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Abstract 

The purpose of this thesh is to use the biologidy inspird techniques of genelcc 

algorithm to iIlustrate some of the biologidy b p i &  pndictions of evofutionq 

economics conceming the p r o e s ~  of technologikd change. 

The process o f  technological change has been described as 'creative destruction' where 

the old must make way for the new in order to realue economic progress. However, the 

current rate and magnitude of technoIogid change has made it difiicult for both managers 

and economists to understand and cope with the signifiant and pewasive impacts. 

Evolutionary econornics has emerged as a field that is particularly suited to the analysis of 

technological change. It views the economy as operating through mechanisms of variety 

generation, selection of 'good' behaviwrs, and transmission of those behaviours to other 

economic agents. It explains economic performance without the problematic assumptions 

of traditional economics concerning the intelligence, rationality, and motivations of 

econoMc agents. 



Genetic aigorithms are a technique for numencpl optimization that manipulates strings of 

numbers in a manner analogous to the fùnctioning of  DNA in biological evolution. They 

can be used to create computer irnplemented 'artificial adaptive agents' existing in 

'artificial worlds', which mirnic the behaviour ofeconomic agents in the real world. These 

simulations can help in illustrating the predictions of evolutionary economics concerning 

technological change. 

This thesis makes three significant contributions to the study of technological change using 

evolutionary econornics: 

1. The introduction of a mode1 which aids in the description and understandimg of the 

process of technologid change fiom an evolutionary point ofview, 

2. The creation of a computer program which simulates the proces of technological 

change in a simple artificiai economy; and 

3. The presentation of results fiom the simulations which illustrate how evolutionary 

economic systerns operate and help in. understanding the proces of technological 
- - -  

change. 
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1. Introduction 

The process of technological change is of vital interest to govemment, indusby, and 

society because of its signifiant and pervasive impacts on economic development and 

sociai finctions. The impacts are great because the old must make way for the new. 

Schumpeter describai this process as 'creative desüuctiony and placed it at the centre of 

his theorïes of economic progress. 

Neoclassicai economic theory has had dficulty in coping with technologid change. It 

has considered technologid change to be exogenous to processes within the economy, 

and the impact of technological change has typically been defineci as the 'residual' in 

economic statistics. Until recenîiy, tbis wzs not a problem. Economic development was 

dominated by industries where economic growth could be explaineci by naturally endowed 

factors of production and where change was usuaily slow and steady. However, such an 

approach is inadequate for the new howledge-based economy. To be sure, neoclassical 

economics is attacking these problems, and with some success. But in addition, a group 



of economists are 'adopting new instruments and looking in new places," inspireci by the 

theory of biological evolutioa 

Shce the development of the theory of evolution in biology, numerous economisis have 

looked to evolution in their search for understanding of econornic systerns. At the 

beginning of the century, Veblen, Marshall and Schumpeter considered economics to be an 

evolutionaiy process. In his 1950 paper 'Wncertainty, Evolution, and EconoMc Theow, 

Aichian sketched the parallels between biological evoiution and the evoluti03 of industries 

and economies. And in their groundbreokllig work "An Evolutionary Theory of Economic 

Change" (1982), Nelson and Wmter made these p d e l s  expiicit by creating a mode1 of 

the ewnomy which operates using evolutionary principles. 

The result of the efforts of these, and many other, economists is the field of evolutionary 

economics. Evolutionary economics explains emnomic performance without the 

problematic assurnptions of traditional economics conceming the intelligence, rationm, 

and motivations of management. The economy is seen to operate through mechanisms of 

variety generation, selecrion of 'good' behaviours, and transmission of those behaviours to 

other economic agents. 

"Led by a new pendigm, scientists adopt aen instnunents and look in oew places. Even more 
important, during rewilutions sckntists sec new and dinerat tbiags when hoking wiîh familiar 
instruments in places they have looked befote," Guhn 1970, p l  1 1) 
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Econornics is not the only field to have been inspired by biological evolution In the 

1960s, John HoUand began the development of geaeâic algorithm. Genetic algorithms are 

a technique for numeficd opthkation based on the concepts of biological evolution 

They have been used in a wide variety of applications fkom operations research to 

enginee~g design. 

The purpose of thic thesic is to use the blologicaiiy iospired techniques of benefk 

dgorithms to Wustrate some of the biologidy inspired predictions of evoIution~ 

economgcs concerning the process of tccrhnologicd chmge. 

This thesis makes three signincant contnÎiutions to the study of technologid change ushg 

evolutionary econornics: 

1. The introduction of a mode1 which aids in the description and understanding of the 

process of technologicai change fiom an evolutionary point of view 

2. The creation of a cornputer program which simulates the process of techno10gïcal 

change in a simple artificial economy. 4 



-- - - - . - 

3. The presentation of r d t s  fiom the simulations which illustrate how evolutionary 

economic systens operate and help in understanding the process of technological 

change. 

The thesis is organized as follows: 

Chapter 2 explores the sirnilarities between evolution in econornic and biologicai systems. 

While biologicai analogies have a long history in economic thought, their use as the 

foundarion for economic theones and models is rather recent. It is ;ugued that this new 

point of view can provide additional insights for old questions, and may suggest some new 

questions. However, seeing and accepting what the evolutionary perspective has to offer 

requires a paradigm sh& It is hoped that this chapter will encourage the reader to try this 

new point of view. 

Chapter 3 examines how evolution in economic systems can be modeiied using cornputer 

simulations. Simulation is required to analyse evolutionary models because of the special 

challenges posed by their stochastic, dynamic, and path dependent nature. The concept of 

artiticial worlds is introduced and some of the important approaches to creating artifïcial 

economic worlds are summarized, Previous work which uses ar&ificial worlds to mode1 

technological change is limiteci, prllnarüy because the computational tools necessary for 

their implementation have only recently becorne readitly avdable. 



Chapter 4 uitroduces a model of  the process of technological change. This model is used 

to structure a discussion of the components of technological change, the determinanu of 

explorative effort, and the dynamics of the process. 

Chapter 5 hplements the mode1 of Chapter 4 in a cornputer program, named Bizlife, 

which simulates the process of technological change in an artificial worid. Bizlife has 

important advantages over previous work in this area in that it: 1) is founded on an 

expiicit model of the process of tahaological change, 2) uses evolutionary techniques to 

model evolutionary ideas, and 3) employs powernil amputation and visuaikation 

software to aid in the generation and interpretation o f  results. 

Chapter 6 presents the wmputer simulations done with the Bulife program. Five avenues 

of investigation were pursued: the impact of imitation and invention, the impact of 

environmentai change, tE +iyn i î i . i .  of technological change, the division of explorative 

effort, and enûy and exit. For example, results fkom the simulations have demonstrated 

the following: 

Industries are able to improve performance wen without profit maximihg behaviour 

by management. 
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Management is less able to infiuence fkm performance under conditions of rapid 

environmental change. 

Invention within industries is important to avoid stagnation and ensure continued 

adaptation to environmental change. 

Cyclical pecformance in industries is an emergent and pervasive phenornenon that 

results f?om imitative behaviour. 

The natural reaction of an evolutionary system to sudden environmental change is a 

rapid increase in diversity, foUowed by a longer period of consolidation. 

Highly inventive orgarùzations, whüe providing a valuable social function, are unlikely 

to perforrn as weli as f h s  with lower rates of invention. 

Contesting a portfolio of products is a more stable strategy than relying on a E t e d  

number of products. 

Chapter 7 discusses the themes which emerge nom the cornputer simulations of Chapter 

6. In particular, two issues are examineci: the importance of exploration in evolutionary 

processes, and the concept of 'efficiency' in evolutionary processes. 



Appendices contain a description of a non-hem chernical ceaction, a giopsarv of terms, an 

introduction to genetic algorithms, a description of the Bizlife cornputer program, the 

Bizlife cornputer code, Bizlife simulation parametei- settings, references, and the vita of the 

author. 



2. An Evolutionary Point of 
View 

2.1 Points 0 fKew 

"Somebody once observed to the eminent phiiosopher Wittgenstein how stupid 
medieval Europeans living before the tirne of Copernicus must have been that they 
could have looked at the sky and thought that the sun was circling the e h .  
Surely a modicum of astronomical good sense would have told them that the 
reverse was tnie. 'Nïttgenstein is said to have replied: '3 agtee. But 1 wonder 
what it would have looked Iüce if the sun had been circhg the eacth." 

"The point is that it would look exady the same. When we observe nature we see 
what we want to see, accordhg to what we believe we know about it at the the.  
Nahire is disordered, powerful and chaotic, and through fear of the chaos we 
impose system on it. We abhor wmplexity, and seek to sirnplify things whenever 
we can by whatever means we have at hand. We neeû to have an overail 
explanation of what the universe is and how it ninctions. In order to achieve this 
overall view we develop explanatory theones which wiii give structure to natural 
phencmeng we classi& nature hintr a cohemt system ~ h k h  appears to do what 
WC: sa;. it does." (Burke 1985, p 11) 

"The knowledge acquired through the use of any stnicture is seiective. There are 
no standards or beliefs guidimg tk search for knowledge which are not dependent 
on the structure. Scientüïc knowledge, in sum, is not necessarily the clearest 
representation of what reality is; it is the artehct of cadi structure and its tool." 
@urke 1985, p337) 
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Thomas Kuhn (1970) has articulated the relationship between the structure of aiment 

knowledge and the quest for fkther knowledge. While his themies have been criticised as 

overly exaggerated and categorical, they have proved to have conceptual appeal in 

explaining changes in scientific viewpohts. 

Kuhn dïerentiates between 'normal science' and 'scientific revolutions'. He describes 

normai science as: 

"...research M y  based upon one or more past scientific achievements, 
achievements that some particular scient& cornmunity ackxmwledges for a tirne as 
supplying the foundation for its m e r  practice" Guhn 1970, p10). 

The collection of achievements is termed a 'paradigrn' and it defines the legitimate 

problems and methods for the field. The emphasis in normal science is to add to the scope 

and precision with which the paradigm can be appüed, rather than produce major 

conceptual or phenomenal novelties. 

When research uncovers sufncient anomalies thaî cannot be explained under the aiment 

paradigm, a 'scientific revolution' occurs and a new paradigm emerges. In the process, 

some previously standard beliefs or procedures must be discarded. More importantly, the 

world is now viewed in a new way: 



"... the historien of science may be tempted to exclaim that when pacadigms 
change. the world itseif changes with themm (Kuhn IWO, p 1 1 1) 

Which point of view is ~orrect?~  In a sense, they al are. Evewone is trying to 'model' the 

same real world. Models an simplifications that stress certain aspects of the world. 

Different models provide dEerent Mewpoints, dierent insights. Everyone is nght, and 

everyone is wrong. 

It is interesthg to examine somc of thc major 'sciences' to set how their points of view have changed 
in the recent past 

Scientific Points of V i i i  

Science 

Physics 

The 'recent' puits of view al1 date h m  this œntury. While e~01utionaq biology dates h m  
Darwin's publication of The Origin of Spcies in 1859, it was only in 19% tbat the Catholic Church 
concedeci that "tbe theory of pbysicd evoiution is vaiid". Quantum mechanics dates h m  1900 with 
Planck's theories on energy quanta and 1927 with Heisenberg's uncertainty principle, but up ta his 
death in 1955 Einstein was arguing that "God does not play dice with the universe". Non-iinear 
chemistry dates fiam 1951 with Belousov's discovery of a chernical reaction which displays 
osciliatory behaviour, however his submissions for publication of the results wcrc rejected on the 
grounds that such behaviour wodd be impossiik because it wouid violate tbe second law of 
thermodynarnics (ït does not). Th Belousw-Zabainski d o n  is fàschthg - both b u s e  of 
the reaction's ôeauty and its story's poignancy. Appcndix A amtains a dcsdption of the maaion 
and the history k W  its disco~ery.~ Chaos theory in mathematics dates h m  the 1970s with 
Lorenz's work in meteorology. 

W d c *  
V i i n t  

Mathematics 

AU of these '-t' points of Mew shate a commoa concession that tbc universe is cornplex 
îban had previously been aàmitted. A b ,  cach new point of view has opcned up ncw ways of seeing 
existing imowledgc, and posed new questions for rcscarch, 

YRecent" 
Vicwpoint 

Chemisüy Lineat Non-linear h 

Newtonian Quantum 

Economics J2quili'brium Evolutionary - Geoxnetric Chaotic 



This thesis takes an evolutionary Mewpoint. This viewpoint is not necessdy better or 

worse than classicai econornics, just Werent But because it is different, it offers a new 

view ofold questions, and perhaps will suggest somt new questions. 

This chapter is important -se it provides the motivation for the riodel that will be 

deveioped in Chapter 4. In the next section, s2.2, the basic concepts of biological 

evolution are introduced. The subsequent section, s2.3, considers how these concepts can 

be applied to the operation of a firm. The fiuial section of this chapter, s2.4, examines the 

characteristics of a branch of economics known as 'evolutionary economics' which uses 

these biological analogies as the tenets of its theones. 

2.2 Biological Evolution 

Humans can only be arnazed by the ability of life to continuously develop forms and 

functions which adapt to the needs of a dynamic and hostile environment. Surprisingly, 

this is not achieved through a pro- of optimization, in the sense of a 'directed' search 

towards the global 'best' solution. Rather, the approach nature takes is one of evolution, 

a 'random' search for locally 'good' solutions. In nature, there is no best, but good has 

proven to be very good indeed. 



Darwin was the fïrst to suggest how nature adapts in his ï%e Orign of S W e s  (1859). 

The basic requirements of evolution are diverse orgmisms, a hostile environment, and 

sexud reproduction- An organism cornpetes with 0th- organisms to survive in its 

environment. The organism that better meets the needs of its environment has a M e r  

chance of surviving and reproducing than its cornpetitors. Organians that survive pas  on 

thek  characteristics to theû o f i p ~ g ) .  Thw, through natumi dection, successfiil 

charaderistics have a better chance of being perpeatated than less s u c c d  

characteristics. This process atone, however, can only sample portions of the search space 

represented by the aiment population New regions of the search space (Le. new types of 

organisms) are visited by two means; mutation and semai reproduction. Mutation is the 

random change of an organism's characteristics. This was once thought to be the primary 

engine b e h d  evolution, but it is now known that mutation is iricapable of creating enough 

'good' new characteristics to account for the speed with which evolution progresses. 

' Watson and Crick cüscovered the chemicai structure respoaslile for the codhg of an otganism's 
characteristics. This structure is hown as DNA (deuxyn'boaucleic acid). The physid 
cbaracteristics of ail Me are determûmi by the DNA coniained in every ceU of each organism (vinises 
con& only RNA, ninucleic acid, but requirt a host œii for repradudion). DNA riesembles a 
ladder twisted into a spiral (a double M x ) .  The rails aee made of phosphocus and sugar. The m g s  
are composed of a sequeme of pairs of fw amino acids: guanine, cystosiae, adenine, and thymine. 
Guanine aiways pairs with cysto&c and ade- always pairs with thymine. The sequence of amino 
acids is a code which govem the devdopment of the ceU, anâ bence the organism, 

The human DNA is a Ladder 2,870,000,000 w g s  long. Each human is thedore one point in a 
search space of d e r  4mQooa000 @aFc four because each point in tbe code can be one of four amino 
&&). eQd lo~mslu7s , an incomprehensiily large n d r !  Lifé bas existed on the earth for 
about 4-109 years. Say 10" new organLgms are born eoch Thcn at most, oniy 4-lo2' points in 
the search ~pacc bave been trie& less tôan one in evcry possibiities. 



Semal reproduction combines the characteristics of organisms in novel ways and has been 

shown to be an extremely efficient way of searching for new and better organisms. 

No organism is p e r f i  certainiy not humans- Yet it is amazing that so rnany aeatures 

now exist that are good, given the limited tirne and number of trials t has taken to get it 

cight. There is much in nature which has aiready been successfUy imitated and adapted 

by humans to improve technology; radar and sonar, robotics, artificial intelligence, 

medicines, etc. Work is proceeding on a number of naturaily inspired epproaches to 

search and optimization such as neural networks and sirnulated annealing. Sureiy, the 

algorithm for the evolution of Me i t d f  should prove our most powernil tool yet. 

Recent studies of natural history have suggested a number of characteristics of evolution 

which may be equaliy applicable to technological change: 

Balmice - In nature, the evolutionary process allows for sirnultaneous, but balanced, 

exploitation and exploration Exploitation takes advantage of the best of what has 

been achieved so fa in the evolutionary process so that a creature can survive in its 

environment. Exploration discovers alternative solutions to the suNival problem so 

that fuhire generations can better s u ~ v e .  The balance between these is critical; too 

much emphasis on exploitation and better solutions wili not be found, t w  much 

emphasis on exploration and the good solutions wili be lost. Nature appears to have 



been able to strike an excellerit baiance (Goldberg 1989). Maintauiing such a balance 

is equally important for a fimi; exploration is needed to keep pace with the 

cornpetition, exploitation is essential to fUnd exploration and keep creditors at bay. 

EquiIibninn - The traditionai view of evolution was that ecological systems adapt to 

change to maintain a constant state of equiltcbriumum In fàct, equiliirium is often 

'punctuated' by periods of rapid change (Eldredge and Gouid 1972). The effect is that 

"rnass extinctions are more eequent, rapid, and devastating than formedy imagineci ... 

mass extinctions can derail, undo, and remrient whatever might be accumuiating duMg 

the 'normal' times betwecn" (Gould 1989, ~305). Under these conditions, the misons 

for dEerentiai sunival are qualitatively diierent fkom the causes of success in nomial 

tirnes. Under the new regulations, the very best traits, the source of p d o u s  

flourishing, may now lead to death. This process of punctuated equi'brium in nature 

is similar to the cycles of the economy and the process of 'creative destruction' 

described by Schumpeter where the e~nomic sttucture is revolutionized in discrete 

rushes which are separateci fiom each other by spans of comparative quiet 

(Schumpeter 1942, p83). 

Diversity - The traditional view of evoIution was that the diversity of life hcreased 

graduaily and consistently Howeve~ more recent evidence is quite d~erent (Gould 

1989). It appears that when equiliirium is disrupted, there is a sudden and rapid 



increase in diversity, foiiowed by long periods of consolidation - early experirnentation 

and later standard'hation. It has been suggested that W p s  genetic systems 'age' in 

the sense of becoming 'Iess forgiving of major restcucturing' over the, and this is why 

diversity does not continue to Uicrease (VaIentine 1977). Sunilar patterns can be seen 

in technologid change. Mer equüibrium is disnipted, there are initial periods of 

rapid and radical invention, foliowed by consolidation into technological trajectories, 

incremental change, and reliance on -unitation. 

