graph G = (V. E). and the edges E of the graph ave defined by the following
rule: an edge between two extrewe points 5p ¢ 1 2y belongs to Gl it is possible to
go fron: <treme poiut 7y to 3y hy replacing exactly one hasis vector by another basis
vector. Through pivoting of tableaus. a stand. 1 techuique applied to solve svstenns

of cqualities by means of the simplex method (Bazaraa of al.. 1993). it 1s casyv to
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determine adjacent solutions. Subsequentlv. the algorithm is applied to search all
nodes of the graph G to determine the set of e cme pomts.

The Thompson algorithm has heen ipleme ted hiere in Mathematica to deter-
mine the set of basic solutions to the following problem: For von Nenmann technol-
ogy input matrix A and ontput matrix 13 with n products and m technologies. and

with fixc  expansion factor a. find the solution of

where 3 is the vector of activity for each of the techmologies. The solution space of
this cquation is a convex space. and by determining the basic vectors we can write
anv solution as a linear combination of these vectors. In particular. the basic vectors
give combinations of technologies that are functionally closed. In other words, the
set of technologies with activities greater than 0 in a solution = indicates the com-
bination of techimologies and the appropriate  tivity levels needed to generate all
the required input for cach of the tecmologies in this set. It is not just functionally
closed: it provides enough resowrces to allow @ expausion rate a such that cven
whien activities inercase with rate a. the cor Hination of technologies is capable of
maintaining a positive balance.

When we apply this algorithin to the matrices in Table 6.3, we get the following

two functionally closed sets of technologies:
{6.0,0.0.0.0.0.3.6.6,7.0} and {12.0.0.0.0.0.6.6.6.0.11.3}

We o ot the mold” example of a functionally closed set of Table 6.2, but also a
new set due to the additional technology present in Table 6.3, Instead of using old

technol  x. the new technology of the Tast ¢o unn is used. and i order to do so.the
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technology in column 7 also has to be applied to generate the required inputs. Note
that one functionally closed set does not exclude the use of the other: any linear
combination of these two vectors will result in a combination of techuologies tliat

creates a o of its own iuputs. enough even to allow growth at rate a.

. Table 6.-4: Additions to the existing techinology matrices of Table 6.3,

new columm 'w column
products  input matrie  output matrir

f 2 1 0
3 0 0
5 1 1
7 0 0
11 0 0
13 2 0
70 2 0
110 1 0
154 0 0
67600 0 A
130 0 0
260 0 0
104 0 0

The invention of a new technology represer d by thie new columms i Table 6.1
provides a completely new way to asscuble pro et 67600, TT space of functionally

closed sets is spanned by

{6.0.0.0.0.0.0.3.6,6,7.0.0}.{12.0.0.0.0.0.6.6.6.0. 11.3. 0}
and {360.240.120. 120.60.0.0.0 .0.341.93.30}
While the addition to the technology matrices in Table 6.3 ouly provides an
alternative technology to produce product 67600, the new techinology of Table 6.1
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allows for a completely new combination of technologies to hecome self supporting,

With creased nmumbers of products and techne Hgies. the need for an efficient

algorithin very quickly becomes elear. The above examples are snall and create no

problem at all. Even with the algorithm provided by Weil Jr. (196:1) problems of

this size can casily be addressed. However, when the product and technology sets

expaid a number of times and consist of a large set of products and technologies. the

binomial cocflicient (z) becomes very large very quickly, The value of an efhicient

algorithin becomes clear instantly. Figure 6.7 shows the number of graph vertices

kunown during the run of the alegoritinn that still nee to be vi ed i order to assess
whether or not they contribute a new basic vector.
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Figure 6.7: The munber of known vertices tI still need to be visited during the
scarch « the aph.

With the munber of products no = 19 and technologios m = 29 the number of
combinations of n out of m equals (ﬂﬁ) ~ 20 - 10", The total number of vertices
visited was aromid 80.000, which is approxi atelv 0.4% of the total number of
combinations.  Nevertheless, it took an ov ght run to ¢ ermine the 100 plus
hasic vectors that span the solution space. Eac o of these vectors gives a set of

activities that is closed. suel that all require  input is genereted by the set itself.
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and ecach clhuster of activities is thus self suffic nt. The rest ing veerors are not
mchided i this section. since thev offer little extra information. There are nmany
alternative production paths. and combinations of these. that only differ slightly in
their composition. It will be more interesting v en there ave more distinet clusters
to be detected. This can be achieved by ignoring particular tvpes of goods. For
example. a cluster of technology that 1s 1ot completely self contained. but requires
labour a | raw materials from outside. can still bhe considered an organized unit of
technology.

When functionally closed sets are detined as sets that are independent of outside
imput except for labour and raw materials, the  resence of clusters can be analysed
by means of the above method. except that now the return rate is no longer known,
In this case. the complete Thompson algorithim has to bhe applied. This s where
sowe practical issues arose. I the analysis above, the expansion factor is known to
be equal to two, and thus the extreme points of the matrix gawe 3o = =244 could
be determined to give the difevent combina  ms of technologies. Now we have an
aleorithny that first must determine the return factor, and only then can determine
the extreme points. If the algorithim is applic  with full precision to the rational
represer ation of all the matrix coefficients. the alge  thin hecomes inercasingly slow.
the etfe  of horrendous fractions that make up 10 ear equi on svstems that need
to be sc ced. When these fractions are simp ied. we lack the regquived precision to
determine the exact return rate. and this nakes it impossible to precisely determine
the extreme points that make up the differ  t functionally closed sets. To this

problem we have vet to ind a solution.
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Spatial clusters

The analvsis could be extended spatially to see if there are funetionally closed sets of
agents that are spatially localised. For this to work. a better algorithm to detenunine
the functionally closed sets has to be in place. In addition. it would be of more
interest when an agent has the option of moving to a better suited location. s
it stauds ow. a new agent chooses a random 1 ation or a location where most of
his iuputs are available. Once an agent is estaly hed somewhere. it does not move.

This assi aption can be relaxed.

6.4 _Teasures of evolution -y dynan ics

Bedan of al. (1998) deseribes a measwre to classifv evolutionary dynamies. To th
offect the  developed awmethod to ideutify innovations that make a difference. where
thev “co  ider an innovation to “make a difference”™ if it persists and continues to
be used™ (Bedau et al.. 1998, 1.229).

Evolutionary activity is measured by diversity. new activity and average agere-
gate act  tv. Based on these measures. Bedau of ol distinguish three classes of

evolutionary dyvnaniics: non-evolutionaryv. how  ed. and nubounded (Table 6.5).

Table 6. Classification of evolutionary dyvnamics. Some models of artificial life
show no evolutionary activity (class one), while some display honnded (class two)
aud ot 5 unbounded (class three) evolutionary activity (Bedau of al.. 1998) . In
the headings D stands for Diversitv. A, . stands fo new activitve aned A, stands
for aver: » aggregate activity

class | evolutionary activity D . Acum
1 noue bounaca Zero 2010
2 hounded bounded | positive | bounded
3 unbounded unbounded | positive | bounded
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up the immovations. and how should the evolutionary activity of a component be
measured (Bedau of al.. 1997)7 For the model in this thesis, an inovation consists
of a new technology that appears as a new columi ¢ the von Newmann technology
matrix. Products were also considered as compouents. but tee ological immovation
does uot necessarily involve new products. and thus as components products are less
suitable than tecmology, The second question e answered 1s low to measure the
contribution of a technology to the system. As the quote at the heginning, of this
section states, an innovation contributes to the svstenn if it persists and if it continues
to be used. Bedan of al. have used a varicty of - casures of persistence. depending
on the nature of the components and the purposes at hand™ (Bedau of al0 1998,
1.229). For the analvsis of the fossil data sets they define the evolntionary activity
of a com Huent at time £ by its age at time 7. given that the component still exists
at that time (Bedau of ol 199%). and cumul ve activity then is defined as the
sum ol evolutionary activity over all components. In “Towards a Comparison of
Evolutionary Creativity in Biological and Cultural Evolution™ Skusa and Bedan use
a data set on patents. and the measure of patent activity they apply is the number
of citations the patent has received in other patents up to time f (Skusa and Bedau,
2002). Indecd such a measure indicates the 1 ossistence of the component itself. as
well as its importance to the subsequent components that ni - use of it.

For our technologies we can do something — nilar. A technology is persistent if
it is still present. and if it supports subsequent (or any other) technology, meaning
that there is demand for its products. A technology is active hecause the market
is conducive. which is caused by other components. The higher its output. the

more the technology contributes to the svster  in terws of creating opportunitices
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for other (old and new) technologies.  However. while a patent receives onlv one
citation per subscequent patent and thus it is reasonable to cumulate the citations
over time. a technology can be used over and over again. Therefore. we have defined
the component activity of a techinology at time £ by the value of output generated
by the technology  ring iteration + and not by the summniation of activity from 0
to t. The aggregate activity at time £ is the total ontput generated at time ¢ hy all
technologies. the diversity at time ¢ is the munber of active technologies at time
and the mean activity is total output divided v the diversity,

[t order to assess whether the type of evolving dvnamics ¢ erated by the model
in this tI sis correspounds to real evolutionary dyvnamics. Bedau's measure was first
applied to a simplified version of the model. T e reason for simplifving the model is
that the simulations over manv iterations of an expanding economy required for such
an allalysis take a long time. For a faster version of the model. the agent based model
of cconomic activity was replaced by an optimiz - ion routine. Instead of having cach
agent separately decide what the most henefic 1l actions (in ternuns of personal gain)
are. the execution of a whole iteration was rep ced by an optimmization rontine to
calculate the required economic activity in order to generate sufficient resources to
allow the maximum consumption of cach of the agents. In other words. hased on the
occurrences of techmology the economy. what is the maxinmun level of consumption
possible?

In the case of Leontief-tvpe economies. we showed above that aggregate agent
Dhehaviour can be predicted by the Leontief st le state, whi ds equal to the min-
L cconomic activity required to generate the resources for the specified foreed

constnption. However. the modeled economy does not retnain a Leontief-type econ-



omy: imovations i the form of additions to the von Nemmnann technology imatrices
oceur at randow times as hefore, Ideallv. the more complicated economies that allow
input substitution also maxiniize the use of technology. keallv, the optimal cco-
nomic activity level optimizes the use of the ot efficient teo nologies. T reality,
ane in the model, this is not necessarily the case: the application of new technology,
cven though it s possibly more efficient than other techmiques. depends on a nmber
of factors. such as the availability of its inputs. By assuming, here for the shmplified
version of the model that the global economy will indeed make use of the available
teclmology in the most efficient wav. we assue that individual agents i the more
complicated model act ina =similar wav as the individual agent in the Leontief-tvpe
model Hehave.

The  storesnlts (Figure 6.9) indicate tl the evolutionary dynaanies of this
niodel belong to class three. as diversity is increasing and mean ageregate activity
is bounded. which leads to the conclusion that evolutionary activity in the simpli-
fied moc is unbounded. However. this does not prove that the real agent based
model shows the same evolutionary dyvnamics. This depends on whether the agent's
bheliaviour per iteration is comparable to the caleulated optimal bhehaviour in the
simplified version.

In order to assess the assumption that ~agents and price mechanisim are
capable of organizing the production system ¢l that cous  nption is maximized
with mi mum activity levels. the production numbers per iteration were compared
with the optimal production mumbers as used in the sinplified model. The resulting
graphs show that. swhile it is not alwavs the case. i mauy instances the dyvnamies

of production munbers mirrored those of the optimal production mnnbers, although
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Figure 6.9: Bedau's mcasures applied to an exp wding von Neunanu teclhimology set.
The top  raph displays the nummber of active technologies. the graph in the middle
shows t activity of new techmologv, and the bottom graph displays the average
activity per active technology.

often with a delay and on a smaller scale, see Figure 6.10. The delay is explained
by the memory of the anctioneer in the price mechanism. who looks at the past
to set the prices. while the optimal activity levels are mdependent of the history.
The price 1echanism aims to maintain sutlicient stock for past production. and new
technology has to appear in the history of the svstem in o1 1 to slowly make its
way i1 and this is why according to Schimpetc  a visionary entrepreneur is required
besides a manager (Schumpeter. 1961). Flhere is no previous knowledge to hase

actions on. In addition to the predictable agent beliaviour i the case of a Leontief
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dynamic svstem discussed before. this comparison provides some idea of how well the
more complicated cularged economy with input substitution and joint production
hehaves, and how capable the price mechanisi s in allocating resources such as
materials. time and agents. The fact that aggregate agent hehaviour mirrors optimal
behaviour to some extent justifies the applied simplification. cnough to snggest that
the evolr onary dvnamics generated by the model fall into Bedau's class three.
This in turn justified some long. overnight runs of the full agent based model to
verify that the full model indeed generates unbounded evolutionary activity.
Figure 6.11 displavs the three Bedau indicators for a model run in which there
Is an ine  asing umunber of agents due to the possibility of the introduction of new
agents. The parameters of the Bruckner-inspired subimodel dealing with technology
ficld exclianges are defined sucli that a low occu ney of a techmology combined with
a high retirn rate results ina high probahility of the introduction of a new agent who
possesses this technology, similar to a region open to hmuigration. New technology
does ot ave to be taken up by existing agents onlv. but can also be taken on hy new
agents, It is thus casier to add to the existing svstem, instead of replacing part it. An
increasing number of agents makes it easier to expand the munber of technologies
used. and thus to increase the techmological «li tv of the production svsteni.
Indeed.  igure G.11 shows an increasing div o sitv. while the added technologies
result in a higher mean activity, That is. the output per unit of applied technology
is increasing.  This suggests that the application of additional technology has a
positive  Hect on the production svsteni. Thus, not just an inercase in diversity
bhecause additional technology appears, but instead the increased diversity results

in a higher output of the svstem. According to the Bedau measures. this is the
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Figure ¢ 1 Bedau's measures applied to the economic activity of an agent based
model w1 the possibility of iimmigrants supporting the successful skills. The top
graph di = lays the munber of active technolog the graph in the middle shows the
activity of new teclmology, and the bottom g h displays the average activity per
active teclmology.

essence of evolutionary dyvnamics: the system generates new activities. and as the
diversity increases. the new activities do not simply replace the existing ones. they
Liave a positive effect on the svstem by increasing its output.

Figure 6.12 shows the results of a shnulation v ich only the existing agents are
capable of imitating successful skills. The Bruckner-inspived submodel parameters
arc such that there are no immigrants that enter the system in order to strengthen
the existing production svstenr. Occasionally, there is a new agent with new tech-

nologv. but this can happen only once per new technology, since after that the
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appropric  platform for simulating evolving cconomies. That indeed the artificial
cconomies evolve is illustrated i Figure 6.12. random intervals there are signs
of new activity, this new activity leads to an increase in dive sitye and again, the

Increasing diversity results in o higher output.
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Chapter 7

A spatial application

So far space las received little attention. That is not to say that space has had
nothing to do with the results generated up to this poiut. Ag  ts have always been
located ¢ a grid. and their enviromment consists of a local environment.  Social
networks are not necessarilv spatial. Nevert: lesso such networks constrain the
interactions to a limited part of the whole model space. Tn 1 case that an agent
does not — ave access to all of the resources that serve as input for the technology it
possesses. it is allowed to expand its network. The rules that govern this process can
include spatial clements. For example, finding the nearest provider of a particular
commodity. while removing the furthest trading partners. will lead to the most
compact supplier group possible. Alternately. an agent can sc et one of its present
contacts and investigate the direet surroundin — of that contact i an attempt to
add additional access to resources. Eventually this will result ina suitable group of
trade partners. and per agent trade is thus lim d to a spec ¢ part of the model.
This leads to a linited local availability of goods. and in der for processes to
function properly, voods have to be in the right location. S 1 the role played by
this spatial arrangement is limited. In order to illustrate that the individual based

wodel is inherently spatial. this chapter will discuss two different iimplementations
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of transportation costs. For an alternative imp  mentation of transportation costs

in the von Nemmnann framework see Weil (1967).