Direction - The traditional view of evolution was that iife moved inexorably towards 

'bigger' and more complar; with humans, of corn ,  being the epitome of that. 

However, the reality seems to be that evolution is a random process without direction 

(Gould 1996). There is a wall of mùUmum complexity below which life is not 

possible; but most of life is bunched just above that, with a long tad towards inaeased 

complexity. In fact, by any measure of success, biomass, diversity, habitats, etc., 

bacteria are the most s u d l  foms of Mie. There is no evidence that evotution has 

any more tendency towards i n a d  complexity than to decreased complexity. The 

view that larger and more cornplex is better is a homocentnc view based on what we 

find interesting- A similar preocaipation with bigger and more cornplex can be seen in 

business research. Most current research concentrates on large &ms, while most 



employment, economic activity, and innovation corne tiom smaii and medium sized 

enterprises. 

History - The traditional view of evolution was that life develops into 'better' fonns in 

some giobai smse, and organisms that d v e  are therdore 'superior' to those that do 

not. However, ,'better adapted' means only 'more suited to changing local 

environments', not superior in any general sense. The pathways to local adaptation 

are as Iikely to restnct as to enhance the prospects for long-tem success (Gould 

1989). The result is that h v a l  during periods of radical change is very much a 

random event. As Gouid so eloquently put if king the best adapted fish in your pond 

is not much use if the pond dries up. History matters? and howledge of current 

adaptive success is not a predictor of firture success. Historicai studies of technology 

trajectories have reached sirnilar conclusions. 

Such cornparisons between biology and econornics have been suggested before, and are 

the subject of the next section. 

2.3 Biologicaf Analogies ofthe Firm 

The simiiarities between the evo1ution of biologicai organisms and the evdution of 

economic systems. and the potential for an evolutiowy point of view in economic 



analysis, was noted soon afler the developrnent ofevolutionary theory. At the end of the 

nineteenth century, Vebien proclaimed the end of pre-ewolutionary economics: 

'Wnder the stress of modem technological exigencies, men's everyday habits of 
thought are Mihg into the Lines that in the sciences &ndtute the evolutionacy 
methoâ" (Veblen 1898, p397). 

Heraldimg the beginning of the twentieth century, Marshall declared that: 

"the Mecca of the economist lies in economic biology rather than in economic 
dynamics" (Marshall 1898, p3 18). 

It is Schumpeter, however, who is seen a the fàther of evolutionary thought in economics: 

"The essential point to grasp is that in deaiing with capitalism we are dealing with 
an evolutionary process. It may seem strange that anyone can fd to see so 
obvious a fàct which moreover was long ago emphasized by Kad Man? 
(Schumpeter 1942, p82). 

Schumpeter emphasized that economic development depends on endogenous 

technological change as its engine. For Schumpeter, "the evolutionary dynamic of 

capitaiist development has three salient ch&eristic. It comes fiom within the economic 

system and is not merely an adaptation to exogenous changes. 1t occurs discontinuousîy 

rather than smoothly. It brings quaütative changes or 'revolutions', which fundarnentally 



displace old equilibria and create radidy new conditions" m o t  1980). The stimulus for 

econornic development is the 'innovation' - the new product, method of production, 

market, source of supply, or fonn of industrial organization (Schumpeter 1911, p66). The 

innovation process "hcessantly revolutionizes the economic structure fiom within, 

incessantly destroying the old one, incessantly creating a new one. This process of 

Creative Destruction is the essentiai fict about capitaikm" (Schumpeter 1942, p83). 

Economic growth, therefore, r d t s  fiom a cyclicai development process, in which 

depressions are, iargely, a 'normal' and healthy period of absorption of the bunching of 

innovations during the preceding prosperity. 

Since Schumpeter, a number of authors have drawn explicit biological analogies of the 

h. Among them, S. Wmter ("Ewnomic 'Natural Selection' and the Theory of the Firrn, 

1964), G. Becker (Aitruism, Egoism, and Genetic Fitness: Economics and Sociobiology, 

1 976)' and I. Hirshleifer (''Economics f?om a Biological Vewpoint", 1977). However, it 

was A Alchian's seminal paper, Wncertainty, Evolution, and Economic Theoqt', 

(published in 1950, the year of Schumpeter's death), which established the foundations for 

this view. His work is synthesized in this section. 

It is worth taking a few moments to examine Alchian's arguments since they foreshadow 

much of the subsequent work in this field, including this thesis. Alchian pusues the 

evolutionary analogy "to incorporate incornplete information and uncertain foresight" into 



economic analysis. He "dispenses with 'profit maximization' ... and does not rely on the 

predictable, individual behaviour that is usually assumed." @20q4. 

"The suggested approach embodies the printiples of biologicai wolution and 
natural selection by interprehg the economic system as an adoptive mechanism 
which chooses arnong exploratory actions generated by the pursuit of 'success' or 
'profits'." (p207). 

Remember, fkom the previous section, that the p ~ c i p l e s  of biological evolution consist of: 

1. A measure for success, 

2. Mechanisms for exploration, and 

3 .  Selection based on success. 

The foilowing three sub-sections sketch Alchian's arguments in the conte- of these 

principles. 

Page numbers refèr to Alchian (1950). 



A Measure for Success 

In biology, an organism is successfid if it survives. Similarly, kom the evolutionary 

econornic point of view, the true goal of a firm is simply survivd. In economics, survival 

means positive profits, not profit maximhtion. Alchian States: 

"Reaüzed profits, not maximum profits, are the mark of wccess and viabiiity. It 
does not matter through what process ofreasoning- or motivation such success was 
achieved. The fact of its accomplishment is s&cient,- This is the critecion by 
which the econornic systmi selects sumivon: those who reaiizewfivepfi& are 
the s u ~ v o r s ;  those who suffer losses disappearn (p210, itatics in the original). 

This is important because, Alchian says, attempts to r n a x h h  profits do not even make 

sense where there is uncertainty in the firm's environment. The key to positive profits is 

performance relative to the competition. Alchian goes on to say: 

"Positive profits accrue to those who are better than their actual cornpetiton, even 
ifthe participants are ignorant, intelligent, s k i h i ,  etc. The aucial element is one's 
aggregate position relative to actuai cornpetitors, not sorne hypothetidy perfect 
cornpetitors. Even in a world of stupid men there would still be profits." @210). 

Mechanlsms for ~ Z o i a t i o n  

A firm does better than the competition by doing things differently. The economid may 

cail this process "optirnizing", the biologist Caus it "adapting", in both cases it is 



exploration. In nahue, adaptation ooairs through semai reproduction or mutation. The 

economic analogies are imitation and învention. 

Alchian explains imitation as follows: 

"Wherever successfiil enterprises are obsened, the elements common to these 
observable successes will be d a t c d  with success and copied by others in th& 
pursuit of profits or successCCeSS 'Nothing s u d  like success'. Tbus the urge for 
'rough9nd-ready' imitative d e s  of behaviour are accounted for." @2 15). 

"Many factors cause uiis motive to imitate patterns of adion observabIe in past 
successes. Arnong these are: (1) the absence of an identifiable criterion for 
decision-making, (2) the variabüity of the avironment, (3) the multiplicity of 
factors that caii forattention and choice, (4) the uncertainty attachïng to aii these 
factors and outcornes, (5) the awareness that superiority relative to one's 
cornpetiton is crucial, and (6) the non9vaiability of a trial-and-error process 
converging to an optimum position." (p216) 

Imitation resufts in uniformity among the survivors. Unchecked, imitation would eliminate 

diversity and the evolutionary process would stagnate. The solution to this danger is 

invention. 

Invention is 'trial-and-error' adaptive behaviouc Whiie there certainly are those who 

consciously invent, there an those who, in their irnperféct attempts to imitate others, 

unconsciously invent by unwithgly aquiring some unexpected or unsought unique 



attributes that under the prevaüing ciraunstances prove partly responsibte for theù 

success. 

Like biological mutation, invention produces more Mures than successes. "Those who 

are ditferent and successflll 'becorne' hovators, whüe those who fid 'becorne' reckless 

violators of  tned-and-tme des." (pZ16). 

Selection Based un Success 

It does not matter if finns are consciously trying to adapt or not. In the long run, the 

natural selection process will ensure that only those h s  that have achieved successfbl 

strategies wiU survive. The biologicai environment chooses for superior fitness; the 

economic world chooses superior economic aciency. 

Success (sumival) accompanies relative superiority, but it does not requke motivation and 

rnay rather be the result of forhiitous ckcum~fances. 

"Less appropriately acting organisms of the same general class havhg lower 
probabiities of s u ~ d  will nnd s u ~ v a i  d'icult. More cornmon types, the 
swivors, may appear to be those ha* adrpted themselves to the environment, 
whereas the truth may weil be that the environment has adopted them There rnay 
have not been motivateci individuai adapting but, instead, only environmental 
adopthg." (p2 11). 



"Success is discovered by the economic system through a blanketing shotgun 
process, not by the individual through a converging search Even if each and every 
individual acted in a haphazard and non-motivated manner, it is possiile that the 
variety of actions wouid be so great that the resultuig collective set wodd contain 
actions that are best, Ui the sense of paf& foresight." (p212). 

If ail firms are slightly Merent, those who have characteristics closer to the ne- but 

unknown, optimum position have a greater prubab'i of survival and growth. They will 

grow relative to other h s  and becorne the prevahg type since s u M d  conditions wiil 

push the observeci characteristics ofthe set of arniivors toward the unknowable optimum. 

This will happen by 1) repeated triais, and 2) samival of more of those who happened to 

be near the optimum - detennined exposfposf 

Alchian believes that the prominent role of uncertainty and fortune in the evolution of 

economies has implications for management- It is Alchian's argument that, under 

conditions of uncertainty, luck wiii play a signiscant role in deteminhg which firms will 

succeed and which wiU fail. He defines two types of environmental uncertainty fiiced by 

firms: reducible and irreducible. For decisians involving ody irreduciile uncertauity., the 

quality of managers is irrelevant in expIaining fh performance. Under such conditions, 



"the greater the uncertainties of the wodd, the greater is the possibility that profits 
would go to the venturesome and luciq rather than to logicai, carefirl, fàct- 
gathering uidividuals." @2 10). 

If success is the result of fortune, what then is the role of management? Alchian admits 

that most dezision situations do not wnsist susoldy of irreducible uncertainty, and %us a 

mix of luck and managerial skiii at reducing decision-making uncertainty must be 

employed in explainhg the levei of h n  performance." Alchian says that while sheer 

chance is a substantial elernent in detennining the appropriateness or viabiility of a 

decision, a second element is the ability to adapt5. Therefore, hdividuai foresight and 

action can affect the state of a&h-  

'?Iowever, individual behaviour accordiing to some foresight and motivation does 
not necessarily imply a collective pattern of behaviour that is difEerent fiorn the 
collective variety of actions associateci with a random selection of actions." @213). 

Evolutionary economic theorists like the simplicity of the biological mode1 and identifil 

many parallels between it and the firnctions of the economy. In Gct, Hirshleifer feels that 

"the biological processes and mechanisms represent more general classes into which the 

economic ones fhli as particular instances". In this, he echoes "AIfied Marshall's view that 

economics is a branch of biology. Or, in more sweeping tems, of the contention that the 

* N i d 0  Machiavelii says "1 conciudt, therefo- tbat as fortune îs changcaôle whereas men are 
obstinate in their ways, men prosper so bng as fortune and poticy arie in accord, and when there is a 
clash they M." (Machiavelli 15 14). 



social sciences generally can fnùüùlly be regarded as the sociobiology of the human 

species (Wison, 1975)". Aichian is more c i r c w n s p ~  "but as applied to firms, biological 

reasoning is only a metaphor." 

For Alchian, and many others, evolutïon was a metaphor or analogy that permitteci 

ewnornic problem to be viewed in new ways. However, others have atternpted to move 

the analogy towards a theory of economic behaviour- This new field of evolutionary 

economics is the subject of the next d o n .  

The Revolution 

Since the publication in 1982 of Nelson and Wmterys "An Evolutionary nieory of 

Economic Changey7 (see Section 4.2 for a description of this work), evolutionq 

economics has been transformed nom an interesthg analogy to a serious field of economic 

research. Interest in evolutionary economics has been motivated by what many see as 

serious faults in neoclassical economics. As Kuhn pointed out: 

Y.. scientinc revolutions are inaugurated by a growing sense, again o h  resûicted 
to a narmw subdivision of the scientific cornmunie that an existing paradigrn has 
ceased to fùnction adequately. .." Wuhn 1970, p92). 



In the case of economics, the evolutionary 'revolution' has beai motivated primarily by 

the difiiculties neoclassical economics has when deahg with teduiological change. W1tt 

(1991) d s  evolutionary economics the 'new heterodoxy' and defies it in temis of its 

opposition to neoclassical economics: 

'The new heterodoxy has a common opposition to the neoclassical world-view 
which at present dominates economics. The 'hard core' of the latter is a synthesis 
of the constrained maximization calculus and equiliinum concepts. The 
opposition's main criticism is that this hard core prevents the neoclassical approach 
f?om gaining proper access to the understanding of process and change, the crucial 
features of modem emnornic history." 1991, p 83) 

Important objections to neocIassica1 economic thought have been formulateci in, for 

exampie, Wmter (1971), Nelson and Winter (1982). Day and Eliasson (1986), Dosi et al. 

(1988), and Hanusch (1988). 

Certainly, there has been work to address these concems within the neoclassical 

f?amework6, but much of this bas been perceived as stop-gap measures which do little to 

rectw the basic süucturai fiaws. Evolutionary economics, for its part, has not yet been 

able to adequately fill the gap: 

For example, 'New Growth Theory' (see Romer 1986,1987,1990, and Shaw 1992). There are -nt 
signs of c r o s s - f a o n  be&ween New Growth Thaory and Ev01utionary Ecommics (see Nelson and 
Ramer 19%. and Romer 1996). 



'Vnfominately, the diverse contributions to evolutionary economics have been 
better at launching criticisms of neoclassical wncepts than at deveioping the 
regsons for their opposition into a more constructive consensus about alternative 
core notions" (Witt 1991). 

However, the effort to develop evolutionazy economics as a disa0piine continues in an 

attempt to shed light on questions that are airrendy W y  iiiurninated by classicai 

economics. For example: the existence of multiple equilibria, the impact of social values 

and institutions, the impact of social rules and routines, the mation of novelty and 

diversity, and the impo&ce of path dependence. This thesis hopes to contrihite to that 

development. 

What, then, is evolutionary economics? Certainly, there are many views (eg  SaViotti and 

M e t d e  1991, Witt 1991, 1992, 1993, Foray and Freeman 1993, Day and Chen 1993, 

Dosi and Nelson 1994, Andersen 1994). Andersen (1994) d s  it a 'rather confùsing 

a m ' .  The foiiowing description is a synthesis of the core notions in most views. 

In an econornic system, economic agents interact with each other and their environment in 

efforts to control scarce resowces. Traditional econornic thaory holds that these 

economic agents do so to maiàmize utility. For a fhn, utüity maximization is considerd 

to be synonymous with profit maximization. Further, these actions are believed to be 
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rational. Rationaiity implies the ability of management to make decisions that are fully 

infonned and without error. There is no explanation for différences in choices among 

firms. The economic system is seen to be in a n a W  state ofequilibrium, uniess disturbed 

by exogenous forces. 

As in an economic system, organisms in a biological systern interact wi?!, each other and 

their environment in efforts to control sauce resources. However, biologists have been 

hesitant to credit orgariisms with the inteiligenœ, raîionality, and motivation that 

economists have assumed for management. Instead, the operation of biological systerns is 

described using the much less restrictive assumptions of evolutio~ Briefly. evolution has 

three requirements: diverse organisms, a hostile environment, and adaptation. 

The evoIutionsry econornics approach embodies the p~ciples  of biological evolution and 

natural selection by interpreting the economic system as an adaptive mechanism The 

economic environment chooses among exploratoxy actions of h s  generated by imitative 

and inventive behaviour in the pursuit of 'positive profits', rather than 'maximized profits'. 

The economic counterparts of genetic heredity, mutations, and s u ~ v a l  are seen as behg 

imitation, invention, and su~va l .  w e m e n t  is boundedly rational and impenectiy 

informed. F i  are strongly affected by 'chance' events. Firms mer because of theu 

diiering exploratory efforts; their diering access to, and interpretation oc Uiformation; 
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and their dEering fktes at the hand of fortune. The economic system is in a suite of 

perpetuai change that is driven by the endogenous activities ofits participants. 

Witt (1991) dehes evolution as rhe  on of a ystem over time thnnrgh 

endogenousiy generated change. Andersen (1994) iists typical assumptions and 

characteristics ofevolutionary-economic expianations 

The agents (ïmdividuals and organisations) can never be 'perféctiy inforneci' and they 

have (at best) to optimise l o d y  rather than giobally. 

The d e c i s i o n - d g  of agents is normaliy bound to d e s ,  nomis and institutions. 

Agents are to some extent able to imitate the des of other agents, to l e m  for 

themselves and to create novelty. 

The processes of imitation and invention are characterised by significant degrees of 

cumulativeness and path dependcncy but they may be intempted by occasionai 

discontinuities. 
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The interactions between the agents are typically made in disoquilibrium situations and 

the result is successes and faiiures ofcommodity variants and method variants as weli 

as of agents. 

The processes of change. d g  in a context desaibed by the above assumptions 

and characteristics, are nondetefministi~~ open-endeci, and irreversible. 

Of these characteristics of evolutionary economic explanations, there are four which have 

important UnpIications for how research in this area is d e d  out. These are: 

1. Dynamic - evolutionary economic rnodels d e  dynamic processes, rather than 

static equilibria 

2. Stochastic - evolutionary economic models exp ticitly acknowiedge the stochastic 

nature of the world. 

3. Adaptive - components of evolutionary economic models are continuously infiuenced 

by theu interaction with other components. 

4. Path Dependent - the path taken by an evolutionaxy economic mode1 is not 

determinable a priori. 
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Taken together, these characteristics essentidy preclude the .use of closed fom 

mathematical analyses. Mead, the customary approach in the field has been the use of 

computer models and simulation The next chapter examines the need for this approach, 

discusses some of the signincant models which have baen used in the past, and examines 

what is needed in fbture modehg exercises. 

Summary 

In this chapter we have seen that the components of biological evohtion are 1) a measure 

of success, 2) mechanisms for exploration, and 3) seledon based on success. Next, we 

have heard Alchian's arguments that these components exisî in the economic world: 1) the 

measure of success is profits, 2) the mechanisms for exploration are imitation and 

invention, and 3) selection based on success means the s u ~ v a l  of finns with positive 

profits. Further, we have explored the wncIusions Aichian reaches as a result of this 

evolutionary perspective: 

More successfùl f h s  have a higher probability of survival than l e s  successfbl firms. 