7.1 ransportation costs

Transportation costs imply that the price of a ¢ umodity acquired at a different lo-
cale than where one is situated increases per unit of goods and per it of distance,
11 comparison to the model of the previous chap rs. this means that when an agent
survevs its network of trade partuers. it not only has to know how mueli is in stock.
but also where. since the distance to cach location comes with an additional cost.
So far. an agent acquired a specific connmoc v fronr one agent at a time. Fach
turt, an oeut had one supplier for each of the acquired goods. This implies that
the constraints that applied to the purchase ¢ a specifie good were given by the
partuering agent possessing the largest quantity for sale. How much other agents
possesse  and where the agents were located was irrelevant. As mentioned earlier.
this implementation of the buy action was mostly driven by the simplicity of the
construct. making it easy to implement and more importantly, fast to exeente. ow-
over, there are more realistic, and possibly als e interesting. unplementations.
This section will deseribe the char s required to include transportation costs in
the simulations of an agent based market mod

Remember that the total range of actions that an agent can perforn is given by

o= (A [ M | )
0 = ( B |1 | M)
where the production input matrix and on ut matrix are given by A and .1
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and M are also input and output matrices, not for producing. but for trade. The
input for uving a product is its price. which is expressed in a ninber of units of a
product designated to serve as money. The or ot of that action is one unit of the
desired product. Selling simply reverses the it ut and the output veetor of huyving:
the input for a sclling action is a product and the output is its price. Dimensions
of matrices 4 and B are b x [, meaning that there are & production processes and
that the economy consists of 1 products, with A.7 € N. The first product is Tabour
and the second product represents one uuit of woneyv. These matrices are Joined
by the 1 otrices M oand 1o 1 is the identity aatrix of size 100 3 s the square
matrix of size I with all clements equal to 0 except for the second row. which is
cqual to p = {py.poe. ..} Thus, 7 and o ave the inpnt and output matrices for
nanfactiring. buving and selling combined. The use of this extended input and
output 1 trix is explained in Section 3.2.3.

Sclling plavs a sccondary role in the mods It never results i a profit. since
an agent values a product at the current price and has no memory of the price for
which the good was acquired or manutactured. Selling is used to generate revenue
to acquire the inputs needed to make profit, and a trading partner with enough
moneta  resources will buv the goods for sale. As such, transportation costs applied
to a sale are left out of consideration here. and the iuput and output of selling 1,

and V. remain the same as [ and A above.

io= (A M, | L)

(¢} ( 10 l [[, ‘ .\15 )

To implement trausportation costs in buving transactions. the watrix M, rep-
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resenting the monetary input of all purchases
product. but per product per trading partner.
tions will  ave different transportation costs. an
buving input matrix 1/,

There are different wavs to deal with tra

sections  ow two different implementations.

st have a column. not just per
ading partuers in different loea-

this is represented by the enlarged

yortation costs and the next two

7.1.1 Transportation cost as incrc¢ se in price

Let the product set e {2.3.5.7.11.13. 70. 110, 154, 130. 260, 104}, where 2 plays the

role of labour and 3 equals a unit of ey

Table 7.1: The possible transformations, whe
mined such that all sectors have an equal profit

prod s mput malvir

2 1111111110
3 0000000000
5 0001101000
7 0001010000
11 0000110000
13 00000061000
70 0000000000
110 00 00000000
154 0000000000
130 0000000100
260 0000000010
104 0000000001

With this set of mamifacturing rules comes

the output coefticients are deter-
rate of HOY.

owtpul matrer

00000000 0 2
O 0 000000 0 0
1 0000000 0 0
O 1 000000 0 0
0 100000 0 0
O 0000000 0 0
000100 io0
00001004 00
00000100 4

00000030 0 0
0000000 1 0 0
00000000 23 g

priceset {1.1.2.2.2.0.6.6.6.3. 5.

—i} Before. the matrices M oand /. containi the input and output for purchases.

consisted of a separate colummn for cach of the
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the purchiase of one nuit of product 5 is {0.p[5] . 0.0.0.0.0.0.0.0.0} and the out-
put is {0.0,1.0.0,0.0,0.0.0.0.0}. However, when t - model differentiates hetween
supplicrs to cnable transportation costs to pli a role. and these transportation

costs are incladed in the price.

{O0.p[B]+ - d.0.0.0.0.0.0.0.0.0.0}

becomes the new mput vector for a purchase of one unit of product b from trading,
partner i, at distance d; and distance exponent n. with  the transportation rate.
i.c. the cost per unit product per distance. Eacli trading partner obtains a separate
input ve o for cach of the products. Transportation costs have to be incorporated
into the  1del even before an active agent plans its action for its turn, because
the agent needs to have the resources to cover the trausportation costs. When an
agelt axiizes its actions such that it makes the most protit possible. it will nse
all available resources in the most optimal combination. Therefore. a late billing
of transportation cost will put an agent in de . which violates the assumption of
alwavs 1 dntaining a positive balance. The inclusion of transportation costs in the
imput and output matrices. such that the agent takes these extra costs into account
before deciding on the best combination of actions. prevents such a debt to oceur.

Besides adding an important spatial quality to the model. this approach allows
for more realistic treatment of the scelection of providers. Even without transporta-
tion costs (1 is cqual to 0). this approach allows the agent to buy from any supplier
available, since the agent is not limited by ¢ one supplier per turn constraint
applicd betore. However. this additional feature comes with a price in terms of
modelli 7 efficieney. The parts M, and [, of the matrices 7 and o are mnch larger.

resultit i many more options for an agent when it plans for maximal profitable
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action. The constraint that one connnodity can be purchased front ouly one agent
per turn certainly was a very officient way of i plementing the trade. The model
can he fitted with more advainced rules coverning trade. as we  just explained. The

next seet 1 explains a different interpretation  the transpo  tion costs.
7.1.2 A transportation sector

Tustead of directly inercasing the price of a product when it is purchased over a
further ¢ tance, it is also possible to create a transportation sector. One good Is
desienat — as being involved in transportation. and for every unit of product pur-
chased. e needs to arrange r-d! units of the transportation product. For example.
{0.p[5].0.0.0.0.0.0.0.r-d2.0.0.0} is the input required for the purchase of one it
of product 5. of which action the output vecetor is {0.0.1.0.0.0.0.0.0.0.0.0}. Tn-
stead of paving the supplier an increased price. and thus asswning that the supplier
will take the time to deliver the product to the huver's location. the huver now has
to arrar 0 the availability of a number of units of an additional good (e.g. a rental
truck). Tn Table 7.2 a new product 10010 has been introduced and with each pur-
chase from a location other than where the buver  located. a nunber of product
10010 has to he ar aged (ie. produced or purchased). An nt specializing i
providii - 10010 can be considered an agent in the transportation business.