The merric of success is relative profit, not rnaxhnized profit. 

Exploration can be considered to be composed of elements of imitation and invention, 

which correspond to sexual ceproduaion and mutation in bioIogy. 
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Exploration can r w l t  in relative superiority even without motivation or comcious 

direction. The environment is coasidered to 'adopt' those who are successful, rather 

than the s u d l  'adapting' to the environment Variety is an important determinant 

of the success of exploration. 

Fortune plays an important role in determuiing who is successtiil The higher the 

degree of inedunlle uncertainty in the envîronment, the less ability agents have to 

determine th& desthy, and the greater the role of fortune. 

Finally, we have introduced the new field of evolutionary econornics that uses the analogy 

of biologicai evohition to explain economic processes. The characteristics of evolutionary 

economic models are: 

Irreducible uncertainty, 

Dynamic, stochastic processes, 

An exogenous determination of success,- 

The endogenous creation ofnovelty and imitation ofsuccess, and 



Survivd of the more successfiü, at the expense of  the less successfiil. 

In Chapter 4, a model of the process of tecbnologicai change wüi be deveioped which 

embodies the characteristics of evolutonary economic models. In Chapter 5, the model 

will be hplemented in a cornputer program which is based on the thne components of  

biological evolution. In Chapter 6, this program will be used to demonstrate Alchian's 

conclusions regardhg the operation of emnomic systems that behave in a &hion 

analogous to biological evolution. 



3. Evolutionary Approaches to 
Modelling Technological 
Change 

A model is a sirnplified description of the r d  world obtained by making assurnptions 

about how things behave. The modd usually takes the fonn of mathematical or logical 

relationships. When a model is too complex for direct analytical solution, it can be 

evaluated using numencd techniques and computer simulation. 

Technologicai change has been modeiied using a wide variety of techniques, such as those 

of traditional econornics and game theory. These approaches, however, are preocaipied 

with equiiibrium solutions and do not capture the dynamic aspects of change with which 

evolutionary models are conce-med. Evolutionary models are commonly implemented 

ushg computer simulations which Lane (1993% 1993b) tems 'artificial worlds'. 

The classic, and perhaps simplest, artificial world is Conway's game of Lie. Lie t h  

place on a grid ofceiiq each c d  touching eight adjoining ceiis. Each ceU can be aüve or 

dead, according to niles which are applied iteratively: a iive ceil with two live neighbours, 



or any celi with three neighbours, wül be alive at the next tirne step. Surprisingly cornplex 

patterns can develop nom these simple des.  The patterns display chaotic behaviour and 

mimic population dynarnics in biological systems. 

While there have been numerous implementations of artificial worlds, Lane is the first and 

only to have descriied and characterized this class of models The next d o n ,  93.1. 

surnmarizes h e s s  (1993a) work The foiiowing section, gJ.2, examines two approaches 

which have been taken to mate evolutionary models of technologid change using 

artificial worids. The final section of this chapter, 9 . 3 ,  discusses the stahrs of these 

efforts and suggests improvements for future modehg exercises. 

Lane (1993a) defines artificiai worids (AWs) as "cornputer implementaôie stochastic 

models, which consist of a set of 'microlevel entities' thaî interact with each other and an 

'environment' in presdbed ways" @go). 

Artificial worlds are commonly inspireci by biological evolutionary processes and have the 

foliowing elements: 

Entities - niere is a population of entities. 



Attributes - Each entity has attncbutes chosen fiom a set. 

Fitness - The fitness ofeach entity is deterrnined fiom its amibutes and the state of its 

environment. 

SuMval - The -val of the entity into the next t h e  period depends on its fitness. 

Replacement - Entities which do not survive are replaced by new entities which 

combine attributes of survïving members of the population. 

Objectives 

Accordmg to Lane, "the aim of AW modebg is to discover whether (and under what 

conditions) histones exhibit interesthg emergent properties" (p90). The identification of 

emergent behaviour depends somewhat on the eye of the beholder, however Lane 

describes three properties that should be looked for: 

9 Behaviour which can be descriied Li terms of aggregate-level constructs, without 

reference to the amibutes of s p d c  microlevel entities; 

BehaMour which persists for t h e  periods much greater than the t h e  scale appropnate 

for describing the underlyhg micro-interactions; and 

- 
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Behaviour which defies expladon by reduction to the superposition of 'bu& in' 

micro properties of the artificial worid. 

AWs are used to help in understanding how largescale properties of the real world are 

dependent on the lower-level processes that underlie them. They illustrate both how 

macro-level complexity &ses ftom the simple interaction of micro-lewl entities, and how, 

pervenely, maao-level effects can be simple in spite of the complexity of micro-level 

processes. 

The need for computer implementation 

AWs are weil-def'ined mathematicai models, but Lane feels that, for a number of reasons it 

is unlikely that interesthg theorems about their emergent properties will be proved with 

the mathematical tools currently adable: 

First, AWs are designed to be open-ended systems. Their emergent properties are ody 

meta-stable, not equilibria or asymptotic States. The mathematid techniques for 

studying transient phenornena are not wel developed. 

Second, emergent properties are n e c e d y  complicated fiindons of the history of the 

attributes of the microlevel entities Born whose interactions they are fomed. It is hard 



to imagine that the descriptions of emergait properties wiii be mathemafidiy 

tractable. There are simple models of cellular automata, for example, wherein the 

solutions to particular questions are computationally irreducible - the shortest way to 

analyse the system is to mn the complete computation 

Third, it seems to be a plausible hypothesis that the capability of a system to produce 

emergent hierarchicai organization is a fùnction of its compIexity. As a resuit, the 

mathematical method of isolation and reductionism to handle wmp1exity wïii not 

work  

Thus, it seems likely that the emergent hierarchid properties of AWs will be diswvered 

onfy by implementing them computationally and observing what happens. For such work, 

the cornputer plays a role sunilar to the role the microscope plays for biology: it opens up 

new classes of questions and phenornena for investigation. 

Advan tages 

The use of artincial worlds as an approach to studying economic change has some 

important advantages: 



For the reasons given above, artificial worlds may be the only faible approach to 

studying evolutionary processes. 

Like any cornputer model, adficial worids allow speQnc causes and effects to be 

isolated and exarnined in detail. 

Artinciai worlds provide tich r d t s  that can capture some of the cornplexity and 

dynamism of the real world. 

However, there is w question that the use of artificial worlds cornes with a number of 

inherent problems. Lane (1993a) and Andersen (1994) point out some of these problems: 

To date, there have been few hplementations of art i f id  worlds which model 

technoiogical change. As a resuIt, there is no history of what constitutes 'acceptable' 

models, as there is in neoclassicai economics. Therefore, any artificial evolutionacy 

economy is open to criticism on the grounds that its design is arbitrary. 

The more tichly detailed a model is, the more intnguing it is to its designers - but the 

less likely it is to capture anyone else's imagination or interest, which wavers at the 
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first ad hoc and unshared sssumption This produces a real bamier to acceptanus and 

dissemination, 

Without mastering the rnicrolevd details buiit into an artificid world, it is simply 

impossible to corne to a reasoned judgement on whether an obsennd aggregate-Iewel 

property is in fàct emergent - or merely a consequence easily derived âom the 

superposition of some particular microlevel féatures. Such mastery takes considerable 

effort, but without it, the whole point of the artiticial worid may be los. 

Non-evolutionary economists may think that evolutionary simulations are unclear ways 

of reaching results that can be demonstrated with much more darity and eiegance if 

substantial rationality is not excluded fiom the analysis. 

Policy makers may express their disappointment at the lack of clear-cut policy 

implications. 

These criticisms are equdy applicable to ail aitüicial economic worlds. In spite of these 

problems, a few atternpts have been made to implement artificiaf worlds in order to study 

technological change. These are descriibed in the next section. 



This section briefly desmies the two approaches to evdutionary simulation models that 

have examined aspects of technological change. However, as Lane (1993b) says, "there 

redy is not such a thing as a short summary description of an a d c i a l  ecooomy". The 

first description is of the Nelson and Wmter model. This approach applies an evolutionary 

strategy to predominately traditional economic equations descrï'bing supply and demand. 

Next, the artificial adaptive agents of HoIIand and Arthur are considered. This approach 

uses classifier systems and genetic algorithms as the modehg tool. 

N e b n  and Winter 

Nelson and Wuter (1982) were probably the f h t  to create cornputer programs and 

calculations which c m  be interpreted as reflecting the mechanisms of an evolutionary- 

economic process They combined: 

1.  Simon's (and Cyert and March 1963/1992) work on d e s  and satisfichg behaviour, 

2. Nelson's and other 'Schumpeteriad work on invention and hovation, and 

3. Alchian's ad Wmter's work on 'naturai seidon'. 



Dosi and Nelson (1994) describe the Nelson and Wuter modeliing approach. In a series 

of models, Nelson and Wmter examine the actions and interactions of firms. F i  are 

viewed as the carriers of 'technologies' - pfacfices or capabilities that determine their 

success in their world. Finns pdom search processes in order to uncover new 

production techniques or to improve prevaiiing ones. A firm's search process is partly 

foaised on hventing - trying somethllig that is d i n t  than what its competitors are 

doing. But also pays attention to the aaivities of its competitors and imitates, with a lag, 

other successful h s  in the industcy. The search processes therefore both provide the 

source of dierential fitness, and act to produce cornmonality arnong the traits of the 

f h s .  The population of fimis in the industry is viewed as operating within an 

exogenously detennined environment. The environment can be interpreted as a 'market'. 

The profitability of any tkn is detennined by what it is doing, and what its competitors do. 

The models operate as iterative stochestic systems. Finns are characterized by thek 

resources and prevailing routines (techniques). Decision rules are invoked based on 

market conditions in the prevailùig period. The inputs employed and outputs produced by 

aii firms are determined, and the market determines pnces accordiigiy. Each fïrm 

determines how rnuch it expands or contra&. Search routines corne up with proposed 

modincations to each nmi's capabilities that may (stochastically) be adopted. The models 



generate tirne paths of firrn and industry inputs and outputs, wage rates, retum on capital, 

and labour/capitd shares. 

Nelson and Wmter used their models to examine economic growth, inventive strategy, and 

industry structure. They were able to generate tirne paths of mac~o-economic variables 

that are simüar to Solow's 1909 data They aloo found: that, in general, innovative R8U) 

was not profitable; that imitation is wstiy and take the,  leading to a gap between average 

and best practice; and that history and luck matter. 

Andersen (1994, 1996) has obsewed that the Nelson and Wuter models have never been 

fdUy documented, their dïerences have never been explored, and that the computer 

programs have apparentiy disappeared. Andersen sets to rectify this mnnising situation 

by re-constmcting the models and computer programs. H e  is able to pdaliy replicate the 

Nelson and Wmter results and finds that inventive h s  perform best when imitation is 

dicul t .  Andersen disaisses, but does not implement, extensions which would pennit the 

Nelson and Wmter models to examine market share and concentration; satisficing 

behaviour. exit and entry, industry creation; market behaviour; local markets and National 

Systems of Innovation; economic growth; ai~d backwardness and catching-up. 

Other authors which have u d  approaches similar to Nelson and Wuiter's include: 

Andersen (1994), Silverberg and Verspagen (1994), Englrnann (1994). and Chiaromonte 



et al. (1993). Silverberg and Verspagen create a model of an economy with capital 

accumulation, wate rates, introduction of new technologies and firms, diaiision of new 

technologies, and changing innovative behaviour of finns. Invention is achieved by 

drawing fiom a normal distribution centred on the aiment value (Le. invention is a random 

wak). Only finns with low profits do imitation They find: that the rate of technical 

change is negatively relateci to the concentration indq that short p e r d s  of high variance 

are interspersed between relatively long penods of market unifonnity, that inaunbents 

persist with occasional displacement; and that high levels of cornpetition emerge jointiy 

with high levels of MD. They make the interesthg statement that their mode1 "may not 

* 
yet be simple enough". 

Englrnan. presents a deterrninistic disequilibrium model of endogenous innovation and 

growui. Labour productivity increases via an RBrD production function The model does 

not assume perfect foresight or rational expectations. The behaviour of agents is 

governed by routines, not by m2uSmization Three cases are exarnined: 1) only one 

techrology is used in production, 2) diision of one new technology~ and 3) dfision of 

various technologies. Simulations show cyciical results for profit, labour productivity, and 

employment. Alsq labour productivity growth inmeases with the savings rate. 

Chiaromonte et al. introduce a model consisting of three sectors: machine production, 

goods production, and consumption, Both invention and imitation o«w. Selection 
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mechanisms act on relative competitiveness. The environment and the agents coevolve. 

Chiaromente et al. assume that behavioural noms present a relatively high degree of 

inertia and, thus, can be taken as parameters. niey explore the conditions under which 

micro-technologid leamhg yields relatively ordered aggregate patterns of growth, and 

the efEect of particular n o m  o f  behaviour and interaction arnong agents upon aggregate 

dynarnics. They present "highiy preliminary rdtsn which they find "plausible": 

Innovators may sometimes be 'lambs' whose 'Sacrifjce' produces a leaming exte* 

for the whole system. 

The fonn of micro-diversity affects macro-dynamics, even for unchangeci mean values. 

Behavioural heterogeneity is important for progress. What tum out to be 'mistaka' 

for individual agents might also npresent positive extemalities for the systems as a 

whole, 

Some minimum appropriabiiity threshold is a necessary condition for invention, above 

which the effect is ambiguous. 

Lane (1993b) extends the work of Chiaromonte et al., but presents no results.. 



ArtijiciaC Adaptive Agents 

MiUer and Holland (1991) introduce the concept of  artificial adaptive agents (AAA). 

They start by noting that many economic systems can be classüied as complex adaptive 

systems. Such a system is complex in a special sense: i) It consists of a network of 

interacting agents (processes, elements); ii) it exhl'bits a dynamic, aggegate behaviour that 

emerges fiom the individual dv i t i e s  of the agents; and üi) its aggregate behaviour can be 

descnied without a detded knowledge of the behaviour of the individual agents. An 

agent in such a system is d p t h e  if it satisfies an additional pair of criteria: the actions of 

the agent in its environment can be assigned a value (performance, utility, payoe fitness, 

or the me); and the agent behaves so as to increase this value over the.  A cornputer 

program which mimics the behaviour of such an agent is an AAA, and can be used to 

investigate the operation of adaptive economic systems. 

A wide range of cornputer-based adaptive algorithms exist for exploring AAA systems, 

including classiner systems, genetic algorithms, neural networks, and reinforcement 

learning mechanism. Current economic studies of adaptive agents rely on genetic 

algorithms (Axelrod 1987, Miller 1989, Andreoni-Miller 1990) and classifier systems 

(Ma-on et al. 1990, Arthur 1991). The pcimary application of artificial adaptive agents 

has been in studying the evolution of strategies in iterated game theory (Axelrod 1984). 



Miller and HoUand outhe an approach to modelling emnoniic systems which uses 

Holiand's classifier system. A clmrer  system (Holland et ai. 1986) is an adaptive mie- 

based system that models its environment by activa@ appropriate clusters of rules. Each 

rule is in condition,action fonn, and many mies can be active simuitaae~usly~ The 

outcome ofa cornpetition with other d e s  that satisfy the current conditions is detennined 

by a strength measure assigned to each d e  based on past performance. A 'bucket- 

brigade' algorithm adjusts rule strengths so that d e s  wtiich depend on other d e s  are 

appropriateiy rewarded. A genetic algorithm is used for the discovery of new niles. 

Classifier systems were originaiiy developed as a technique for a sub-disciphe of Artificid 

Intelligence known as machine leacning, and so it is not surpriskg that they can be used to 

mùnic Ieaniing in economic systems. Miller and Holland point out that AAA models, 

specified in a computer language, retain much of the flexiiiïiity of pure linguistic models, 

while having the precision and consistency enforceci by the computer language. 

Arthur (1 99 1) calirates a Hoiland-type classifier system to reproduce human behaviour in 

the simple decision context of agents choosing repeatedly among discrete actions with 

initiaiiy unknown, random consequences. - What makes this iterated choice problem 

interesthg is the tension between expIoi*ition of high-payoff actions that have been 

undertaken many times and are thedore well understood, and expIordon of seldom-tried 

actions that potentially may have higher average payofE Artifidai agents are represented 



as using parametrized decision aigorithms so that the a r t i f i d  agents' behaviour matches 

real human behaviour observed in the sarne decision context. The algorithm is nonLineu in 

that actions that are fiequentiy taken are m e r  strengthened or reinforced. And it is 

stochastic in that actions are triggereû randomly on the buis of aurrnt probabilities, and 

rewards are drawn randomiy nom a distributon Arthur calibrated the algoritlun, with 

some succes, against two-choice bandit experiments conducted by Lavai Robillard at 

Harvard in 1952-53. 

Other authors who have employed the artificial adaptive agent approach include Bhargava 

and Mukhe jee (1994). They use stochastic cellular automata that interact through Lotka- 

Volterra competition equations. The simulations e x d e  diffiision of two competing 

technologies in a two dimensionai space. They 6nd that each technology carves out its 

own niche. Niche formation is slowed by low effectiveness of interaction (high 

competition). 

3.3 The Stafus of Modelhg Technological Change Using 
Artificiaf Worlds 

The previous section has outhed the two types of approaches to modehg technological 

change using artificial worlds. Ovedi, however, there have net been many examples of 

either approach in the Iiterature. This is probably for two reasons. F i  the computing 



power necessaty to create an artificial wodd has oniy become inexpensive and easy io use 

in the recent past Second, as pointed out in 9.1, there are a nurnber ofgenenc problems 

inherent in the approaches. 

The Nelson and Wmter approach d e r s  primdy fiom two problems. First, its models 

tend to be complicated. As a resdt they are difncuit to grasp and seem vety arbittary. 

Often they are arbitrary in the sense that there is no underiying model of the process of 

technological change. Second, while evolutionary in implementation, they are neoclassical 

in design, involving traditional equations for supply and demand, and mark- which clear. 

The use of these equations does little to advance the notion that the evolutionary approach 

can stand on its own. 

The Artificial Adaptive Agent approach suffers, for the moment, f h m  one major problem: . 

lack of model implementation. Existing papers are mostly model descriptions. Where 

implementation is claimed, results from the model are fiequentiy ornitted. This approach 

does have the major advantage that evolutionary techniques are used to model 

evolutionary ideas, and neoclassical econometric equations can be avoided. 

Whatever approach is taken, it is clear that any artificial world approach requues two 

things. Fust, an environment which makes computation relatively easy and fast so that the 

user can fùlly investigate the richness and cornplexity of the model. Second, the richness 



and complexïty of the output requires sophisticated data visuaikation techniques so that 

the results can be easily and properly interpreted. 