As ¢ 1beseen in Table 7.20 product 10010 is generated by techmology seven (the
seventh Hlumus of the input and output matrices). and product 10010 is not used
for anvthing in the manufacturing process. The role of this product is currently
limited to transportation. However. it is not necessary to introduce a new product
to play the role of transportation mean.  Below one of the existing products is

designated as a trausporter.



Table 7.2: The addition of a new product the plavs the role of a means of trans-
portation. The product has no other use. although that can ecasily change in future
new combinations. It consists of the products 5070 11 and 13 combined with labour
2 into product 2-5-7-11-13 = 10010.

products mpul matrir outpul matrer

2 1 1111 1|t 10 000000000 0 2
3 O 0 000 0]0jl00 00 000000[0/00 0 0
5 0001 1T 0o[1L000 100000000 0 0
7 000 1 0110000 01000O00l00 0 0
11 00 00 1 110000 001000000 0 0
13 00 000 O0[LfL 000 00000O0/0f00 0 0
70 00000001000 000100040 00
110 0000 00[0[01 00 0000710003 0 0
154 00000 0[0j00 10 000001000 4 0
10000 0 0 uu 0 0J0[0 000 G uo 00000 0 0
130 0000 0O0[0J01T 00 00000O0[03 0 0 0
260 0O 0 00000001 0 00000004 0 0
104 000 000[0j0001 00000000030

7.2 Results

7.2.1 Initial experiments

The experiiments based on the transportation model ontlined in the previous section
mivolve two char s to the model. First. in o er for an agent to sclect a supplier
when there are possiblv multiple suppliers at - He  at locati 13 per turn, an agent
has to know who and where all suppliers are. e choice of supplier is not so much
made based on who is inits social network. b based o1 which supplier is nearest
such th the purchase involves the least transpe ation costs. Here, the spatial
structure upon which the agents base their decisions is purely defined by distance,
and no longer by the construction of a network of tv e partuers. Of course one could

combine these two spatial arrangements. but for simplicity here we have chosen to
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let the sc -tion of trade partners be fullv dependent on the distance. This iimplies
that everv agent hias to kuow about every other agent that is possibly relevant. The
algorithim that defines the agents™ strategy to expand the network thus has to be
different from the algoritluns outlined in Scction 3.2, as trade over distance is not
coustrained by the compact network. but by trausportation cost considerations.

In this chapter it is desirable to liave every agent connect to every other agent
that can be of any relevance to it Every supp ¢ producing something that serves
as input for an agent’s technologies is relevant.  Furthermore, to assess the local
market in terins of supply and deinand to set the local price. an agent needs to
be connected to its competitors in order to ¢ de if the market 1s saturated with
its own output or if there is demand for more. Based on these considerations the

following algorithm for network expansion is a Hlied:
1. Determine all products that serve as input
2. Scleet the vearest provider of a product that is not vet seenred
3. Once providers for all inputs have bheen secured:

(a) Expand the list of relevant products with output(s)

(b) For one of the products from the i in 3(a) select the nearest producer

not vet in the network and add this agent to the network

Every time an agent’s turn comes up during the siimulation it will execute the
above ¢ orithin aud over time it will obtain a connection with every relevant agent.
and it will keep up with the addition of new agents if this is the case.

The second important implication of the transportation model applies only to

the transportation sector model where a spec ¢ product is responsible for the ad-
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ditional cost of transportation. Where before there was only one type of external
demand. heing the exogenously deterined fixe  rate of consumption of consuniers
to maint 1 their good health. the inclusion of ¢ additional cost for transportation
presents o scecond “drain” on the svstem. (In the other transportation cost model
variant. where the transportation cost is included in the price. the provider is as-
sumed to deliver the product at the buver's door. for which the provider is rewarded
by receiving an clevated price. The extra costs however do stay in the systeni) In
the case  particular product ix designated as  cing used up during transportation.
a cortain quantity of this product is removed fronr e svstenn with every transac-
tion between different locations. The quantity of product that leaves the svstem
depends on the spatial configuration. as trade  ver longer distances involves more
transportation. but even more importantlyv, the quantity of product that exits the
svsten depends on the economic activity, The more trade there is. the more dissi-
pative the svstem becomes, and thus the more activity is required to keep up with
demand.  This positive feedback requires careful attention to the stability of the
Systend.

I order to prevent large deficits, which can and will erash the svsteni we need
to pav extra attention H the historv of a <inn tion at the start-up. As explained
carlier. ¢ history of w iterations is used to determine an appropriate level of action
and thus an appropriate level of stock. While hefore the history of & model at start-
up was cwpty. the model was nevertheless ¢ able of generating a vather stable
production process with appropriate levels  activity, whe  the appropriateness
15 assessed by the similarity to the calculated Leontief activ - levels. However: as

Figure 3.3 illustrated. in such a set-up there is a certain amount of surplus production
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following 1 too low production cansed by the initial cmpty history, resulting in
. To prevent this initial imbalance,

a cvelical pattern of over and under productic
= 50 iterations bhefore the

instead of an empty history. the activities during the w

start of the model are given by the activity levels required for a certain external

demand as caleulated by the inverse Leontief matrix. This ideed leads to amore

stable svstem, see Figure 7.1.
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- The average production of prod
over a window of length 25, When the history at the start up of the model is given
re stable production is established

Figure 7.1:

by the caleulated Leontief activity levels. aa

more quicklyv than for a simulation starting with an cmpty history. For the given
product 2 was slightlv higher

external demand the calenlated production level |

than 12,
With the introduction of a transportation scetor a new chatllenge arvives. s

mentioned above, the expenditures on trausportation forin a new source of external

demand. a demand that does not originate from production. What makes matters

189



worse 1s that this external demand is not fixed:  the total required quantity of
transportation depends on the spatial configura  m and on the activity levels. For
example. the small system above with exogenously set consumnption level = and 8
consumers has a Leontief ontput of

{2.0.0.0.0.0.0.0.0.0.0.0} - L " - output matrir =

{12.1.0.0.1.3.0.0.0.0. 0.0.0.0. 0.0, ).2.6.5.3.10.6}
while an extra cost of 1 unit of product 11 spen on transportation would reqguire

{2.0.0.0.1.0.0.0.0.0.0.0} - L " - output matriv =

{19.7.0.0,2.1.0.0. 1.0, 0.0.0.0.0.0,0.0. £.3.8.5. "0}
and when a more expensive product is desigr ed as required for transportation.
such as product 154, even if the total use per iteration. thus over all agents is only
1 nnit

{2.0.0.0.0.0.0.0.1.0.0.0} - L ' output matrir ~

{31.8.0.0,3.8. 1.0, 1.0, 0.0.0L0. 0.0, 1O, 7.6. 15.1, 30.2}

The latter example shows a threcfold inerease in required labour over the first
oxample. It illustrates very well the additional activity required when there is some
form of  wsportation cost involved. and the question arises v ether or not the price
mechanisi is able to enide the model througl such a wide range of levels of activity.
During a simulation the model will not change  Hm one without transportation costs
(asint  first example here) to one with product 154 as required for transportation
(the latter example). However. one moment there is sufficient stock of product 154
and it does not have to be produced in order for trausportation to be possible. the
next moment this extra unit of product 151 needs to be coughed up by the svsteni.

and the activity levels are required to be e higher.
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On top of that. the increase in activity most likely requires additional means of
transportation, requiring even more activity. The addition of a transportation sectoy
to represent transportation costs in the model. in appearance rather simple. hecomes
a very demanding part of the model. That is not to sav that it does not work.
some experiments ineluding a transportation sector led to a sustainable cconomy.
However. the same simulation with merely a ¢ terent initial spatial configuration
of agents can casily be one that crashes because the agents cannot keep up with
the demand. Onee a svstem runs out of transportation means. trade is Iited to
trade between agents in the same Jocation. This usually implies a crash. The same
Lappens when production levels fall too far bel id. The chance of such erashes can
be reduced by creating a larger butler. either through increasing the stock lTevels
that the auctioneer perecives as a nornal stock and thus moving away from a “just
in time” economy. or by increasing the mumber of agents through which there is
a larger number of bodies that can intervene (which at the same time nuplies the
presence of alarger stock). The exanples of simulations that follow have a rather
siall contingent of agents due to the lack of computational power at the thme of
running e experiinents.

We continie the simulation with the caler ated history of Figure 7.1 above,
with the ditference that this time trausportation costs are taken into account. The
transportation costs per unit arve the same for cach produ and depend on the
distance, Here we have chosen to iave the costs not to go up linearly with distance

but wit an expouent greater than |
. 3,2
transportation costs = g% rxd”

where g is the quantity purchased. s the cost per unit per distance and d is the dis-
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tance between the two trading agents. The transportation cost is then implemented
as explained in the previous seetion. thus int -+ purchase of a good the total costs
are {0 g pricc 0.0 transportation cost. 0.0.0  .0.0.0}. Here we have chosen the
fifth product. product 11. to be the one representing the means of transportation.

The simulation is initiated with the same agent and technology distribution as
above (Figure 7.2). The layvout of the producers is contrived in <uch a wav that there
are a mu oer of producers clustered together  the middle of the map. and a small
munber of consmmers are scattered aronnd. some near the center. others furths
awav. The external demand now is not just — ade up by the obliged consmmnption
of agents. but also by spending product 11 on 11 wsportation. The fact that it
is unknown how much transportation is going to be reguired complicates matters
further. However, the quantity of product [ required can be estimated by running
a simtlation to obtain a rough indication. On average around 2 units of product 11
are spent on trausportation per iteration. This fiy re gets us in the ballpark and
the corresponding calenlated history is

{3) 0.0.0.2.0.0.0.0.0.0.0} - L Vooutput matrie ~
{27.3.3.0,0.0.0.0.2.0,0.0.0.0.0.0. 0.0.5.9. 11.8.23.7}

When these activity levels are used to pc ulate the history of the model. an
eventna - stable production appears. see Figure 7.3, The othe - production processes
display comparable behaviour.

However. it is iimportant to state here that the introduction of the transporta-
tion cost into the model does make the model 0 more unstable than hefore. The
same simmulation with nwerely a different init: - distribution of agents often is un-
stable. Obviously the different spatial configuration makes for a ditferent need for

transportation. and thus the calculated history might have to be replaced with a

192






prod 2

.'-"\
(4
301 & S
S A W .
S A N
oob: ‘ :
. ] M
I HER YA
. w
10 °°
5k
P R S T P S S SR S § ‘.A;Anun.AAIt
100 200 300 400 500 600

Figure 7.3: Production of labour in a transportation cost model.  Apart from a

big swing appearing just after the start of the simulation. the production of labour
) [

reasonably stable and corresponds to the predicted level used for “populating the

history™.

more appropriate one. but these experiments were not always successtul and many
simulations end in a crash. This instability m at be partly due to the small class
of agents that is modelled here. but at the time of the experimentations there was

1o more computer power available. Having said this, the simulations that are stable

display  teresting behaviour, sonie of it predictable. some not so much.

For example, when we look at the acca ilation of transportation costs per

location. the simulation shows results that fit ¢ rexpectation. Figure 7.4 illustrates

that most transportation costs are accumula 1 by agents further away from the

center,  hich of course is hardly surprising.

However. Figure 7.5 shows the accimmnulation of monev by cach of the consumers
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further out ouly trade when nearer suppliers are out and effectively only when
the price is high. I itself this is not entirely unrcalistic, if transportation costs
would counterbalance the higher prices. Howe  ro here this model shows a strong
imbalance. the transportation costs are small 1 comparison to produet prices. At
first sight the solution to this imbalance is to increase the transportation costs by
designating a higher priced good as the one that represents transportation. However,
this is casier said than done. becanse as was  lustrated carlier. when additional
surplus that will exit the svstem has to be generated. the reqp ed activity levels go

up rather fast and quickly streteh the production svstenn.

10
15
20
2000 /
1500 %
900 /
500, \/
5 10 15 20

Figure 7.5: Accumulation of monev (product 3). Surprisingly the agents further
away fare surprisingly well. even though thev do have the largest transportation
CXPCLSeS.

The problem sketched here is even more present in the other transportation

model.  liere transportation cost is include Lt price as if the producer is de-
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livering and is compensated for the trip. In addition to the higher prices producers
& B

and consumers further away get due to the more pressing market situation. thev
also get a higher compensation for the transportation to the purchasing agent. In

this model the imbalance is even bigger.

1L,



Chapter 8

Discussion and conclusion

The subject of evolutionary economics is verv la e i scope. and there are many per-
spectives on how to approach this subject. Sc unpeter approached it desceriptively,
while in the nineteen fifties. sixties and seven s rescarchers (e.g. von Neumann
(1946):; Kemeny et al. (1956): Hamburger et al. (1967): Gale (1968): Morgenstern
and The  pson (1976)) tended to approach evolution quantit:  velv. in terms of ex-
pansion. rather than qualitatively. in terms of increasing con  lexity. Evolutionary
economics i the eighties and nineties broke away from the equilibrium paradigim
that do1 nates economic theorv. dropping many of its nurealistic but conveuient
assunpt  ns. and instead focused on dynamic modelling of the process based on
changing technological scenarios (Nelson and  Cinter, 19827 Jovanovie. 19820 Dosi
et al.. 1 5. 1997). Technological change in these models is pre-detenmined. or it
is left undetermined and exists merely in terms of gains in productivity. Sucli a
svstenn, with quantitatively changing model coefficients, can simulate the resulting
changes in cconomic interactions.

This thesis adds to these perspeetives in at it acknowledges the central role
plaved hy techmological developments. while « the same tinie accepting that such

develop:  ents are more than mere quantitative changes. but can not he detennined
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a proore. We see novelty in new products. and novelty in new production meth-
ods. Hov ver. it is unknown what the future will bring, aud not just in terins of
normal uncertainty. Not only do we not know which of the outcomes of a prob-
abilistic  ocess is going to occur. but we do not even know the set of possible
outcomes (Knightian uncertainty (Kauffinan, 20000 p.215)). Neverthe ss. we can
obtain an understanding of the mteracting processes of the such svstems through
simulation. Just as artificial life attempts to simulate the evolutionary process of
biological svstems in order to gain insight into e relevant machinery without ac-
tually reconstructing any part of the real biosphere. so ~artificial cconomices™ can
provide insight into the processes shaping economie evolution without predicting, the
details of that evolution. It is clear from the ontset that cconomic evolution exists.
Even inwy short life span of thirty three vear very big changes liave occurred in
terms of new products and new processes. Ciges in connnmication technology,
information technology. and energy supply have led to very different econonie flows
ald vy nies than those of just 30 vears ago. Yet economics does not kiow how
to expla  anv of this. The equilibrinm paradigm tells us wli o svstemn state we can
cventually expect given that evervthing else remains equal. Tt often times. hefore
the stal  state appears. the assmption of unaltered factors  1d circmmnstances has
already been refuted hecause the circumstances have changed. So how can we hetter
understand economic systems that do allow changing conditions?

In addition. not only is novelty iiuporta: i 1at it proves standard assumptions
wrong, it also is a driving force in cconomies (0 sioet al.. 1997 Dawid. 2006). New
couster prodiets such as High Definition television or ilPhones. plus a considerable

cffort by the marketing division (in itself another example of - n innovation) to con-
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vinee the consuer group of the need for sn products. ave mdeed o driving foree
i our western ccontomies, where much spending is in the form of discretionary con-
stmnption. How can we better understand econe iie svstems that are cudogenonsly

driven by the introduction of new clements?