In the next chapter. an artiacial worid is dmloped which addresses some of the 

shortcomings of previous w o k  

It is founded on an explicit model of the process of technotogid change. 

It uses the artificial adaptive agent approach (specificaliy genetic algontbms) and 

therefore uses evolutionacy techniques to model evolutionary ideas. 

It employs powerfùl mrnputation and visuaktion software to aid in the generation 

and interpretation o f  results. 



4. A Mode1 of the Process of  
Technological Change 

The reai wodd is either randorn, chaotic', or cornplex; the choice depends on one's f5th in 

humans' abiiity to make sense of their environment, in spite of 'bounded rationality'. 

While there is ample evidence supporthg the fht choice, it does not leave much room for 

subsequent study. But, even admitting to the second or third choice, human understaridhg 

of the world requires that it be simplifieci, classifiecl, and organized. Models help in 

Technological change is one of the most bewi ide~g aspects of our wodd. The world 

economy has been described as undergoing 'Yectonic shifts'' and a '?sunami of 

transformation" caused by the unprecedented speed and magnitude of technologid 

change (Wood& 1996, Côté-O'Hara 1996). Whether this is for the better or worse will 

continue to be hotly debated, however there-is no question that trying to cope with change 

is a daunting task for both producers and consumers of new technology. Ifever there was 
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a need for help with shplifyùig and understanding a cornplex proces, it is with 

technologid change. 
- 

In thîs Chapter, a model wüi be presented to introduœ some structure into our attempts at 

the analysis and understanding of the process of technologid diange. A glossary of 

tenns used in the model is wntained in Appendi B. In Chapter 5, the model wiil be used 

as the foundation for a cornputer program that simulates technologid change using an 

evolutionary approach 

The structure of the mode1 is motivated by analogies between the biological and economic 

worlds. In the biological world, organisrns (generidy referred to as genotypes) exploit 

theû attributes, in cornpetition with other organisms, to acquke scarce resources fkom the 

environment. These resources are used by the organisms to reproduce and metuate 

their genotype. Through sexual reproduction and mutation, dEerent possible attributes of 

the genotype are explored by successive generations. The economic world can be 

considered to operate in a similar fashon, with the following correspondences: genotype 

' In the popular venuailu, the word 'chaotic' is often useâ in a sense s)manymous with nuidormieos 
and utter confitsion. Here, 1 am using the mathematicai sense of system bebaviour which displays 
discemile patterns in spite of k i n g  non-periodic, and is sensitive to initiai conditions anâ smaU 
perturbations, but is not random. 
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t+ finn. resources ++ resowces, amibutes O techniques, other organisms t, industry, 

environment o market, m a l  reproduction o imitation, and mutation t, invention. 
- 

The Structure of Technological Change 

Figure 4-1 illustrates the mode1 of the process of technologicai change developed by the 

author. Central to this mode1 are the activities of the Finn that maintain a dynamic 

balance beîween ErpIorahïon and Es,Ioitcrhon. These acîivities are pefiormed within the 

context of the liz&stry in which the nmi cornpetes, the Mmker which the firm serves, and 

Society which Uuences the operation of the fhn, industry and market. The process of 

exploration consists of Imitation of others in the industry, and Iltveniion in anticipation of 

future market requirements. Exploration produces new Techniques for exploitatio~~, The 

process of exploitation consists of the Promotion of techniques (ernbodied În products) in 

the market, and Pmduction of products Cui cooperation and cornpetition with others in the 

industry). Exploitation produces new R e s m e s  that can be used for firrther expIoraîion. 

New Ideas flow into the fimi as the result of exploration, and out of the h as the result 

of exploitation. These concepts are explained below. 
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Figure 4-1: The Procesr of Teehnologkai Change 

The term 'h' has been used because the prirnary analyticai interest is in private sector, 

profit-seeking organizations. However, much of what will be presented is equally 

applicable to public sector organizations; though, the mechanisms anci outcornes of the 

processes may be les  pronounced if the organization is protected by outside powers. 

The purpose of the h is the standard transformation of inputs to outputs through the. 

application of resources (human and capital) and knowledge. The outputs are genedy 

taken to be products, although the mode1 is equdy applicable to s e ~ c e s .  Those products 
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may have a large technologid component, and that is certainly the foais of this work 

But, it must be emphasized that evaything here is applicable to conditions of change of 

any type, technologid or not. 

A fundamental decision for the nmi is the appropriate balance between exploration and 

exploitation. The detenninants of this balance depend on both the nnn's intemai and 

extemal environments. Extemal factors include the potential for the firm to appropr'te 

the results of exploration, the market demand for new products, the technid 

opportunities to create new products (Cohen 1995), the degree of nvalry within the 

industry (Porter 1990), and the social conditions of the industry and market (e-g. Lundvall 

1992). Interna1 fkctors include the firm's technid capabiiity, the resources available to 

the finn, and the abiity of the fbm to manage project isk The balance between 

exploration and exploitation is important in ail evolutionary systems (as discussed in 92.2). 

The applicabüity and value of any model depends on the questions that are to be asked of 

it. The emphasis of this model is at the meso-level of the firm and its interactions with its 

world. Micro-level details of operations within the firm are not expücitly represented. 

Sirnilarly, macro-level effects and impacts across industries are not considered. To do so 

would detract fiom the particular questions of interest, which consider how the balance a 

firm achieves between exploration and exploitation relates to its interna1 and extemal 

characteristics. 
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The h is a member of an industry made up of existïng rivals, suppliers, and potentid 

new entrants. The h ' s  indu* may be more dificuit to define for public -or 

organizations, but that is not partirulsitly hportam for the purposes of this study. Whiie 

relationships among industry members are traditionally viewed as competitive, this does 

not preclude cooperative actmties. The industry is wnstantly changing as the members 

individualiy adapt to changes in the market and among themselves. 

One major conclusion of Porter (1990) is that rivaky in an industry is an important dnver 

of explorative activity. The intensity of rivairy increases the oppottunity wst of not 

hovating and results in the competitive matching of R&D investment and new product 

introductions. 

It is sometimes argueci that such cornpetition leads to duplication of effort and wasted 

resources. However, this argument ignores the importance of variety and diversity in the 

search process. Numerous scholars have suggested that the pater is this diversity within 

an industry, the greater the rate of an industry's technid advance (e.g. Jewkes, Sawers 

and Stiilennan 1958, Scott 199 1). For naunple, Cohen and Kiepper's (1992) probabilistic 

perspective suggests that the potentiai technological opportunities that exist will be more 
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effdvely exploited when there are simply more firms drawing Eom the metaphorical um 

of possible approaches to innovation 

The benefits of rivalry do depend on some semblance of equality among cornpetitors. If 

one firm cleariy dominates the market, there may be littie incentive for others to ûy to 

compete. Even Schumpeter envisioned that the market power accruhg nom successfid 

innovation would be transitory, eroding as cornpetiton entered the field. Therefore, the 

long-term existence of rivaixy requires that an incumbent fh not persist in its dominance. 

There are a number of reasons why incumbent firms may have greater success than 

followers. Phillips (1 97 1) argued that, to the extent that 'success breeds success', 

concentrated industrial structure would tend to emerge as a consequence of past 

innovation. There is some evidence of the existence of learning-by-doing in MD, so 

successful h s  could simply find it easier to make further advances than Iess successfiil 

ones (Phillips 1971). Schumpeter argued that the imperfect nature of capital markets 

would make it easier for succesdid h s  to hance R&D fiom intenial resources. 

Existence of network extemalities and increasing retums to scale may lockin (Arthur 

1989) incumbent finns and their technologiés. Innovation can also &éct market structure 

by increasing or decreasing the efficient scale of production. 
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Market 

The tirm's market consists of the consumers of the finn's output The asmmption is that 

the firm receives resources 6om consumers in retum for its producis. But this is not a 

requirement, as in the case of pubüc sector organizations that receive fùnding fkom 

sources dïerent nom the consumers of theù services. Markets change, and the h must 

wntinuousiy adapt to those changes through exploration. 

It should be obvious, but aIi too o h  seems to be forgotten, that there cannot be any 

benefit fiom an innovation unless t its wanted by the market. Once convinced of its 

abZty to satisfil a need, a f h  must examine the size and profitabiity of the portion of the 

market that it can exploit. Size can be expressed as a volume or rate of growth (Cohen 

1995). 

The evolutionary fiterature has moved sway fiom the treatment of market selection as a 

confrontation between one old and one new technology. Instead, the preferred approach 

is to consider that at any tirne there are a variety of technologies available, and diffusion is 

the outcome of a process of cornpetitive seleaion across these technologies ( M e t d e  

1988). This is the approach which has been taken here. 



Exploration 

Any operational h is Ïnherently unstable; the only tniiy stable condition is bankmptcy'. 

Staying in business, therefore, mua be an active process. Of the countless things that a 

fkm rnust do to survive, exploration is fiindamental? If a finn only does what it is has 

always done, it is vulnerable to the dual threats of changing markets and improving 

cornpetition. This incessant need to ïmprove r d t s  is a pattern of change known as the 

product Iife cycle (Abemathy and Utterback 1978, Utterback 1979). The change fiom 

one cycle to another is often descnïed in t e m  of the 'generation' of the technology. The 

period of the cycle depends on the rate and sisnificance of the change. 

Exploration is wmmonly equated with research and development m), but this is too 

lirniting. A nmi can, and does, continuously explore in every aspect of  its operations. 

Exploration includes formal and iaformai, technical and non-technical, activities. 

Exploration may wncem products or processes. 

Exploration activities can themselves be divided Uito two fundamental types: invention and 

imitation. Invention is the creation of the novel, imitation is the borrowuig of the existing. 

' Iftht~pratioaofafirmistboughtofiii(cniuofaMarlmvpaoap,thcn(be~~ivetlcyoftbc~is 
quivalent to îhe gambler's niin ptoblcm. If thc fïrm continues to 'win' it can do no better than 
obtain monopoly power. However, a mmoply is not stable becauçe tbe finn must cootinually adapt 
to a changing environment, On the dbtt band, hankniptcy is an absorbmg state and therefore, a h n  
in the long-run wiil becorne bankrupt with probability 1. 



W e  the two are commonly separated in both popular and academic thinking (as wiii be 

done here), they are in reality inseparable. What U ofien d e d  invention consists of 

combllung existing techniques (iunitation) into new fonns. What is often d e d  imitation 

consists of adapting (iivention) existing techniques to new requirements. The pure fomis 

of the two concepts are really the extremes of a grey continuk 

Perhaps the most obvious deteminant of arplorative effort at the level of the nmi is its 

technid capabiiity. There is a close relationship b a n  inventive and imitative 

capability. Finns invest in R&D partidy to develop new tekhnology (invention), and 

partiaily to develop their 'ability to assimilate and exploit existing information' (imitation) 

which Cohen and Levinthal (1989) cal1 'absorptive capacity'. A firm's technid capability 

depends on the eflort it expends in exploration, its ability in exploration, and the dinction 

in which it proceeds. 

Explorative effort depends on the avdability of resources and the willingness to use them 

for exploration. The availabiiity of resources depends on the many factors influencing the 

performance of the firm (mcluding past explorative success). Its willingness to expend 

them in explorative effort depends on conditions extemai to the hn, and the W s  

propensity to explore. Propensity to explore is an intangible concept that is difEicuIt to 

For example, Moweq (1983b) f m d  that R&D contnkted to fimi survïvai over the @ad 1921 
through 1946. 
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isolate and quanti@. It combiines the concepts of ainosity and risk aversion, and is 

manifested as an element of wrpocate culture. 

Explorative abiiÏty is d i d t  to evaluate. Evaluation difIiculty is cornmon to the 

measurernent of al abilities (wittiess the controversies surrounding IQ tests), but is 

especiaiiy ûue for explorative ability. This is due to the stochastic nature of technological 

exploration; who is to say how much credit should be given to ability, and how much to 

serendipity? However, effort and experience can partiaiiy substitute for ab'Iliw That is 

why the accumulation of tacit knowledge is so important in both the imitation and 

invention processes Vatel and Pavitt 1995). 

Explorative direction is partially intuitive based on experience (invention)), and partidy a 

reaction to the technological trajectory of industry search Citation). Malerba (1992) has 

provided a taxonomy of h l e d g  and shows that these difEerent sorts of leamhg 

affect the kinds of innovative adivities pursued by nmis. 

Technologid exploration is an inherently uncertain and risky endeavour. Given that only 

a smd percentage of projects will be successfbl, a strategy for risk management is 

diversification. By maintainkg a portfolio of projects which pursue dierent goals ushg 

different approaches, a fim wiiî increase its probability of having some success, though at 
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incruwd cost (McFarIan 1982). The probabüity of success can be improved further by 

spending more. though at rapidly decreasing retums to d e .  

Large fkms may have an advantage over small fixms in their probability of long-tenn 

s u ~ v a l ,  since they can diversify to a greater degree and better weather short-tenn 

setbacks. Perversely, large !bas have an image as behg risk adverse. Rosen (1991) 

rationalizes that larger firms can gain reiativdy more nom safer, more incremental R&D 

projects that build on aristing technologies. This is because, when successfii~ such 

projects rnagnify the nrm's existing cornpetitive advantage as weii as the advantage that 

arises from spreading a fïxed per unit cost savings over a larger level of output. 

A firm c a ~  also manage risk by leaniing fiom the failures and successes of others in both 

their innovative and imitative activities. A strategy of imitation, while possibly less nsky, 

and probably l e s  rewarding, is not necessafily l a s  costiy. Mansfield et ai. (1981) have 

shown that imitation wsts are on average as much as 70?4 of innovation costs. 

Techniques 

The results of exploration adivities are new techniques for the firm. Techniques are 'ways 

of doing thuigs'. The concept of a technique includes entities (embodied knowledge), 

facts (codined knowledge), procedures (social knowledge) and skills (tacit knowledge). 



- -- -- -- 

Again, the ernphasis here is on the technid aspects of techniques, but the concept is not 

restricted to that. Techniques require effort and resoucces to create or assimilate; they- 

cannot be simply bought. 

The concept of techniques is an extension of Nelson and Wuter's (1982) concept of 

routines. Technologies are generic combiiom of techniques, and products are specific 

combinations of techniques. 

Technologies (and therefore techniques) tend to develop dong natural 'trajectories'. This 

results from the need to cope with, and duce, the enonnous uncertainty inherent in the 

complex decision problern of formuIating explorative strategies (Cohen 1995). 

Diswntinuities in the trajectory result fiom radical innovations that address 'bottleneck' 

problems. 

Since technologicd change occun in an interw~ected'~, adaptive system, a change in 

one part of the system must be compensated for by changes in other parts in order to 

maintain the dynamic balance. The system, however, is non-luiear and its behaviour is 

chaotic. While tantalisingly familiar patterns develop in technologid paths, the actual 

path of a particular technology is impossible to predict. Subtly d i r e n t  initial conditions 
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may lead to radically dxeient outcornes and extemdy caused perturbations m e r  

complicate the paîh. 

Technologies can becorne 'locked-in' to a particuiar trajectory under certain conditions 

(Arthur 1989, 1990, and 1993). demand conditions can produce network 

extemalities. A network externality exists when the ôenefit that a user receives from a 

technology increases with the number ofother users. This can occur when the technology 

requues compatibüity with other products ( o h  produchg explicit or 'de facto' industry 

standards; for example, Microsoft Wmdows), when use of the technology requues 

connectivity to others (for example, the phone system), and when the user must make a 

leamhg investment (for example, QWERTY keyboards). 

Second, supply conditions can produce increasing retums. Increasing retunis exist whzn 

the profitability of a technology to a producer inaeases with the amount produceci. They 

c m  result from economies of scale (for exarnple, larger plants with lower unit costs), 

leaming by doing (for example, expenence in production may enable performance and cost 

improvements), and the ability to disperse high initial costs (for example, the marginal cost 

of a copy of a software program or movie is insignifiant compared to its original 

production cost). Increasing retums are particulariy prevalent in howledge-based 

products. 
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When these conditions exist, the probability of lock-in is enhanced, but which of initidy 

competing technologies will be chosen may be indetemûnate opnon'. This is because of 

the important role of chance in choosùig between potential outcornes. Chance events are 

'historidy srnail' and are "outside of the exrate knowldge of the observer - beyond the 

resolvhg power of his 'model' or abstraction of the situation" (Arthur 1989, ~118). 

Therefore, accurate forecasting of technology wectones may be theoretically, not just 

p racticaiiy, impossible. 

When lock-in OCCUTS, there is no assufance that the optimal technology trajectory has been 

selected. An example of this is the victory of VHS videocassettes over the Beta format, 

which was considered technidy supenor. Lockjn may also restrict fùture hprovements 

in a technology The existence of lock-in destroys the myth that market econornies wïil 

'choose' and maintain the optimal outcorne. 

Classic examples of lock-in include the QWERTY keyboard (David 1985), AC power 

distribution, the intemal combustion engine (Arthur 1990), 'clockwise' clocks (Arthur 

1 WO), and railway track gauges. 



The firm both influences, and is iduenced by, its market and industry. An important 

mechanism for this infiuence is the movernent of techniques into and out of the finn 

through the flow of ideas. A finn inûuences its market by promothg its ideas as embodied 

in products (technology push). In tum, the fim is infiuenced by market preferences 

reveaied through choices arnong the o f f e ~ g s  of all the 6mis in the industry (technology 

p u 0  

Schrnookier's (e.g. 1966) focus on the role of demand sparked a lively debate arnong 

economic historians and others conceming whether 'technology-pull' or 'technology- 

push' was the primary force behhd technologicd change. It is now generally accepted 

that both have a role to play, and which dominates depends on the situation. While the 

suggestion that technological innovations may induce changes in demand (teCh~10gy 

push) is obvious to the historian, economists typicaiiy consider tastes as given and 

immutable, and therefore must depend on technology puîi. 

The firm innuences its industry as other firms imitate its ideas (spiliovers). Likewise, the 

firm is hfiuenced by its industiy as it observes the behaviour of other h s  (scanning). 



The topic ofspiiioven deals with the 'leakage' of new ideas fiom a h m  and their transfer 

among the members of an industiy, what von Hippel (1994) 4 s  the 'stickiness' of 

knowledge. Spülovers are, in a sense, the fiip side of appropriabili~, they result when 

appropriability efforts are not whoiiy s u c d  (see Exploitation below). 

Firms 'borrow' dEerent amounts of  knowledge âom dEerent sources accordhg to their 

economic and teduiological distance fiom them (Xislev and Evenson, 1975). The relevant 

concept of 'distance' is very hard to define empincally. The 'weighting' kction can be 

interpreted as the efféctive fraction of howledge borrowed. Presumably the amount 

borrowed becornes smailer as the 'distance', in some sense, increases between the firms 

(Griliches 1995). Patent data CO- that spiilovers tend to be geo&taphically localised. 