8.1 Discussion

The ansy - to the two questions posed above L as this thesis has shown, Dy maod-
clling novelty, and subsequently incorporat’ ¢ this novelty into an explicit market
model i order 1o establish a realistic fitness measure. This affects the copving
process of technology and. indirect]yv, the manufacturing ot products.

In hmplementing this framework. many — oices had to be made. and in naking
these choices. existing rescarch was used as muc  as possible. Wheve this was impos-
sible. hopefullv a modeller’s common sense preiled. Manyv of the inplementations
required a little experinientation and fine tuning of paramceters. but ultimately. the
results were quite satistactory. as Chapter 6 has shown. Regardless, there ave many
niore possible implementations of this framework. and these still need to he explored.

The present section will discuss some of the ot pressing issues.
Innova n leading to price reduction

When invention occurs. new technologv. and often also new products, are added
to the existing set of technology and pro acts, The addi Hu is in the form of
new columns and rows of the von Nemmann technology matrices. "The puts for a
particular transformation ave fit. in that t inputs together will contain suthicient
mteger  ctors inorder to compose the output. Even thout 7 this somewhat Tinits

the possible combinations of products that can be transtormed into more advanced
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products, the quantitative aspects of this new  ansformation arve still undetermined.
How mucli of cach of the mputs is requived and how much output is generated
is unknowi. When left to a random process. this could very casily lead to very
unrealistic input and output munbers, e.g. one  rocess being almost infinitely more
capable t 1 others.

Therefore. to keep the input and output coefficicuts in check. the rate of return
on input valne was kept constant for all processes. However: this does not imply
that all techmology is equally fit in cevery situation.  Higher value of inputs for
some processes combined with a fixed return ra necessarily leads to higher output
coofticients. What this means is that even the gh the retwr rate is fixed for all
techmology. one techmology can still have a higher output coetficient per unit of
activity. and in ters of generated output. it will  erform hetter than the tecmology
with lower input cost and lower output. Since activity is bounded per time step.
high cfh ev technology is preferred. so that even though return rates are equal.
there is a difference in performance. This often leads to the svstem replacing old
teclimology with new technology.  The success of igher perfornmance technology
depends on the availability of its higher valued put. Higher valne input implies that
more contponents are involved in the production of that inp . and therefore that
the asseibly of these compouents may be more difficult to arrange. Thus, higher
performance production comes at a price. and as such. is not eessarily successful,
In this respect, having constant von Neumi 1 returi rates is not problematic.

However, the single fixed constant return rate for all processes has another con-
sequence. In reality many innovations consist of lowering input cocflicicnts or raising,

output cocfficients. such that the new process leads to a lower price for the product.
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lize the total labour generated according to their individual abilities and other
constrain | as deseribed i Section 3.2.3. regar - ess of an excess supply of labonr.
High den ud for consumables in turn leads to igh production munbers and thus
high labour demand. Demand is enaranteed. @ d so there is alwavs a need for more
advanced production technologies. which will drive technological developiment.
Becanse all consummers maximize the qui tity of labour they generate, and he-
cause more advanced consuniables generate more labour. coust ers prefer advanced
products over more printitive products, This  not unrealistic. ut at the saie tine.
this is where there is room for improvement.  Some form of diminishing marginal
utility for consmnables would he o more acenrate implementation of consumer be-
haviour. for example. Instead of more advanced produets completely taking over
from the lder products (to the extent that supy - is able to keep np with demand),
this would lead to a more realistic dynamices of demand. where the total consunmption

1s spread out over several cousumables.
Multi sector models

The number economy allows for separate sectors that do not overlap. By choosing,
different groups of primes that lic at the basis of cach of the sectors. products of
one sector cannot contribute in the manufacturing of products frou another sector.
except that they can perform as capital. Such a setup allows the modeller to take
on a complete economic model. where developments in one sector through minimal
but essential links can hmpact other scctors. The connee ity of our economie
svstewnr amazingly complex. and small changes can cascade into large phenomena.
Jain and Krishna define kevstone species as clements whose removal changes the

organisational structure drastically (Jain an Krishna, 2002). The model could
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help iden v such kev elements in the systen.
Reproduction of technology per ficld or er agent

Section 1.3 described how the occnrrence of 0 mology changes probabilistically.
The probuabilities governing these changes are determined hased on global ineasures
of success. comrectivity and distance. Subsequently, a random draw selects o change
to the technology fields. For example, technology 7 obtains an additional represen-
tative, to the cost of techmology /. To implement this proposed change. the model
finds the agents possessing technology . but not possessing technology 7. One of
these ag ts is chosen randomly. and the proposed replacement of technology j by
techimology ¢ is applied. This method completely disregards e possible negative
or positive effects this change can have on the functioning of the selected agent.
Possiblv 1e agent has no use for technology 7. perhaps its main source of income
was hased on the use of teclmology j that now has heen taken away.,

Ana crnative to this rather erude implementation of reproduction of technology.
which I+ not been implemented in the con st of this thesis. 1s to couple the
generation of additional agents or technologies to the agents themselves by giving,
cacll ag t sowe set of rales that would allow the agent to decide which techmology
it would like to acquire. based on local cire mstances. i an agent is profitable.
what would be the hest way to invest the gai «l assets? This would be more in line
with the approach advocated by Nelson and Winter (1932). in which tirms decide
whether or not to expand or contract their as s or to change their rontines  ased
on the market sitnation thev find themselves in. This certainly would iniprove the
model. hut. since it was not strictly necessary for the framework that is discussed

i this thesis. the simpler mechanism was use  (Bruckner of al.. TOSY. 1996).

204



Intellige e of agents strategies

A similar remark can be made about the price and market mechanism. Carrently.
this is ra  cr simple. and agents are merely pric takers. However: as the resulting
stable Leontief hehavionr idicates, the price mechanism is effective e signaling
shortages and =swrpluses that need to bhe addresse and sy ces to support the
model. There already exist more advanced pricing mechianisims in the context of
agent based modelling. The more advanced a uts i those models set their own
prices. which result from rounds of negotiations. Agents can have varions degrees

of intelli ace and mav be capable of planning for future use (LeBaron, 2001).
Spatial behaviour

I order to develop the model framework. and in order to keep the fivst model
nianaccable on a normal desktop computer emploved by a autodidact programmer.
space was not given the full attention it deserved. However. the framework developed
is flexible. and in order to investigate spatial aspects of the model proposed here. the
model can casily be expanded. This reallv wor ke it a model for evolutionary
cconomic geography. Carrently all agents have  network of agents with whom they
cugage trade. This network can be defined or constrained in any conceivable
wav. It is possible to have only very local interactions in a Moore neighbourhood.
consisting of the central location and the eight swrrounding grid locations. Or. very
differen - the agents can have a social network that connects them to every other
agent theyv know. regardless of the distance hetween them. This is the network
scheme mostly applied for the examples in s thesis, Chapter 7 deseribed afirst
experin at that includes transportation co 5o nt there are s my more experinments

worth  Oking into. When agents are made — obile. what rules would best deseribe
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their behaviouwr? How would rising transportation costs affect their behaviour?
Run time

The simulations are generated on normal desktc omputers. with a modest amount
of RANM and a modest CPU speed. One of the proe ors used has a clock speed of
1 GHz and the other computer has a dual 2. 1GHz processor. of which only one is
used to do the calculations. Given the limitations of these machines. the size of the
sinmlations (i.c. the size of the map. the numb  of agents on it and the nunber of
technologios) were controlled Hy the patience of the modeller. The faster computer
was used to run slightlyv higger models. making the  me per iteration basically the
saane for  oth computers. The patience of the  odeller was tested thoroughly, and
the results discussed in this thesis po as far as both the compr rs and the modeller
could be stretehed. More simulations and analvses are desirable but sonichow first

the run time required to do so has to be reduced.