This is not surprising, given the importance of ta& (Le. person embodied, rather than 

information embodied) knowledge in technical change Qatel and Pavitt 1995). 

Tune is an important element in the diision process. The rate of adoption is the relative 

speed with which memben of a social system adopt an innovation. When the number of 

individuals adopting a new idea is plotted on a cumulative nequency basis over tirne, the 

resulting distribution is an S-shaped curve: There is variation in the slope of the 'S' 

among innovations, the degree of slope indicating the rapidity of adoption. The top of the 

' S' may decline as the technology is superseded by a new generation (Nakicenovic 1989). 



- - - - - - - - - - - - 

The rate and cost of inter& diniision dEers across technologies, industries, and 

countries. On average, Little of the origïnai product remallis 'private' past ten years 

(Griliches 1995). Mansfield et al (1981) examined 48 innovations in four sectors and 

found that imitation times (measured fkom the start of appiied research to commercial 

introduction) averaged some 7P!% of innovation times. The ratio of imitaton wsts to 

innovation costs averaged some 65% on average Cui oniy seven of 48 cases did imitation 

costs exceed innovation costs). nie correlation between the ratio of imitation to 

innovation costs and imitation to innovation times was 0.8 across the 48 innovations. 

It has been suggested that the existence of spiilovers should be a disincentive to 

explorative effort. While this rnay be true as a firstsrder eff'ect, the net impact of 

spillovers is more complicated and has an arnbiguous effect on industry explorative effort. 

This is because the level of productivity achieved by a 6rm or industry depends not only 

on its own research efforts but also on the levei of the pool of general lmowledge 

accessible to it. The simple 'disincentive effect' of spüiovers remains, but there is an 

offsetting incentive to invest in 'absorptive capacity'. Spence (1984) d s  the extent to 

which spülovers enhance technological opportunity the 'efficiency effea'. Therefore, 

while industiy R&D intensity may fidl b&se of spiiiovers, innovative output may 

actually increase. 



Exploitation activities transform the h ' s  techniques into the resources it requires for 

existence. Exploitation is commonly equated with the ihe business bctioos of 

manufaduring and marketing. However, this is only tnie to the extent that these hctions 
. . 

are performing 'routine' activities; they often also participate in exploration. 

The findamental exploitation decision for a firm concems entry and exit fiom market 

products and, ultimately. from industries. Entry and exit are influenceci by factors such as 

market potentiai, competition, technical capability, product advantage, and resource 

availability 

Exploitation activities can be divided into two types: promotion and production- 

Promotion activities are those directed to the consumers of the h ' s  efforts in the 

market. Production activities are those directed to suppliers, cornpetitors, and 

collaborators in the h ' s  industry. 

Appropriabiiity refers to how much of the benefits from exploiting an innovation can be 

captured by the innovator, rather than by imitators or consumem. ~bviously, a h wiiî be 

more predisposed to expend resources in exploration if it has reason to expect that it wili 

be able to appropriate a signincant portion of the hits of that effort (Arrow 1962). There 
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are four methods avaüable to firms to increase the bene& they can appropriate ftom 

technological advances they initiate. These are patents, secrecy, lead-tirne, and ancillary 

capabilities (Geroski 1995). 

Inventions are susceptible to leap-ECagging by the cornpetition- In such situations, rather 

than tiyUig to be the first to innovate, each fhn may let the othen i n w  the costs of 

making the discovery and then folow quickiy by imitation. There is then a 'fiee-rider' 

extemality. (Beath et al. 1995) 

Exploitation activities result in the acquisition of additional resources for the fim. 

Resources hclude manpower, equipment, and ficilitïies. But resources are, unlike 

techniques, things that can be acquked and traded. Most of a h ' s  resources will be 

required for fùrther exploitation, but the finn has the option to use some of the resowces 

for additionai exploration. The expenditure of resources for exploration is both planned, 

for example the fundimg of  a fonnal R&D department, and unplanned, for example the 

produdion foreman devising an improvement in the manufhcturing process. 

Availabiity of  resources is a prerequiàte for exploration. The degree to which-the scarcity 

of resources is a barrier to exploration is a much shidied aspect of public technology 



- 

policy development. The basic h e  of inquiry is whether h m  under-invest in exploratior 

This question can be examined fiom either a social welfàre or cornpetitive strategy point 

of view. 

The social weif'are view is that exploration benefits the public good by driving economic 

activity and providing consumers with improved goods and s e ~ c e s ' ~ .  However, because 

of appropriation dficulties (discussed eadier), the incentive for h n s  to invest resources 

in exploration is less than would be socidy optimai. Therefore, it is argued, there is a 

need for public intervention to provide resources for explorative activity. Among the 

many alternatives are the subsidization of h resources through tax poücies, direct 

funding, loans, and provision of assureci markets. 

Do h s  invest fewer resources in explorative activity than is sociaiiy desuable? Changing 

social attitudes about what is 'desüabie' complicates a n s w e ~ g  this question. Recent 

changes in attitude about the role of govenunent and government spendmg, as manifesteci 

in public policy, would indicate a public perception that stimulahg exploration is not a 

priority at this t h e .  

" In this thesis, the sociai and economic bendits dtechmIogical change arc pgumd AdmiÉtedly, this 
may be an uncertain assumption as the existenct of tbcsc b d t s  is subject to debate. While 
technologid change is the e n g k  of annomic growîh in many views (e-g. Schumpeter 1911 and 
Solow L957), statisticai midence ofthis in W L I O ~ C  data can be elusive (Ives 1994): fa particular, 
it has been di£6cuit fo show pmductivity imptovenients h m  compter investments: as Solow bas said 
"cornputers are evciywhere but in the eoanomic sfatidics". Tbt social kncfits of technological 
change are m n  more uncertain than the economic, and for many bave become an emotioaal issue. 



The cornpetitive strategy view is that exploration benefits the cornpetitive position, and 

therefore profitabiiity, of firms. However, due to inefficiencies in capital markets, the ris& 

nature of exploration, and the short tirne horizons of investon, resowces for exploration 

may be difficult to obtain Fimis would U e  to invest more, but are constrained. Again, 

this lads some to argue for pubüc intervention.. 

In theory, time and risk concems should be mitigated through capital markets. However, 

the inefficiencies caused by idionnation asymmetries can be substantial when dealing with 

the exploitation of intangiiles such as the 'knowiedge' which is the currency of 

exploration. This is why 'traditional' sources of capital, such as banks, are notonously 

hesitant to participate in explorative endeavours, and why specialized institutions, such as 

venture capitalists, are needed to provide the service. These specialued uistitutiow have 

deveioped the skills necessary to help deal with information asymmetries. 

Are there excessive constraints on the availability of resources for exploration? Certainly 

there are constraints; resources are never limitless. But the issue of whether the 

constraints are 'excessive' is tied to how the 'explorer' and 'fiinder' share risk and reward. 

Understandably, the 'explorer' desires to keep ownership, control, and possible rewards; 

unfortunately the 'funder' wants a portion. Myers' (1984) 'pecking order' theory of 

finance describes the outcome of this situation in the way h s  rank sources of hance, 

prefemng to use intemal finds first, then extemal debt, and finaiiy extemai new equity to 



fund investments. The evidence would seem to be that any gap in resource availability for 

exploration is due as much to the perceptions of d e m d  as to a Mure in supply 

(Goodacre and Tonks 1995). 

Since the firm's market and industry are specinraly identifid in Ulis modei, the M s  

society is then defineci as eveqthing else. Whiie that includes a considerable amount, the 

significant portions are public sector institutions that formulate and implement public 

policy. and society as a regdator that establishes and edorces sociai d e s  and standards. 

A number of researchers have highlighted the importance of local sociai conditions to the 

competitiveness of b s  (Porter 1990, Lundvd 1992% Nelson 1993, McKelvey 1991, 

Niosi 1991). This work suggests that there are strong nationai, regional or local 

components that influence the oppomuities for technological exploration. The interaction 

of aii the conditions iduencing exploration ùi a geographicd region has been described as 

a Natioml System of Innovation. 

The concept of a National System of Innovation indudes the fïrm, market and Uidustry 

conditions discussed earlier, but gives speaal promhence to additional social and politicai 

institutions and mechanisms. Examples of important elements include: trade bacriers, ta .  
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policies, social welfàre policies, defence policies, education and bWilltg systems, legd 

systems, labour market relations, and socid aistoms. This moves the theoty of industrial 

innovation fiom a simple description of the entrepreneur and the isolated nmi as 

innovation units, to a consideration of how ail the elernents of society contniute to 

technological change. Therefore, interactions and synergies can be considered which 

would not be visible in a reductionist anaiysis of specific firms or cornpetition arnong 

firms. 

There has been considerable discussion of whether the fnation' is the appropriate leva of 

analysis. Certainiy, the increasing integration of the electronic world, the lowerllig of 

trade barriers, and the prevalence of multinational corporations have served to decrease 

the influence of national conditions. However, the evidence is that the social and political 

institutions and factors that influence technologid exploration d l  know sovereign 

boundarks. Perhaps more significantly, distance matters, and while the nation may not 

always be the correct choice, there is little question îhat regional dierences are significant 

in the study of technological change. 



5. Simulating Technological 
Change with Genetic 
Algorithms 

In this chapter, the model of the process of technological change of the previous chapter is 

implemented in a computer program, calied B u e ,  which takes an astificiai adaptive agent 

approach to creating an artificid world (as descnied in 53.2). The description that 

follows is supportecl by a description of genetic aigorithms in Appendur C, a description of 

the computer code in Appendix D, and the wmputer code in Appendix E. 

5.1 Bizlife ûverview 

Bizlife is a computer program that shulates the process of technological change in an 

artificial economy. The simulation, while shplistic, aliows insight into the essential 

mechanisms of the cornplex real world. There are two sources of motivation for the 

program: 1) genetic algorithrns that define the structure and operation of the program, and 

2) the model of the process of technologid change that allows the results fiorn the 

program to be interpreted in the context of the real world. 



Genetic algorithms are a class of techniques for optimization that draw theu inspiraîion 

fiom the process by which biological organisms improve their adaptation to thar 

environrnent12. They operate by manîpuiating strings of nurnbers. More idionnation on 

genetic algorithms can be found in Appendk C. The use of genetic algonthms in the 

wntext of the Bulife program is d e s a i  below. 

The model of the process of tedmological change was d e s a i  in Chapter 4. The 

relationship of the program to the model is discussed below. Brie& ail the important 

aspects of the model have been implemented except for the influence of society and the 

concept o f  technology push. 

The philosophy used in the development of the program was to avoid logical complexity 

(i.e. to avoid decision rules). The objective was to see what cornplex@ would emerge 

from the program, rather than to 'hard wue' that complexity in Thus, firms in the 

program have three simple 'desires' (calied propensities) - to imitate, invent, and sell 

products (temed 'contesting' markets) - and do not invoke fkm specific decision rules. 

As a result, finns in the model m o t  be considered inteligent or rational. 

l2 lWhile Bizüfe uses tbe techniques of g e d c  dgorithms, it is usiog t h  as numerical 
optimization tools. 
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The environment does have decision d e s  tbat a E i  the probabüities of program 

outcornes. These are of two types; fjrst, those dealing with imitation, and second those 

deahg with entry and exit However, for the majority of the results reported in Chapter 

6, entry and exit are not used. These decision d e s  are descriiiied below. 

B i s e  has been implemented ushg W a b  for the computatiod engine and the 

v i s u ~ t i o n  of results. Matlab is a technid computing environment for high- 

performance numeric wmputation and visuaiidon. The name Mdab stands for mcrtmc 

laborafory. The basic data element is a rnatrix that does not require dimensioning. 

The basic formulation of the program is very simple - strings of numbers are wmpared to 

each other, some elements of those stxings are copied to other strings, and other elements 

are changed randomly. This basic formulation is describeci in 95.2 and used in the first 

three results sets of Chapter 6. 

A number of extensions to the basic formulation have been implemented. The first 

extension is the concept of firm distance, which affects the Wceiihood that two fim d 

interact. It is describeci in s5.3 and used in the fourth results set in Chapter 6. The second 

extension is the concept of resources, which allows the costs and rewards of fimi 

behaviour to be tracked with more precision than the 'performance' measure of the basic 

formulation. It is descn'bed in 55.4 and used in the nffh results set of Chapter 6. The final 



extension is the concept of entry and exit that dows fimu to change the products that 

they contest based on market forces. It is described in s5.5 and used in the fifth resuits set 

in Chapter 6. 

In the foiiowing descriptions of the basic formulation and its extensions, an uiformal 

description is given first, and then a formai mathematicai description is contained in a 

heavy-hed box. 

5.2 Basic Formulation 

The Bizlife world is composed of strings of numbers and it operates by manipulating those 

strings in the manner ofgenetic algorithm. Figure 5-1 shows the structure of the strings. 

An In&.sti+y is made up of a number of F i m ,  indicated here by the letters A through G. 

Each h can contest a number of products, indicated here by the letters a through i. 

Each product embodies a combination of Techniques out of set of feasible combiiations. 

The techniques chosen by the f k n s  for their products are shown h the body of the table. 

The performance of a h is deterrnined by how well its chosen technique combination 

matches that desired by the Mmket for each produa. In each penod, h s  can engage in 

Expiorution through imitation of the techniques of other finns that are performing weii, or 

through invention of new techniques. In each penod b s  can also engage in Eqdoitation 



Market 

Figure 5-1: Bizlife Reprtsentatioa 

by contesting the market for some products. F i s  may not contest some products, 

indiateci in the table by blank ceiis. 

The Birlife economy progresses over a number of disaeet penods. In the simulations of 

the next chapter, the number of petiods is vaned to investigate the effect of different tirne 

horizons. 



Since the program is stochastic, cesuIts from a single run may not be representative in 

general. To smooth the transient effects, resuits are often averaged over a number of 

iterations. Most results of the next chapter have been averaged over 20 iterations. 

in the program, the space of aü possible techniques that a firm could employ is 

represented by a string of numbers of a finite length and carduiality. Ih the example of 

Figure 5-1, there are 64 possible combinations of techniques for each product, created 

frorn binary strings five positions long. Longer strings, of higher cardinality, create a more 

'cornplex' environment for the firm. In the simulations of the next chapter, technique 

strings of length 20 and cardinality 5 have been used. 

From the technique space, firms 'choose' a technique set to use. Imitation or invention 

can modify this set (see Exploration below). Typicaliy, the technique string for each fimi 

is initialied by a random assignment. This crûttes an uidustry with maximum diversity 

and is anaiogous to the prima1 ooze of biology. In some cases, the initial strings are 

defined to create special situations. 

In the mode1 of 9.2, ideas are the medium of exchange between the h and its industry 

and market, and withh the industry and market. In the program, ideas and techniques are 
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synonyrnous. Ideas (techniques) are created by invention and diniise through the industry 

by imitation, as describecl below. 

Firm 

Each firm is characterizcd by three attniutes: propensify to imitate, propensity to invent, 

and propensity to contest. A propensity is a measure of a finn's natural 'desire' to do 

something. The outcome of these propensities in any situation is mitigated by the nmi's 

current environmental conditions. For example, one firm may have high propensity to 

imitate, but whether it imitates, and which h n  it imitates, depends on luck and the 

performance of the other h n s .  

Propensities are andogous to instincts (ii animais), characters Cui individuals), or 

corporate cultures (in hs). They are persistent and diiiicult to change in the short nul 

In the program, the propensities ofa particular firm are invariant. 

Firms that share the same propensities are of the sarne 'type'. F i  of the same type are 

identical in definition, though they may daer in outcornes as a result of stochastic 

differences in their histones. In the simulations of the next chapter, propensities are varieci 

across fhns to investigate the relative importance of imitation and invention to finn 

performance. 



The current products of a h are represented by a string of techniques (see Techniques 

above). The firm may not contest aii of the products demanded by the market (see Market 

below). The finn's performance in any period depends on the firm's techniques in relation 

to those demanded by the market (see Exploitation below). The finn may change its 

techniques in any period by imitation or invention (see Exploration below). 

The coliection of ail the fimu consbintes the industry. The h s  in the industry interna 

by imitating each other and, in the Resources extension described below, competing for 

the scarce tesources of the market, 

By specifyllg difFerent numbers of fimis, dEerent degrees of rivalry can be modelled. The 

program can shulate the behaviow of large or srnail industries, monopolies, oligopolies, 

et cetera In ail ofthe simulations of the next chapter, the industry wnsists of 27 finns. 

In the program, the number of fims in a simulation does not vary. However, a finn is 

simply a 'place holder' for data, and h s ,  in effect, exit the industry if they do not contest 

any produas. The concept of exit is an extension to the basic formulation, and is  

described below. 



Market 

The market consists of a string of techniques, grouped into products, in much the same 

way as for a f hm These techniques rqresent market demand. The performance of a firm 

is evaluated as the number of positions in its technique string that match the technique 

string of the market, averaged over the products that it is contesting- 

The number ofproducts demanded by the market can be varied. In the simulations of the 

next chapter, there are always two products. 

The operation of the market in the program is analogous to technotogy pull, since the 

market technique string defines what techniques wiii be suCCeSSf+UI. The concept of 

technology push is not captureci, since techniques developed by the firm cannot iduence 

the choices of the market. This concept may be irnplemented in future versions of the 

prograrn. 

Society 

The h ' s  society is not expliatly containéd in the program However, the impact of 

society is hplicit in the puameters of the prograrn that descnbe the aise with which 

technology is developed (propensity to invent) and dfised (propensity to Unitate and firm 

distance). 



Firms exploit their technique strings by 

contesting products. The succesr of 

exploitation is measured by each 

product's performance. PerEomance is 

calculated by cornparhg the firm and 

market technique strings. The 

Pmduct W 
Techniques Pedormance 

Market 0 1 1 1 0  , 

performance score of the W s  produd is then the number of technique string positions 

l 
Figurc 5-3: Basic Formulation (Performance) 

Let mi be the vector of techniques demanded by the market for product r in period 

p, and t;,, be the vector of techniques offered by fixm f for product r in period p. 

Then, t: is the zI" technique in product r for finn f in period p. Similarly, m:' is the 
zh technique demanded by the market for product r in period p. The perfbrmance of 
product r of h f in period p, p;., , is a measure of the correspondence between the 

fim and market technique strings, ris calculated in equation (1). XI,, is the set of 
products being contested by firm f in period p. 

for: r E Xfmp 

where: (1 1 is an openitor which masures the distance between two vectors. 

Here, distance is measuredas the number of identicai vector elements: 



that match those of the market demand for that produa as shown in Figure 5-2. The 

pelfomiance of the 6rm is the aversge performance of the products that it is contestuig. A 

formal representation of the performance dculations is shown in Figure 5-3. 

Erploration 

Fis explore their technique space by imitation and invention 

A fkm may decide to imitate the technique of another h for a product that it is currently 

contesting. This decision is stochastic, and is more likely if the fim has a hi& propensity 

to imitate. The choice of finn to imitate is also stochastic. 

Imitation is achieved by copying 8 portion Figure 54: Imitation 

of the techniques f?om another fim's I Befo re 

product as shown in Figure 5-4. The 

procedure involves copying some technique 

A fter 

~ i ,  A 

Fe, B 

string position values, chosen at random. 1 Firm A imitates the îirst technique 

algorithm method of copying ushg a randomly chosen crossover point, and has been done 

for ease of implementation. 

This dEers from the 'classic' genetic 
of Finn B 



A firm may decide to invent a technique for 

a product which they are wrently 

contesting and for which they have not 

already imitateci another h. This decision 

is stochastic, and is dependent on the firm's 

Figure 5-5: Invention 

Fm A invaits a new fkst technique. 

propensity to invent. Invention is ediieved by changing, at random, the d u e  of some 

positions in the W s  technique string as shown in Figure 5-5. A formal representation of 

- -  - 

Figure 56:  Basic Formulation (Imitation and Invention) 

In each period, each of a firm's techniques may change through imitation or invention. 
The probabüity of such a change is given by the fh ' s  propensity to imitate I I f , ,  , and 
propensity to invent II as given by the probab'ity distribution of equation (2). 

- 
f-P - 

where: 

t&-~ with pr~b~biiity (lIxm PL' FI) 
3 with probabifity Iïp for: r tzXfmr(  

i*' 
/ .PI otherwise 

3 is a random integer such that 3~ T, the set of possible technique 
choices. 

k is the firm to imitate such that k E XI, the set of finns in the industry 
contesting product r in period p. 

PLl(k) is  the relative performance of nmi k for product r in period p l :  
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the imitation and invention caiculations is show in Figure 5-6. 

En vimnmental Change 

In the program, the environment is  represented by the market techniques. In each penod 

the market techniques may change. This is dochastic and depends on the market 

technique probabüity of change. Market technique change is achieved by chmghg at 

random, the value of some positions in the market's technique string. As the market 

changes, the fhns adapt by imitation and invention. A high probability of market change 

simulates conditions of rapid environmental change. In the simulations of the next 

chapter, market change probabiities are varied to investigate the impact of environmentai 

change rates. A formai representation o f  the environmental change caldation is shown in 

Figure 5-7. 

Figure 5-7: Basic Formulation (Environmentai Change) I 
I In each period, the environment rnay be changed by chmghg some of the market's 

techniques for each product. The probability of such a change depends on the 
product's probability of market technique change ri:, as calculateci in equation (3). I 



5.3 Ekfemion 1: Firm Distance 

The finn distance -or &ers the probabüity of which 6rm is chosen durhg imitation so 

that more distant fùms are less kely to be chosen. Firm distance in the program is 

proportional to the number of positions apart two fimis are in the data array. Caladation 

of the finn distance factor is shown in Figure 5%. 'Distance' is meant to capture more 

than just physical distance in the real world. Distance is a concept that descrik ease of 

communication and is affecteci by culture, laquage, technologies, and other innuaices. in 

the simulations of the next chapter, the choke of fim to imitate is genedy  distance 

independent. F h  distance is used in the fourth results set of Chapter 6. A formal 

representation of the 6rm distance factor caldation is shown in Figure 5-9. 

Dis tance 
Factor 

O 

Figure 5-8: Firm Distance Graph 

Firm Distance Intercept 

Fhm Distance 



Figure 5-9: Extension (Firm Distance) 

In the basic formulation, the choice of nmi to imitate is independent of the firm's 
distance away. The concept of h distance can be introduced by using o firm 
distance weighthg factor Am which changes the probability o f h  f choosing h k 
to imitate. As implemented here, the re1ationship is linear, b a d  on the diifference 
between the firms' indicators, as caiculated in equation (4). 

where: 1 1 is an operator which meanires the minimum distance between two 
numbers in modulus mithmetic. 

Ci is a constant representing the firm distance graph intercept. 

Then, to implement distance dependence, equation (2) is altered as foliows: 

5.4 Exfernion 2: Resources 

Resources are only used in the program to influence market entry and exit decisions, they 

are separate fiom the measure of perfannanci. 

Firms aquire resources in each period fiom products that they are contesthg according to 

theu performance relative to other fims. Products have market sizes that determine the 



amount of resources available for acquisition FUms receive a share of the resources 

proportional to their performance relative to the other h n s  contesting the product. 

Resources are expendeci by a nurnber of activities: imitation, invention, contesting a 

product, and entering a new produd. The relative costs of these activities can be varied to 

investigate how COS& influences the balance between exploration and exploitation. 

The calculation of resources in period p+l is 

shown in Figure 5-10. In the simulations of the 

next chapter, resources have only been used in 

the fifth results set of Chapter 6. A formai 

representation of the resource calcdations is 

shown in Figure 5- I l .  

Figure 5-10: Resources 

+ Resources, 
+ Revenue, - Cost of Entry , - Cost of contesting, 
- Cost oflinitation, 
- Cost of Invention, 
- - Resources 

In each period, the market size may change. This is stochastic and depends on the market 

size probability of change. Market size change is achieved by changing the market size by 

a random percentage. In the simulations of the mxt chapter market size change has not 

been used. A formal representation of the. market size change calculations is shown in 

Figure 5-12. 



Figure 5 4 :  Extension m o u m e s )  

In the basic formulation, resources are not explicidy accounted for. The concept of 
firm resources can be htroduced by keeping track of a W s  revenue costs. As 
implemented here, a finn's revenue from a product is proportionai to its rdative 
performance. A h ' s  costs are proportional the number of times it wntests a 
product, enten a new product, imitates a technique, and invents a technique. These 
are calculated in equation (5). 

where: rf,, are the resources o f h  f in penod p. 

s; are the resources available in the market fiom product r in periodp. 

C2, Ca, CI. and Cs are constants representing the costs of contesting 
products, entering new products, imitating techniques, and imrenting 
techniques, respectively. 

NcJp is the number of products wntested by fïrm f in penodp. 

Ndp is the number of products entered by fimi f in periodp. 

Nyrp is the number of techniques imitated by firm f in periodp. 

is thr number of techniques imrented by firm f in periodp. 

I Figure 5-12: Extension (Market Size Change) 

I in each period, the resources available in the market for a product may change. The 
probabiiity of such a change depends on the market's probabiity of size change II:, as 
calculated in equation (6). 

I where: 6, as hplemented here, is a random r d  number baween -1.1 and +1.1. 
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5.5 Extension 3: Entry and Exii 

Exit 

A fkn rnay decide to exit tiom a product that it is airrentiy contesting. This decision is 

stochastic, and is dependent on the firm's propensity to contest, whether the anticipated 

payback fiom the product is d c i e n t ,  and the firm's remes.  A W s  rrsewes represent 

the number of penods that a h n  could sustain wntesting a product without additional 

revenue. A product's payback represents the number of times the cost of entry will be 

recovered fiom product revenues. Product exit may ocau in the 'Exit' region of Figure 

5-13. 

1 Figure 5-13: Product Exit Graph 

1 

Product 
Performance 

O 
Reserves Intercept 

Reservcs 

Ln the simulations of the next chapter, product exit has ody been used in Results Set 5. A 

formal representation ofproduct exit is shown h Figure 5-14. 



Figure 514: Extension (Product Exit) 

In the basic modei, the set of products that a finn wntests is static. The concept of 
k t  fiom a product by a firm can be Uitroduced by reducing the products a firm 
contests. The probabiiity of such a change depends on the firm's propensity to contest 
IIfec, the firm's reserves in p e n d  p pfm, relative to produa performance, and the 

product's expected payback in period p cr; relative to a minimum, as caldateci in 
equation (7). 

where: - is an operator which removes pmduct r fiom the set of  products 
contestai by hf: 

pfbp is the finn reserve, representing the number of penods th& a firm 
could sustain contesthg a product without additionalrevenue: 

0; is the product pôyiiack, representing the number of tirnes the cost 

ofentry wiii be recovered nom product revenue: 

N;, is the number of firms contesting product r in penod p. 

C2, C3. CI. and C7 are constants representing the cost of contesting a 
product, the cost of entering a product, the minimum payback, and the 
product exit graph intercept, respeztively. 



A firm may decide to enter into a new product that it is not currently contesthg This 

decision is stochastic, and is dependent on the £km's propensity to contest, whether it has 

sufficient reserves, the pe?formance of nearby (and therefore related) products which it is 

eiready wntesting, and the anticipateci payback fiom the product. Calculation of Product 

Distance is sunilar to the caldation o f h  distance discussed previousiy (see Exploration 

above). Caiculation of the Product Distance Factor is shown in Figure 5-15. Product 

Figure 5.15: Product En- Graph 

1 
Performance 
of Adjacent 

Products 

O 
Payback Intercept 

Payback 

1 

Product 
Distance 
Factor 

O 

- - -  -- - -- cgure 5-16: Pmduct Distance Gnph 

Product Distance In tercept  

Product Distance 



entry may ocair in the 'Enta' region of Figun 5-16. Techniques for new produas are 

selected by imitation or invention, as d e s c i i i  above. In the simulations of the next 

chapter, product enûy has oniy been used in the nfth results set A formai representation 

of product entry is shown in Figue 5-17. 



Figun 5.1% Extension (Product Enty) 

The concept of product entry can be extended to produd exit in a similar mame' 
The probability that a finn wïii enter a produa depends on the firm's propensity to 
contest IIf,=, the h ' s  reserves in perïod p pf., dative to a minimum, and the 

product's expected payback in p e n d  p relative to the pafomunce of adijacent 

products, as calculateci in equation (8). 

where: u is an operator which adds produa r to the set of products contesteci by h 

Kd is the product distance factor for product i relative to product r. As 
implernented here, the relationship is linear bas& on the diEerence between 
the product indicators: 

CI is a constant representing the minimum tesem. 

Cg is a constant representing the product entry graph intercept. 

Cio is a constant representing the number of techniques per product. 

Cil is a constant representing the product distance graph intercept. 

pJbp is the firm reserve (caiculated previously). 

ai is the product payback (calculated previously). 



5.6 Advantages and Limmtatiions 

The artinciai world as implemented in Bulife has a number of advantages over previous 

work in this ara: 

It is founded on an explicit modd of the process of technological change. It is simple 

in concept, and therefore eady understood, but produces cornplex e f f i .  It has wide 

applicabfity across many industries and can be adapted to study a variety of situations. 

It uses the artinciai adaptive agent approach (specincally genetic algorithms) and 

therefore uses evolutionary techniques to mode1 evolutionary ideas. W1th the 

exception of entry and exit decisions, there are no equations governing activity. 

Imitation and invention are the only processes. 

It employs powefil computation and visualization software to aid in the generation 

and hterpretation of results. Viuiaôles can be manipulated easily, and effects can be 

isolated precisely. The speed of the program means that investigations can be 

extensive and detailed. 

However, there are certainly limitations ïnherent to the chosen approach Generic 

problems have been dixussed in 9.1. Additionai limitations include: 



There is no way to translate program inputs or outputs to measures in the real world. 

This means that the model uuinot be used for predictive purposes. It wiU also make 

acceptance-ofthe mode1 ciifficuit for some people. However, it should be realized that 

the link to the r d  world of most economic models is &en exaggerated. 

The model is currently quite simplistic. While there is a certain fkschation in seeing 

how much of the world's complexity can ôe caphued with a féw simple concepts, 

there wül be pressure in the &hue to inaease the modei's complexity in order to 

accommodate various 'perceptions' of how the worid works. 

The approach is not transIatable into neoclassical terms, and therefore wiii require 

effort on the part of the trsditional academic community to be understood and 

appreciated. 

5.7 Assumptions 

Since no other models of technological change based on genetic algorithms have been 

pubiished, many of  the assumptions in the Bizlife program are ad hoc, without foundation 

in previous work Typically, capabüities within the program have been implemented in the 

simplest manner possible - in keeping with the program's philosophy of avoid'mg 

complexity. 



The most findamentai assumption of the program is that geneiic ulgorr'thhnrs rae a usefil 

metqhor for the p m s s  of technologrgrmC c h g e  in the economyY This assumption 

means that a nmi can be rnodeiled as a set of choices from a large nurnber of possible 

'ways of doing things' (techniques). Thîs is in keeping with Nelson and Wuter's concept 

of 'routines' which has been used by many subsequent models (for example En- 

1994 and Andersen 1996). M e r  assumptions related to how genetic alpnthms operate 

foilow fiom this one. For example, how techniques are discovered and dïffi~sed through 

the industry. These assumptions may require a 'leap of fith' or 'suspension of disbefief 

to accept, supported of murse by the analogies between technological change and 

biologid evolution painted in Chapter 2. 

Other important assumptions are: 

A j h n  c m  be charucfenzed by ils pmpellslllSlties tlo imitate, invenf, and contest 

pr0LfIIct.Y. 

This assumption has been made to succinctiy describe the characteristics of a fimi 

pertinent to the process of technological change. These concepts are capable of 

encompassing a large variety of infiuences on the activities of a finn. Chiarmonte et al. 

(1993) also use 'behavîoural n o m '  to describe their agents. 



A finn 's pmpemifies ab not change. 

In reality. a fhn's propensities change slowly relative to the rate of change of its 

techniques. Not allowing propensities to change is a first a p p r o ~ o n  Future 

versions ofthe program wiü aiiow propensities to change in respoase to environmental 

factors. Chiaromonte et al. (1993) also assume that behavioural nomis present a 

relatively high degree of inertia and, thus, can be taken as parameters. In contrast, 

Siiverberg and Verspagen (1994) have firms imitate only when profits are low. 

This is in keeping with von Neumann's concept of cellular automata and the belief that 

any organism can be reduced to a string of ïnstmctions. 

Finns know the dative succes of their cornpetitors, but not pc~jicallly which 

techniques m p d c i n g  t h t  succes. 

This is reasonable, given that even a* firm's cornpetiton wiM rarely have a clear 

understanding of what they have done right or wrong to infiuence performance. 

Financial reports, for exarnple, provide a clear indication of  a W s  overall 

performance. but not which ofthe h ' s  decisions have beai the correct ones. 



Ine envirwMent is exogemiy dètermined Fims ~4111#)f influence market &d. 

This is reasonable for some avenues of invdgabgabion Howeva, many 0th- interesthg 

questions wiii onty be answered by allowing fhns to influence market demand in the 

program This capability wüi be incorporated in friture versions of the program. 

Revenue is pmportionaI to rehtiw perfonnre. 

The idea that revenue is positively related to performance is a fundamental premise of 

capitalistic economics. The assumption that the reiationship is proportional is a 

simplification made in the absence of information to the contrary. 

Finn &tance is a hem function of- rank O&I: 

The assumption that a masure of 'distance' between firms is important when 

examining technology diffusion is widely accepted (Rogers 1983, Karahenas and 

Stoneman 1995). The assumption that the relationship is linear is a simplification 

made in the absence of infolmation to the contrary. Bharagava and Mukhe jee (1994) 

use a 'coefficient of interaction' for the same purpose. 



The product distance assumption is similar to the fïnn distance assumption The idea 

that the success of new products WU be dependent on that of aristing products is 

related to the concept of core cornpetencies (Prahalad and Rame1 1990). The 

assumption that the relationship is hear is a simplification made in the absence of 

information to the wntrary. 

As has been explaineci in w.2, imitation and invention are extrema of a continuum, 

Separation of the concepts in the mode1 permits analysis of relative positions on the 

continuum. Nelson and Wmter (1982), Silverberg and Verspagen (1994), and 

Chiaromente et al. (1993) aiso have agents which invent and imitate. 

Invention is r d o m  triuI and e m x  

This assumption foiiows tiom the previous one. In the extreme, pure invention can be 

thought of as search without reference to what has gone before, and in this view must 

be random. While invention changes techniques at random, this does not mean the 

product change in randon Since a product is made up of many techniques, and since 



invention changes ody  a few techniques each period, a produd is very sùnilar to its 

self in previous periods. Thus, products evolve over t h e  and do not jump 

discontinuously. In a similrr fàshion, Silverberg and Verspagen (1994) achieve 

invention by drawing fiom a normal distniution centred around the aurent value. 

Both approachw makt invention a random waik. 

Mmket technique changes ca r&m. 

While market techniques change et random, this does not mean that the products 

demanded by the market do. Since a produa is made up of many techniques, and 

shce the techniques change rdatively slowly, products in each period are very similz 

to products in previous periods Thus market demand (the environment) evolves over 

time and does not jurnp .discontinuously. 

Market sise changes am r& percentuges. 

This assumption ailows market sUe to change in a simple way. It has been done for 

ease of implementation. 
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a Finns are myopic in the sellse thal îhey ab mt Iaok bepnd the current pericd when 

determining which activities to F e .  

This is reasonable, given that the complexity and rate of change of the environment 

makes it so dicul t  to forecast the fliture. This assumption is standard in models of 

this type (for exampie, Nelson and Wmter 1982, Siiverberg and Verspagen 1994, 

Chiaromonte et ai. 1993, and Englemann 1994). 

The influences of many facîors, such as society, are secorariiqy and c m  be ignomd. 

Every mode1 must make choices about what to include. M e r  factors may be 

necessary to answer speci6c questions and will be incorporateci Uito future versions of 

the program as needed. 

This is a fiindamental premise of evolutionary economics, and ail models that claim to 

be evolutionary have stochastic elements (for example, Nelson and Wlnter 1982, 

Chiaromonte et ai. 1993, Bhargava and Mukejee 1994, Silverberg and Verspagen 

1994). 



Models can be either descriptive or prescriptive. Presçriptive models are mearit to prdict  

the fùture and thus support decisians. They must be complete and therefore tend to be 

compIicated. For this type of modei the estabMment of validity is an important step in 

the application of the model and the standards of credïbility are high. Typicatly validity is 

demonstrateci by cornparhg model d t s  with histoncal data, or with other models which 

have previously established their validity. 

Descriptive modeIs, on the other han& are more concemed with desctibing the past. They 

ofien are used as ~ e w o r k s  to categorize items, guides for conducting analyses, or 

iUustrations that offer insights and understanding. OAen, the value of the model is in its 

simplification of the complexity of the real world, rather than a complete or accurate 

desaiption. Validation of this type of model is less important, and therefore l es  unerous, 

than for a prescriptive model. 