8.2 Jonclusion

Though there are still a number of issues the need improving or further exploration.
the framework developed in this thesis is one with many merits. The main virtue is
that this framework demounstrates that it possil » to treat the economic svsteni
as a constructive dyvnamic svstenn, The field of evolutionary ccononiics as it las
developed over the last two decades already roved that economies can be treated
dynamicallv. and that the adaptive qualities of clemnents are i portant in explaining
tvpical patterns. This thesis adds the constructive character of the economy to the
modelli ¢ framework, something that is equally v even 1 we important to the

evolutic  of an cconomic svstenr. Despite tl fact that the constructive dynamic
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model rescarch applied in economics is only beginning. and that some aspects
need to he explored in more detail. it is argued here that the model has justified
itself. TI framework developed heve is capi le of dealing with endogenous change.
something that is very important in owr ecor my. but that until now has heen
essentially ignored in rescarch. The application of a constructive dyviiamic svstem to
the field of cconomics opens up new opportunities in cconomics. and once a proper
theory of cconomies is in place this can be exto ded to cconomic geography.

In addition. the application of the Bedau ecasure indicates that the evolutionary
cconomic dvnamics generated by the mode is appropriately nanmed evolutionary:
the dvnanies display characteristics comparable to the case that defines our coneept
of evolu 1. the evolution of life in our hiosphere.

Furthermore, the model shows that it is possible to simulate a {ree market econ-
omy. in which agents with very simple rules to ¢ ermine their beliavionr are capable
of generating a well functioning economy. Resources and time ave scarce goods, and
thus necd to be used appropriately for the svstem to function. Agents who perform
in local enviromuents do not know how the ¢lobal ccononmy is performing. Neverthe-
less. throngh a local price mechanisin signaling where local surpluses and shortages
exist, agents are capable of locally balancing the supply and demand. Since the
set of local markets completely covers the global market. this leads to stable. well
Dalance  global hehaviour. Here we see Adam Smith's invisible hand at work in a
dviiamic spatial model.

The framework is also very useful to comy went existing rescarclr in evolution-
arv eco omics, For example. deseriptive approaches on the entry and exit of new

enterprises can he assisted by an experiment that can indicate what parameters are
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responsil -+ for the observed patterns. The m lel can shed  ght on why market
shares and market size can Huctnate so wildly, and why in the production of one
single cood there are a variety of technologies being applied. Often sucli variability
lias a spatial character as well.

The model Liere is inherently spatial: agents are located in space. and the trans-
formation of a set of mputs into a composite product can only occur when all
products reguired are present in one location.  wever, the iimpact of location de-
pends on the specific model compounents. To ¢ wince the reader that the model is
inherently spatial a chapter on transportation  osts was added. This topic adimit-
tedlv is not exhausted  there are a muber of issues that still need to he addressed.
Some of the issues can actually be solved by applving the full model as developed in
this the  to the case with non-zero transportation costs, An unbalanced economy
canl become balanced by innovation or even 1 oore siimply by a change in techmology
distribution. Both processes have heen modelled in this thesis (additional colunms
to the t amology matrices and replacement or copviug of ki following the model
outlined by Bruckuer of al. respectively). but due time awd computational con-
straints these processes were not applied to the sin ations involving transportation
Costs.

Finallv. to analyse the artificially generated technologies. a tool was developed
to identify any highly connected sets of techmologies that might appear in the model
output. This tool can be applied to the real w1 to identifyv teclimolopy clusters as
well. In addition. it is possible to detect missing technologies in order to supplement
existing unfinished clusters. an application with obvious potential for use in the

design of regional technology clusters,
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Thus. a lot of eround has been covered here. ad thereissti alot of ground to be
explored. However. the scope of the phenomena under study is rather Targe. au the
svstent under study is highly connected. T consequence. it was felt that an integral
approach was not only the best. but the ouly ¢ tion: none of the components that
make up 1c model could be isolated. Therefore. the result of this thesis is a broad.
abstract framework applicable to the study of evolving economic svstems. It has the
potential to elucidate many aspecets of our cconomy, from dispersal of techimology.
to location strategies. to pricing. to the deve Hpment of higher level organisation.
Enough is left to do for tomorrow. and who knows what new insights and inmovations

tomorrow will bring.
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Appendix B

Model algorithms

B.1 The static von Neur a2 n model

Let a and b be the input and output matrices respectively. w1 dimensions of both
matrices nox m. implving that there ave m production processes and n producets.
and let =(¢) be the intensity or activity vector Ut et Von Neunaun shows that
under cortain conditions there exist a growth rate a and interest rate .1, such that
the output at time £, b - 2(#) is sufficient to cover the iuput required at time ¢+ 1.
a-:(t+1) = a-a(f). and the profitability  f cach of the production processes is

smaller than or equal to the interest rate.

a-z(t+ 1) =a-az(t) <h- ()

Fepraz Db

In ¢ ¢ there is a single prodnetion process for cach of the products. the imput
and o ut matrices are square. and the activity vector = and price veetor pcan be
found 1 determiining the generalized cigenvectors of « with respeet to b and S
arc equ to the largest real eigenvalne (Galeo 1956).

It ¢ ¢ there are more production processes  1an products (i > n). the intensity
veetor = has to be determined differently - using technigues developed for fair
matrix  antes (Kemeny of al. 1956). The set of solutions is given by the solution

space of a set of lincar inequalities where ¢ extreme points that span the sinplex
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Lave to be checked for p-a -2 > 0 1. the pooe and intensity vectors must result in
a positive outcome. Any lincar combination ¢ the appropriate extreme points is a
suitable intensity vector 3 satisfving the equatic < above, Fur ermore. with a fixed
interest rate conies an equilibrinn price veetor p, such that cach of the production
processes has the same return rate.

I any case. if we denote the product set at time ¢ with S(7) = (S).5......5,)

to represent the total quantity of cach of the  oducts in the system at time £, then

S(t+1)=501)+(b—a)- ().

B.2 The dynamic von Ne1 m: .n model

Instead of the agaregate activity 2(/) per tine step now we generate activity bottom
up through the use of agents. To explain the different parts of the algorithm i an
ordely fashion we nmake use of a framework provided by Rasmussen and Barrett
(1995). Again we define ¢ and b as the input and output matrices with me processes
and 1 products. but now we add r agents to the model. Eacli of the agent objects

A, s de ed by
*l,(t) = r!,(f,. 1,"/‘. 1‘,51(/)) fori=1....r

where f; gives the activity of agent ;. 1;, is the interaction matrix specifving the
agents with whon A, interacts and Ty specifies which techuologios agent A, possesses.
Interactions and activity (which depends on teclmology T,) operate on S, (1), which
is the product set in agent A;’s possession at - me f. When we assune the agents
are in a well stitred vessel. they can interact with all other agents. and 1, = 1Vi. .