Fortiinately, the model and program of this thesis is descriptive. They are meant to 

promote a new way of  looking at the process of  technological change, and to  illustrate 

what sucfi a viewpoint might r d -  For such a tasic, face validity (verasùnility) is 

sufficient. Kthe d e r  can be convin& that the d e l  is reasonable, in a specific and 

narrow way, then the results fiom the mode1 wiii have some persuasive power. 
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Since thae is no direct correspondence between the parameter values in the program and 

metrics in the r d  worid, the mode1 m o t  be calibrated and estabiishing vaiidity with 

historical data is not possible. However, if the development of the mode1 has persuaded 

the reader that it is reasonable, that is enough to filfil its intent. 



6. An Evolutionary Simulation 
of Technological Change 

The following sections hvestigate the behaviour of the Bitlife program. In doing so, they 

reveal some of the interesthg implications which emerge kom the evolutionary econornics 

point of view of the process of technologid change. Parameter values for the mns 

illustrated in this chapter can be found in Appendk F. 

The investigatiom of this chapter progress in steps that begin with a basic implementation 

of the program and sequentiaiiy build in complexity. At each step, parameters are varied 

independently and investigations build on previous results. In this fishion, an 

understanding of the model can be built incrementdy, and causes and effeas are 

efféctively isolated. 

This approach is in contrast to an alternative in which al1 of the capabilities of the program 

are utilized immediately and together using 'rcesonable' panuneter settings. With such an 

approach, even with the relatively simple model used here, it would be extremely difncult 



CHAPIER 6: AN EVOL~ONARY SIMULATION OF TECHNOU~GICAL CHANGE 108 

to understand the reasons for outcomw given the program's dynamic and stochastic 

nature. 

Therefore, the temptation to dive too deeply, too quickIy, into the use of the program has 

been avoided. The majority of the mns presented here do not use the fùll capabilities of 

the rnodel. However, it is the results fiom the sirnplest irnplementations of the rnodel that 

are the most subtle and profound. 

The &-st results set examines how imitation and invention work separately and together as 

exploration processes that improve indu- performance. This is done assuming a static 

environment, homogenous h7 and costless processes. 

In the second results set, the assumption of a static enviromnt is relaxed and the impact 

this has on the relationship of imitation and invention levels to performance is examined. 

In the third results set, the dynamics of the previous results are examined more closely to 

understand Sow 6rms interact within the industry over the .  

In the fourth results set, the assurnption of homogeneous h s  is relaxed in order to 

examine how the division of explorative effort impacts the overail performance of the 

industry and the relative performance of individual firms. 
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In the finai resuits set, the assumption of costless processes is relaxed and the dynamics of 

entry h o ,  and exit fiom, product markets is examineci. At this point, the ftii capabüities 

of the program are operational. 

6.1 Resull~ Set 2: The Impact of Imitation and Invention 

Findings 

h this set of nins, the impact of imitation and invention propensities in a static 

environment is investigated. The model has been kept very simple: al1 f h s  are identical, 

there is no entry or exit, and costs are ignored. Results have been averaged over 20 

iterations to suppress the dynamics of individual mns resulting fiom the stochastic nature 

of the model. 

Figure 6-1 shows the average performance of the h population, by period, for three 

model runs. The 'Random Performance' line indicates the performance level that woutd 

be expecîed fiom the random selection of firm techniques and is the baseline tiom which 

to judge performance improvements. Note that since f h s  are initiaiiy seeded with 

techniques at random, their initial performance starts at this line. 



F m  consida nin 'A: Complete 

Imitation'. In this run, each firm 

imitates another h completely in 

every period. Since the probability is 

higher of imitating better performing 

firms, improvement is initiaily very 

rapid. However, d e r  oniy about five 

periods improvement abruptly ceases. 

Figure 6-1: Static Environment 

The reason for this is cded 'premature convergence'. Because o f  the high rate of 

imitation, aü of the firms soon become identical and there is no diversity left fiom which to 

select better techniques. 

This loss of diversity can be seen by comparing Figure 6-2 and Figure 6-3. The figures 

show fum techniques (rows in the main body of the matrix) against the market techniques 

(the row above the ma&). The colour of each ceil uidicates the technique that has been 

chosen. The objective of the firrns is to match their techniques with the market 

techniques. Figure 6-2 shows the initial period. There is significant diversity, but low 

performance. Through imitation, the firms copy the better performuig firms. Later, 

penormance has improved, but now aii of the firms' technique choices are identicai, as 

shown in Figure 6-3. Imitation can no longer improve performance. 



Period: 1 Min: 1.5 Max 6-5 Avg: 3-63 
Market 

Figure 6-3: Convergeace 

Pwiod: 10 Min: 7 M x  7 Avg: 7 
MiadCa 

10 20 30 40 
Technique 

10 20 30 40 
Technique 

Next, consider run 'B: Partial Imitation' in Figure 6-1. It is identical to mn 'A', except 

that the rate of imitation has been reduced. Imitation is now no longer perfect. When a 

firm imitates, it now only chooses bits and pieces of another firm's techniques. As a 

result, imitation is capable of searching new regions because it combines existing ideas in 

novel ways. The result is evident. Improvement proceeds at a slower rate, but continues 

much longer and ultimately achieves a higher performance level. However, convergence 

still evenhidy occurs, and once it does there can be no fiirthec improvement. 

Finaiiy, consider run 'C: Partid Imitation with Invention' in Figure 6-1. It is identical to 

run 'B', except that now firms invent as well as imitate. Again, performance irnproves 

quickly at first, though not as quickly as in run 'B' because invention results in many poor 

technique choices which decrease performance. However, invention prevents the h n s  
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fiom cornerghg and therefbre diows irnprovement to continue beyond what would be 

possible without invention- Whüe it is invention which is generating the improvements in 

the later periods, imitation is di very important because it dows successfd inventions to 

d i  to the rest of the firms. 

Figures 6-4 and 6 5  show, from two ditferent angles, the surface which is generated by 

taking the parameters of nui 'C' in Figure 6-1 and vatyllig the imitation rate across the 

range of possibilities. Ln general, lower rates of imitation slow performance improvement. 

Clearly there are disadvantages to both too low and too high a rate of imitation, but 

performance is relatively insensitive to the choice in the mid to high mge. 

Figure 6-4: Propensity to Imitate Figure 6-5: Propensity to Imitate 
(ieft view) (righ t view) 



Figure 66 and 6-7 are similar to Figures 6-4 and 6-5, except that this t h e  it is the 

invention rate which has been varieci over a range of values. The shape of this d a c e  is 

very dEerent. While some invention is better than none, it is evident that too much 

invention is countaproductive. 

Figure 6-6: Propuuity to Inveat 
(ieft view) 

Figure 6-7: Propensity to Invent 
(riph t view) 

Implications 

1. The per/tmance offm d iltChlsirries c m  irnpmve t h g h  evolufionwy processes 

wiihout mry mquimment for ratiomliiy or motivation on the pmt of management. 
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This is the most findamental conclusion fiom the evolutionary perspective of change. 

If the three wmponents of evolution atist, 1) a measure of success, 2) mechanisms for 

exploration, and 3) seleaion based on success, then the performance of a system will 

irnprove over the .  Note that the agents in the system do not require intelligence, 

motivation, goal oriented behaviour, or other s idar  attributes. Search can be 

ruidirected and, in the local sense, purposeless, and stili produce global improvements 

in performance. 

This does not preclude agents fiom having these attributes - and it would be expected 

that in most situations they would be advantageous - however, their existence is only 

of relative importance when comparing perfiomance among agents, not in explahhg 

the underlying reasons for economic and technologid progress. As Alchian put it so 

weil in s2.3, "Even in a world of stupid men, there would stili be profits". 

The degree to which human economic agents can be assumed to act rationally in the 

reai world is open to debate. Certaînly, this abiiity is dependent on a variety of 

circumstances specific to the situation. The impact of environmentai change on this 

capability wili be investigated later. 



This result wül not be surprishg to evolutionary biologists who have never considered 

intelligence necessary for biological development. However, this remit should give 

pause to txonomists and business schools. 

In econornics, capitalistic economic gtowth is thought to be driven by the self-interest 

of individuai economic agents pursuing personal gain. This view is not inconsistent 

with the evolutionary v i w  but it is aiso not necessary- As this program has shown, 

similar economic outcornes are possible in a system which has mechanisms for variety 

generation, removal of poor perfomers, and transmission of 'good' behaviours to 

other economic agents - d without any particular motivation or capability on the part 

of any agent. 

SUnilarly, business schools owe their existence to the beiief that if managers are weii 

trahed, they wiU create successfiil profitable businesses. Again, it may well be tme. 

But if business is simply a lottery, there wiil always be some who win more than 

others. Wd we be able to distinguish luck fiom skill? 

2. Imperfect imilarion is O fwnt uf expIoraiion thar combines enensting idem in novef 

wuys It is q p b ï e  of impm'ngpe~ontlmce of both finns ond illLiUstnes, tlo ci point, 

without iltyentiom 



This is an important, and perhaps not obvious, point. The basis for technological 

change is exploration The common view of exploration is one of invention, of radid 

change. However this result emphasizes the importance of imitation as a search 

mechanism. When imitation combines portions of diierent ideas, new ground is in 

EdCt king explored. Typicalfy, this produces i n c r e m e d  change, but this is very 

powerful because the probability is high that the short-term exploitation of the resuIts 

will be successfiil since portions of the new idea have b e n  successfiil in the past. 

The power of imitation a s  a mechanism for exploration has implications in the r d  

world. Ifexploration is improved by having a Iarge imitative compenent, then research 

organizations should ensure that scanning of previous efforts, both inside and outside 

the organization, be given sdicient attention and resources. 

3. Petfecf irniIafiIafion (as in dottingl maintains existing pejormance, but cannof i m p v e  

peifonnance. 

Whiie imitation can be a powerful search mechanism, its power is denved fiom the 

ability to combine successfiil concepts into noveI ideas. If imitation is perfect, then 

n o t h g  novel is produced and exploration has not occurred. While perféct imitation 

may have irnmeâiate exploitation benefitq long tenn irnprovernent m o t  be achieved. 
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The shoricomings of perfect Mitation have long been understood by the biological 

world and explain the predominance of organisms that use semai reproduction. In the 

economic world the dangers of pe& imitation are generdy not significant since it is 

so d i cu l t  to achieve. The important point is that the optimal level of imitation is 

something less than perfect and something more than none. The appropriate level is, 

then, an empincal matter. 

4. Imentiott am i m p v e  pet$onnance beyod whaf imitation ulone c m  achieve. 

The previous points have estabfished the importance of imitation as a mechanism for 

improvement in an evolutionary systern. However, that is only part of the story. The 

simulations have also demonstrateci that invention is important to the long-run success 

of exploration in order to ensure that diversity is maintained. Wrthout invention, there 

is the danger that continued imitation will lead to premature convergence of the 

population members at a local, sub-optimal, solution. Invention prevents convergence 

and dows  more of the search space to be explored and, eventudly, a better solution to 

be found. As difcussed in 9 .2 ,  convergence can lead to 'lock-in' to sub-optimal 

technological trajectories. 

The more important role of invention in adjusting to a changing environment wiil be 

Uivestigated in Results Set 2. 
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5 .  Imilatr-on and mention need to be qpmpriatelj bdmced Imitation is the more 

eflcient search methai and shouGd preciomhate. Howeve~ some invention is 

important. 

The simulations show that invention should be, relatively, a much Iess active 

component of the exploration process than imitation. This is because, for local search 

and short-tenn improvement, imitation is more efficient than invention. This also 

explains why imitation is more 'socially accepted', but invention more highiy regarded 

when succesftl. As Alchian said in 92.3, "Those who are dEerent and successfiil 

'becorne' innovators, whüe those who fail 'become' reckiess violaton of tned-and- 

true rules". 

6. &pIorafrafron and eqloitution need to be approprïateiy balmtced In the short-run, 

eqdoration am &crease exploitive perfomunce; in the longnm exphafion 

impmves perfmmce. 

This point is another nuidamentai conclusion for the evolutionary perspective of 

change. The balance between exploration and exploitation is a recurring theme in 

evolutionary systems. Biological organisms owe their s u ~ v a l  to the achievement of 

the correct balance (as discussed in 52.2). Genetic aigorithms are excellent numeric 

optimization tools because they aiso achieve this balance (as discussed in Appendix C). 
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Fums, too, must balance the opposing demands of keeping pace with the advances of 

their cornpetiton and keeping creditors at bay. 

6.2 Resuh3 Set 2: The Impact of Envkonment~~ Change 

Findings 

The results of the 1st section were obtained under conditions of a static envirunment. 

However, we know that this assumption is not very realistic in most real-world situations. 

What happens when the environment presents a movhg target for firms' efforts to choose 

techniques? 

Figure 6-8 shows the impact on 

performance of environmental change. 

The conditions in Figure 6-8 are the 

same as those in Figure 6-1 run 'C', 

except that now there is sorne change 

each penod in the techniques desired by 

the market. In run 'A' of Figure 6-8 the 

firms do not invent. As before, there is 

Figure 6-8: Changing Envininment 

initial improvement in performance. However, at the point where the firms reach 
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convergence in techniques, pdormance begins to deciine- This is because once aii of the 

&ms are homogenous, there is no diversity l& with which to cope with environmental 

change. 

The solution to this problem is invention. Figure 6-8 run 'B' is the sarne as run 'A' except 

now the 6rms invent. Because of invention, initial performance improvement is not quite 

as steep. But now, convergence does not occur. The fim can cope much better with the 

changing environment and their performance does not dedine. 

How wefl can b s  cope with environmental change? Figures 6-9 and 6-10 show how 

average fh performance varies with the rate of change in the environment. The 

conditions here are the same as in Figure 6-8 run 'B'. Obviously, the best performance 

Figure 6-9: Environment Change Figure 6-10: Environment Change 
(ieft view) (right view) 
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occurs d e n  there is no environmental change. Penormance then decreases quickly and 

M y  leveis OR 

The conditions in figures 6-11 and 6-12 are the same as Figures 6-4 and 6-5, except that 

there is environmental change. The sufice is now flatter and las smooth since it is more 

diflicult to adapt to the changing environment. Also, the maximum occurs at sçlightly 

higher levels of imitation. 

Figure 6-11: Propcnsity to Imitate Figure 6-12: Propensity to hitate 
(left view) (right vicw) 

The conditions in Figures 6-13 and 6-14 are the sarne as Figures 6-6 and 6-7, except that 

there is environmental change. Again the surfàce is flatter and Iess smooth as the h s  
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experience more difndty in the changing environment. While the maximum occun at 

about the sarne level of invention, perfomuuice is now not nearly as sensitive to its value. 

Figure 6-13: Pmpensity to Invtnt 
(Ieft view) 

Figure 6-14: Propensity to Invent 
(right view) 

Implications 

1. Imention is vital for coping with em6mnmentlol change becme it maintains 

diversity. 

We saw in the previous results set that invention Uicreased performance in the long nui 

because it delayed convergence. The reai value of invention, however, is in d d h g  

with environmentai change. Imitation can only work by re-combinùig elements that 



currently exist. In a static environment this may be satisfactory. But if the 

environment changes, there may be a need for a capabdity that has never existeci in the 

past. This is when invention becomes vitaI. As was pointed out in $2.2, being the best 

adapted fish in your pond is not much use if the pond dries up. 

2. Envimmnental change dècreases the absoïute performance that can be expected. 

This is in some sense the most obvious finding of the results. However, it is worth 

examinhg its implications. In the mal world (but not in the program), technological 

change acts to change market dernand (technology push). As a result, firms are 

constantly adapting to a changing environment that is of their own making - Le. 

technological change is autocatalytic. 

This finding, then, provides another possible exphnation for the 'productivity 

paradox', discussed in 9.2.  The paradox questions why, if technology is meant to 

increase productivity, that economic productivity has been irnproving at a decreasing 

rate? The answer may be that, in the quest for increased productivity, technology has 

changed the environment at a rate that negatively impacts performance. 

3.  U . r  conditions of r q i d  emIiVImnmenîuL change, management decisions matter lem, 

arid fuck phys a Mer role in succes. 
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A previous hding has indicated that management intelligence is not a necessary 

condition for improvements in indu* performance. However, whatever benefit 

management intelligence has, its impact must be les when the htwe is l e s  certain. in 

s2.3, Alchian argues that, under conditions of irreducible uncertainty, the quality of 

managers is irrelevant in explainhg firm pefirmance. A lesson from natural history, 

discussed in s2.2, is that sumival does not irnply superiority. Managers who sunive 

are not necessariiy better in any general sense, just lucky to be better suited to the 

environmentai requirements of the moment. 

This result is supported by Nelson and Wmter (1982) who found that history and luck 

matter. 

6.3 Results Set 3: The Dynamics of Techinological Change 

Findings 

The previous two sets of results have presented nins that are averaged over 20 iterations 

in order to smooth the variations of individuai mns produced by the stochastic nature of 

the model. While this helps to show tendencies in behaviour, it hides sorne of the 

interesthg dynamics. It is often these dynarnics which are the source of concem about 

technological change in the real world. 



Figure 6-15 shows a singie iteration of 

mn 'A' in Figure 6-8 with environmental 

change and no invention, The range of 

performance values in the initiai periods 

indicates the diversity which exists in the 

population of firms. The performance 

of individual firms varies considerably 

but is bounded. The performance of the 

industry as a whole improves. 

However, in the middle periods, the 

diversity within the population can be 

seen to decrease and the performance of 

the becomes less variable. 

the firms converge and 

performance becomes identicai. 

F ~ Y ,  

their 

At this 

point, the performance of the industry 

begins to decrease. 

Figure 6- 15: No Invmtion 

Figure 6-16: With Invention 



-- -- 

Figure 6-16 shows a slligie iteration of nui 'B' in Figure 6-9 6 t h  environmental change 

and invention The initial level of d i v e d y  is maintained throughout the simulation and as 

a resuit performance does not pemanently decrease. 

Figure 6-17 shows how diversity in the Figure 6-17: Variation in Divenity 

population reacts to a sudden 
0.31 - 1 

environmental change. Diversity is 

measured using the Hefindahi 

concentration index that is the mm of the 

squares of the proportion of each 

technique13. Initially, the population is 

homogenous in its techniques. This can Period 

be thought of as a population that has achieved equilibrium with its environment. At the 

start of the simulation, the environment suddenly changes, but then remains static. In 

response, the diversity of the population rapidly increases through invention. As 

successfiil techniques for the new environment are discovered, the diversity of the 

population slowly decreases. Figure 6-17 shows the average of 100 iterations to smooth 

the variations of individual nins produccd by the stochastic nature of the modeI. This 

'' The Hiidindahi coaoentration index is dchned as H=&~, w b m  /; is the proportion of the ith 
ttchniqut ia tbc population It ranges h m  l/n, for n equally wmmon techniques, to 1, for complw 
convergcncc (Silvcrtxrg and Vaspagcn 1994). The numbcr plottcd hen is 1-H to measurc diversity 
rathu tban oonccatraîion. 
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effect repiicates the 6ndings fiom the study of both biology and technologid change. Tt 

was obtained without any special manipulation of the model and appears to be an 

emergent behaviour of systerns using imitation and invention. 