The activity of the agent A, is given by

fi(t) = max (p(t)-(o—i)—3)-z,

~ T 2n
26«

subject to the conditions B.C. T. M. O. F and E listed below.

where p(t) is the veetor cousisting of the po s pi(¢) for each of the products ¢ =

1..... noat time ¢ (price mechanism given below). Prices are deternmined anew for
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every agent to include the previous agent’s effect on the boance of supply and
demand. As is standard in this thesis. the first product in the product list 1= Tabour
and the  coud product represents one unit of 1oney. Now expand the matrices a
and b by joining the matrices a and b with A and I to join the input and output

colunms  f manufacturing. buving and selling:

manufacturing Coying sclling
o= a ‘ M ] / )
o = | b \ ! | M )

where 1 is the identity matrix of size n. and M s the square matrix of size n

with all elements equal to 0 except for the sccond row which is equal to p —

{m.paeoopy e zis aovector of length m 4 2n. indicating the actions (manufac-
turing.  vine. selling) of agent i at time £ If we write 2 = {z 20000050, —
{myec o by byosio oS, to break up o activity veetor into the different

parts of manufacturing (m). buving (4 ) and sclling (s). then agent o1, maximizes

the onteome of its actions z; under the followi @ constraints:

Balance B: The state of agent i at thue £ m us expenditures plus output has to

rc ain non-negative at all times: S (H) + (0 — 1) -z, > O

Capital C: Aw agent cannot execute a technigue more often than what it has cap-
ital for: {z oz ooz b S {enccn oo voere ooean o are the capital

goods required for executing techmiques £ f,0 00

Technology T: An agent cannot perform actions for which it lacks the skills

and at the same time it cannot perform cach individual action more than

marproductivity thnes: {nmy.. ... iy, } < marproducticity - {t,. ... 4, } where
T, = {ty....t,,} is the techmology list of agent ¢, which 1s 2 boolean vector

with Is and Os for skills it can and ¢ ot perform.

Maximum activity M: An agent is I d in how nmeh it can do in one turn:

i . .
ST < maaproductivity.
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Offered 1: How much an agent can buy depe Is o the quantities offered:

P S max;,_ ., St

For sale F: How much an agent can sell deper s on the quantities I possession:

[s1ee 80} < Silt).

Exogen 1s consumption E: For cvery consumer the expenditures on consuin-
ables z7,.27,. ... 3, have to generate more than ¢ units of labour:
{2 2oz, Y Ao oo > e These cousumables ave removed from

the svstemn without resulting in labour.
With the actions of agent A; defined as above. its state S; is updated as follows:
S(t+A)=S5t)+( — -=2(t)

The A, dicates that the svstenn is in an iutermediate state between S(f) and
S(t+1). Once all agents have had their turn. time £ is inereased to # 4+ 1. Thus
2 A=l

(== T

In t] execution of z(#) the state of other objects 1s po bly affected as well,
since they serve as suppliers or buvers and thus resources iave to he exchanged.
Appropriate agents (those who have the cash or the produce) are selected randomly
and the  wchanges are made. This implies that when transaction z involves agent

“/lj(k).
Silt +8) = S (t) — (0= -{0..... 0.36.00.... O}vh € (m+ Lo m+2n)

A complete update U of the state of the svstem as a result of the actions of

acent A, thus consist of the following 2n + 1 instantancous updates:

Si(t+4y) = Si{t)+ =) ()

S m (?‘ A,) = S m )(f) — (O — I) R 0. Tt O..... ()}
U,‘(S(f)) _ J(m+1) . Jlm+ 1 t

SJ(,”+2”)(7‘ + A,) = S‘/‘(,,,‘;g,,)(f) - (() — I) - {() ..... (),() ..... 0. Zm +3,,}
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Figure BB.2: Oune iteration evele. When all agents have had their turn the svstem
has been updated to the next time step.

B.2.1 Price 1echanism

The above algorithn defines one iteration. With a1 toryv of e iterations it is known
whiclhh p o ducts and how much of each have I a demanded during the previous
iterations D(w. 1), and also the current stock S(#) is known. The price mechanism

takes into account the balance for cach of the 1 products:
B = (baly bal,y. .. .. bal,) = X(t) — D(w. t)

Von Nemmann's work shows there exists a fixed intervest/return rate and an

equilibrimu price p,, that provides cach production process with an equal retwm

rate ..
). (b —a)
p-{b—a) _ (3.....9)
P
The mechanism to determine appropriate prices po = {pj. ... p,} 15 a linear

progranuning procedure that minimizes the suin of the prices

miil p; under the conditions P and R
1=1..... n
where
Price equilibrium P: Prices are alwavs greater than or equal to the equilibrium

Price: p2> poy
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dii.j) = exp(= Y Jew = eul).

kol

This results in a measure where for technologies with equal input cocflicients the
similarity is equal to 1. With inereasing differences  coefficients. the similarity will
decrease to 0. This measure can be used to define the probability of substituting
one technology for another.

Gross return is an appropriate measure to distingnish between the capability of
technologies to expand their ield. To measu  the actual gross turn per technology,
activity levels per techmology of the last ariteratic s are added and multiplied by
thicir outpnt value to caleulate total revenue per teclmology. Note that this measiure

s dependent on time £, since production levels will vary over time.

gr(t) = (total production(t) — total production(t —w)) -

Here o s) is the value of the output of skill s. n is the munber of products. and thus.
aross revenue gr(t) = {gr(1)....gr(nl} is a vector of revenme generated by cacli of
the tecl  Hlogies per agent possessing that te nology. Subscquently the vector is
normalized by division by the largest element. By ormalizing we obtain a measure
for succeess ranging from 0 to 1. with 0 indicat g no revenue, and 1 indicating the
Lighest revenue per ocaurence of that technology. Morcover, the measure has the
same magnitude as the similarity measure define  above (range 0-1). and at the
same ti o 1 — gr can be used ax a measure I how unsuceessful technologies are:
technologies with a score of 1 are the worst performing technologies.

Finally, we define a measure to indicate the comectivity of different technolo-
oies. To simulate vertical expansion of an age 1L it is interesting to take into account
the connections sectors have. either to upstream supplying techimologies or to down-
streaim buvers that are heing served by the sector (or botl). This measure 1s given
by the boolean input-output matrix to indicate the existence of fows hetween the

different sectors.









if randor < ¢ innovation:
if random <,y
then generate new consuinable:
combine random produets
set the quantity of labour resulting from consmnption of this good
clse  generate new technology:
select product that is in excess demnand
create a tool t
it random < g3
then new tool requires new product:
tind list of products with appropriate factorization
multiply these products to create new product
else new tool ¢ uses old producets:
find list of products with app  priate factorization

Figure B.4: The innovation algoritlim in pseudo co . random is a uniform randomn
variable in the (0. 1) interval. ¢y ¢go and gy ave  arameters to control the probabilities
of inmov  ion and the tvpe of innovation.

preference that is desired.

With the expanding matrices algorithm in place the model can simulate the
impact of the introduction of new technology and new products. In order to do so
the different processes that have been described in this appendix are place i a
loop depicted in Fignre B.5. The agent evele  repeated again until all agents have
lad their turn. Subsequently the presence of technology in the model 1s changed
based on a probability distribution that depends on measures for snecess gr. failure
(1 — gr). inter-technology connections ¢ and similarity hetween technologies . as
was expli ed in Section B.5. After a rande 1 unber of repetitions of the iteration-
technology diffusion evele. the matrices are expaided by generating new products
and techmologv. after which the iteration aud techuology diffusion cvele is repeated
again.  This process simulates the introdnet noof new technology and products
into a free-market economy. where the succer  and failure of the products and the

teclmology is determined by the combined action of many local actors.



Expand
technology
matrices |

adding columns
androwsto
input and

Loutput matric

Determine type
of innovation
and/or new
nroducts

lterations
bruckner ¢

Figure B.5: The full cyele of an evolving cconomy shows how all of the above cveles
are combined into a routine that can be run indefinitely if ti e would allow.

B.7 Transportation costs

Tlhe inclusion of transportation costs involves  ditferent definition of the matrices

/ aud o.

l ((I‘ | AL | L)
0 = (b | I | ;\A)

To implement transportation costs in buyving transactions. the matriss My, rep-
resenting the monetary immput of all purchiases must liave a colunm. not just per
product. but per product per trading partner. Trading partners in different loca-
tions will have different transportation costs. and this is represented by the enlarged

buying input matrix A/,
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