Notice in Figure 6-16 that there are obvious performance cycles at many time scaies. The 

performance of individual h s  varies considerably and at high fiequency. hdustry 

performance displays s d ,  short cycles. This could easily be attributed to the stochastic 

nature of the model. However, the larger, longer cycles are more difficult to dismiss- 

To investigate this effect fùrther, the 

number of periods in the run of Figure 6- 16 

was extended by a fhctor of five. The 

result is show in Figure 6-18. Line 'A' is 

the average performance of the industry in 

each period. It shows both short and long- 

term cydes. To bring out the long-tem 

cycles, the results were smoothed using a 

Figure 6-18: Business CycIes 

I 
100 200 300 400 500 

Period 

30 period moving average in line 'B'. It shows signiticant cyciical behaviour. 

1s this cyclicai behaviour the result of a simple candom walk? Lie 'C' in Figure 6-18 

shows a random walk obtained by 'tuming off imitation, The remaining invention is 

AN EVOLVnONARY APPROACH TO MODEUING TECHNOUX~ICAL CHANGE 



purely random. As can be seen, the qclicai behaviour of the random walk is not neariy as 

pronounced. There is no question that a random walk underlies the cyclical behaviour of 

ünes 'A' and 'B', but the imitation accentuates the &kt by increasing the time scale of 

the walk 

The self-similarity of the cyclical 

behaviour at diierent time scales has been 

previously mentioned. 1s the behaviour 

chaotic in the mathematical sense? 

Chaotic behaviour is diicult to prove, 

however the primary indicator is 

sensitivity to initial conditions (Larent 

1993). Figure 6-19 shows three nim. 

Figure 6-19: Evidence o f  
Chaotic Behaviour 

Take iine 'A' as the base case. Line 'B' has exactly the same initial conditions, except a 

single technique for a single h has been changed by one unit. This is the s d e s t  

possible change that can be made to the model. This s d  change has produced a 

completely diierent trajectory in the path of the run. Line 'C' is aiso has the same initia1 

conditions as line 'A', except that now al1 of the techniques for a single fimi have been 

changed by one unit. Lie  'C' aiso foiiows a dzerent path. W1th dierent initial 

conditions, the line 'B' case may not diverge fiom the line 'A' case. This is not sutprising 



.. - 

given the discreet nature of the model; for example, the single technique difference may be 

quickiy erased by an imitation and thclefore not persist and innuence future behaviour. 

However, in ail cases of initial conditions investigated, h e  'C' diverges fiom h e  'A'. 

The evidence is that the system is chaotic. 

Implications 

1. Dntersity implies w i a t i o n  in perfommce amongfims over time. 

This is another obvious finding with subtle implications. There is a natural desire on 

the part of governments to pick winners. The selection of success is, f i e r  di, a 

necessary condition for evolutionary irnprovement. However, variation in 

performance implies diversity of approaches. And it is this diversity which fuels the 

economy and permits it to adapt to change. Therefore, fkom a social w e k e  

viewpoint, unsuccessful, but innovative, h s  may, in the long nin, benefit the 

economy. This result is supported by Chiaromonte et al. (1993) who find that 

behavioud heterogeneity is important for progress. What tum out to be 'Mstakes' 

for individual agents might also represent positive extemalities for the system as a 

whole. 
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2. Su&n emtmmnenfal change resufts in a rapid inmase in diversi& foffowed by 

gradual consoIi&îion This is an emergent phenomenon. 

This is an excitïng result fiom the program. The variation of population diversity in 

response to environmental change has been of particultu interest to both biologists and 

sociologists. As noted in 52.2, in both biology and technology, when equilibrium is 

disrupted (punctuated equiîiinum, as discussed in 52.2) there has been found to be a 

rapid increase in diversity foiiowed by Ionger periods of consoiidation. This is in 

contrast to the traditionai, and perhaps intuitive, view tbat diversity should increase 

gradualiy and consistently. That this phenomenon shouId emerge fiom the simpIe 

mode1 used here indicates how cornmon and pervasive the effect is. The effect seems 

to result fiom the interaction of inventive and imitative behaviour, This result is 

supported by Silverberg and Verspagen (1994) who find that short periods of high 

variance are intersperseci between relatively long periods of unifomiity. 

3. Cyclical pet$onnunce in industries is an emergeni and pervasive phenomenon ihat 

resufîsJi.om imitative behaviour. 

This is also an exciting r d t .  The cyclical behaviaur of the economy has long been 

recognised. However, the underlying reasons for the cycles have been poorly 

understood. This result indicates that cyclid peformance cornes, fiindarnentalIy, 
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fiom imitative behaviour in a changing environment As discussed in s2.3, such cycles 

were of partidar interest to Schumpeter who feIt that cycles were caused by 

technological change and 'creative destruction'. This result is supporteci by Englmann 

(1994) who hds cyciical behaviour for profit, labour, productivity, and employment. 

4. Industries ctaaotic behaMmr in that iheir perfrmance paths are i )  self 

s i m i l .  at diHemnt scales, ii) buunakd iii) sensitive to inifial conditions, and iv) not 

predictable. 

It is known that the economy displays chaotic characteristics. Ttiis is perhaps not 

surprising, given its complexity and extensive feedback mechanisms. However, it is 

interesthg that the program should display chaotic behaviour, given its simplicity. 

This findimg indicates that chaotic behaviour is to be expected fiom any system that 

operates in an evolutionary manner. This result is supported by Chiarmonte et al. 

(1993) who find that the fonn of rnicordiversity affects macro dynamics, even for 

unchangeci mean vaiues. 

The finding that technologid change produces chaotic behaviour in economic systems 

fiirther strengthens the argument that technologid tiitures are impossible to predict 

and that, therefore, the influence of management in preparing for those tiitures must be 

limiteci. 
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6.4 Resuh Set 4: The Division of Exphrative Effort 

Findings 

The previous results sets use populations of h s  which are identicai in their propensities. 

Since division of labour was one of Adam Smith's primary mechanisms explainhg 

economic progress, it makes sense to examine how the division of explorative effort 

among the firms in an industry would impact performance. This was done by preventing 

ail but one firm in an industry fiom inventing. The one speciai f'rrm had a high rate of 

invention, and physically was placed in the rniddle of the population. The 6rms had normal 

rates of imitation and the rate of environmentai change was normal. To accentuate the 

geographical impact of this situation, the distance away that a fh looks for t h s  to 

imitate was reduced. In previous results sets, firms looked to aü fims in the population 

equally. A h ,  the technique choices of the population were initiaüy homogenous, in 

contrast to previous sets where the initial technique choices were diverse. This situation is 

analogous to an industry with a low rate of interna1 invention that relies on a public 

research institute for new technology. 



F i  examine Figures 6-20 and 6-21, which are the front and rear views of the same 

pdofmance &. This run is the average of 100 iterations, significantly more than the 

20 of previous sets, in order to smooth transient dynamics. Also, the sade of the 

performance axis has been increased in order to ma@ the effects. 

Figure 6-20: Division of Effort Figure 6-21: Division of Effort 
(fmnt view) (mr view) 

Initially, the firms are homogeneous, and so the nont edge of the surface is level. The 

inventing organization is in the Mddle, and it is in this region where performance is the 

tint to Uicrease. Meanwhile, at the edges performance of h s  decreases, since they have 

no diversity with which to respond to environmental change. Over tirne, the inventions 

are cifiseci fiom the middle to the edges. As this happens, the penonnance of finns 

fiirther âom the Mddle beguis to increase. The maximum increase is seen near, but not 
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next to, the inventing organization. The inventing organization displays relatively poor 

performance. 

Relative performance is an important metric, since this is primdy how organizations are 

evaluated in the real world. Figures 6-22 and 6-23 introduce a relative performance view. 

Relative performance is measured as the diierence between the firm's absolute 

performance and the mean for the industry during the penod. This view dramatically 

accentuates the diierences among the h s .  The poor performance of the inventing 

organization and the distant firms cm be seen clearly. 

Figure 6-22: Relative Performance Figure 6-23: Relative Performance 
(font view) (rear view) 
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The developrnent of the diierent performance levels among the firms can been seen by 

cornparhg Figures 6-24 and 6-25. The fkst figure is fkom a very early period. The 

inventing organization is the middle row. It and its neighbours are the first to display 

diversity. Much Iater, as shown in the second figure, the diversity has spread outwards. 

Howwer, even then the diversity remains higher near the inventing organization. 

Figure 624: Period 5 Figure 625:  Period 100 

Period: 5 Min: 4.5 Msc 5 Avg 4.519 Pefiod: 100 Min- 4 Max 7.5 Avg: 5.87 
Market Ma- 

As a side note, an interesting and unexpected effect can be seen at the edges of the 

population during the earïy periods of Figures 6-20 and 6-2 1. Remember that this run 

represents 100 iterations to srnooth transient effects resulting fiom the stochastic nature of 

the model. In spite of this, cyclical patterns can clearly be seen arnong the firms that have 

not yet been affected by the invention. The interaction of the unitating behaviour of the 

firms and the changing nature of the envuonment cause these patterns. 



1. ïhem a m  be varrbtions of imntive eflort in an industg as long as the resufts ore 

wi&@ dseminated. 

There have been a variety of opinions about who should perform research (mvent) in 

the economy. At various times in history s m d  h s ,  large h s ,  universities, public 

laboratories, and private laboratories have dnven research. Also in question is 

whether research should be centralized in purpose driven establishments, or distributed 

among the users of the results. 

While these results do not directly answer these questions, they do provide some 

guidance. The simulations show that, with adequate dissemination, it is not necessary 

that ali organizations in an industry invent. However, dissemination requires an 

absorptive capacity (discussed in 9 . 2 )  and this implies some degree of research 

capability. The points below consider the organization of research within an indu- 

and how the results are disseminated. 

2. Highljt iltyentfve oqpniizLlom, while pmvicing O vaiuubie sociuIfunction. likely 

to udkr-perfom fins with lower rates of imenticm This j i î~frfes the d e  of 



Not surprisingiy, high rates of invention can reduce the performance of a fhn This is 

because invention, by its very na-, is rareIy productive and detraas nom short-term 

exploitation. However, invention is important to long-run d v a l  in a changing 

environment. 

This remit is supported by Nelson and Wmter (1982) who find that, in general, 

innovative R&D was not profitable. Anderson (1996) 6nds that inventive f%ms 

perform best when imitation is dicuIt (appmpriabiiity is high). Chiaromonte et al. 

1993) h d  that hovators may sometimes be 'lambs' whose 'sacrifice' produces a 

Ieaniing extemaiity for the whole system. 

How then, cm exploration and exploitation be balanceci? One approach is for d 

organizations to do some invention. An alternative is for the majority to subsidize the 

low performance caused by invention of few organizations. This is traditionally done 

by the use of tax dollars in public, or publicly fûnded, research organizations. The 

justification for public intervention has been discussed in w.2. More recently, private 

consortia have developed for the purpose of pre-competitive research. 

3. Fimts ut a 'distance ' from the imtenting sotnre will under-perfonn f i m s  doser to the 

source. Distance impiïts abifity to assiQSSImilate imentions. Physiuf distace is on& 

one contn*butor to this abifity. 
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The simulations demonstrate that the concept of 'distance' is an important element in 

the dissemination of research As discussed in $4.2, distance impiies more than 

geographical proximity and includes many aspects goveming the ability to 

wmmunicaîe. This result is supported by Nelson and Wmter (1982) who find that 

imitation is costly and takes the, leadiig to a gap between average and best practice. 

From a public policy point of view, dissemination of innovations is a benefit to industry 

and the economy. An important role of govenunent is therefore the provision of an 

infiastructure that promotes difhsion. Of course, fiom the perspective of an 

individual 6rm dissemination can reduce the portion of the proceeds fiom their 

explorations that they can appropriate. Once again, balance is important - this time 

between short-term individual interests and long-term cornmon interests. 
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6 5  Results Set 5: E n  and Exit 

This set of nins introduces the concept of entry and exit for products. Fust, however, it is 

important to descnie how entry and exit has existed in a very real sense in the mode1 runs 

up to this point, While the nurnber of 'place holders' for h s  in the simulations does not 

change from period to period, the definition of those fim changes through imitation and 

invention of techniques. Thuq sets of techniques can be viewed as undergohg entry and 

exit. New techniques enter through invention, and if successM, diffuse to other firms 

through imitation. Old techniques exit, if unsuccessfirl, as they are superseded by more 

successiùl entry techniques. Since a fmn is defined by its techniques, fums are changinp. 

and in effect entering and exiting, every period. 

What differs in this section is a M s  decision to contest a product. Up to now, al i  6rms 

contested ail products. Now, firms wiii be allowed to enter and exit products as the 

econornics of the cument period suggest is appropriate. To do this, we must introduce 

sorne additional parameters which allocate costs and revenues. The most important of 

these is market size which represents the total resources available for distribution to 

competing h. F i  will receive these resources in proportion to their relative 

performance. Poorly performing firms (in terms of resources) may decide to exit h m  a 
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produa. F m  which see an opportunity to eam a share of available resources may enter 

into a product. (Appendix D desmies the details of these ddations). 

Figure 6-26 shows the number of fhns 

contesthg products over t h e  in a two 

product market. The results have been 

averaged over 20 iterations. InitialIy, firms 

have a 50% probability of contesting each 

product. If there were sufficient resources 

in the market to support aii of the h s ,  they 

would aii move directïy to wntesting two 

Figure 6-26: Large Market 

products. However, in the mn of Figure 6-26 there are not quite enough resources 

avaiiable to support ail of the fimu. Some firms are successfÙ1 and move to contesthg 

two products. The unsuccessfirl firms exit fkom both products. 

Note that contesting a single produa is unstable in the long-tem. This makes sense. In 

these mns, the h s  and products are homogeneous. Therefore, there is no particular 

reason that one fimi would be more iikeiy to achieve success in either product, compared 

to any other firm. But there are benefits to contesting two products, since a divenifiai 

portfolio aliows the firm to weather temporary setbacks in either produn Therefore, 

contesting two products is more stable than one. 
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Figure 6-27 shows what happais as the market resoucces avdable to the fimu are 

reduced. Not surprisin&, the market now supports fewer h. Figure 6 2 8  d e s  this 

to the extrerne, w k e  only a couple of f h  can survive in a very s m d  market. Figure 6- 

29 summarizes the relationship between the number of firms contesting products and 

market size. 

Figure 6-27: Medium Market Figure 6-28: SrnaIl Market 
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Figure 6-29: Effect of Market Size 
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Implications 

I .  Contesting apoMoolio of p-cb is a more siable Saategy than relying on a limited 

m b e r  of prOdl(cts. 

The simulations support the perception, discussed in 9.2,  that portfolio diversification 

is a sensible strategy to maximire the probability of long-tem survival- Under the 

conditions of these simulations, the stability is sufficient to exclude firms fiom e n t e ~ g  

the market again after exiting compIete1y. This supports the idea of the dominance of 

incumbent firms discussed in 94.2. This result is supported by Nelson and Wmter 

(1982) who find that success breeds success Ieading to industry concentration. Also, 

SiIverberg and Verspagen (1994) find that incumbents persist with occasional 

displacement. 

6.6 Lim'fations and Future Work 

In the most lirniteâ sense, the results presented in this chapter do nothing more than 

dernonstrate how the methods of genetic algorithms maniputate numbers. Interest in the 

results fiom the perspective of technological innovation depends critically on the analogy 

between the real wodd and its representation in the artincial worId of the cornputer 

program. The Limitations associateci with this approach have been discussed previously in 
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93.1, 95.6 and 95.8. As for any model, the acceptame of this model requires a 'leap of 

Eth' based on the reasonableness of the model given experiences in the r d  world. 

Hopefidy, the strength of the andogy in this model wiil increase as the findings of other 

investigators c o n t h  those presented here. 

The results presented in this thesis have not begun to exhaust the research potentd of the 

Bizlife computer program. Within the confines of its current capabilities, the effects of a 

number of parameten have been chosen for investigation- Other parameters, and the 

questions they address, that have not yet b e n  exarnined include: 

Industry size. 

The effect of number of h s  on innovative behaviour, industry concentration, and the 

diision of new ideas. 

Number of products. 

The effect of product portfolio site on innovative behaviour, industry concentration, 

and niche market strategies. 

Number of technique choices. 

The effect of enviromnentd complexity on innovative behaviour and a firm's abiity to 

compete. 



Number o f  techniques per product. 

The effect of environmental complexity on innovative behaviour and a h ' s  ability to 

compete. 

Entry, contesting, imitation, and invention costs. 

The eEect of relative costs on innovative behaviour and a h m ' s  ability to survive. 

Conditions controllhg entry and exit. 

The dynarnics of entry and exit Eom products in response to changes in the 

environment, and niche market strategies. 

In addition, fùrther research questions could be addressed by increasing the capabilities of 

the program. Immediate plans for augmentation of the program include investigation of 

Evohitionary markets - making market demand endogenous to the program by having 

a population of consumers who operate in a mamer similar to h s  in the current 

model. This wiU aiiow technology push to be examined. 

A e f i v e  shufegic behaviour - the response of firms to environmental change when 

their strategies for imitation and invention are allowed to vaty. 
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Risk - the relationship between variance and magnitude of returns for dXerent 

imitative and inventive strategies. 

Niche markets - the possibiiity of increasùig survival probabiiities by occupying 

specific niches in the market and utilizing s p d c  strategies. 



Number of techniques per product. 

The effect of environmental wmplexity on innovative behaviour and a h n ' s  abiiity 

to compete. 

Entry, contesting, imitation, and invention costs. 

The effect of relative costs on innovative khaviour and a fkm's abüity to survive. 

Conditions conttolling entry and exit. 

The dynamics of entry and exit trom products in response to changes in the 

environment, and niche market strategies. 

In addition, further research questions could be addressai by increasing the capabilities of 

the program. immediate plans for augmentation of the program include investigation of: 

Evolutionury markets - making market demand endogenous to the program by having 

a population of consumers who operate in a mamer simiIar to firms in the current 

model. This will aiiow technology push to be examined. 

Adaprive strategic behaviour - the response of nmis to environmentai change when 

their strategies for imitation and invention are aiiowed to vary. 

AN EVOLUTIONARY APPROACH TO MODWG ~ O L O G I C A L  CHANGE 
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Risk - the relationship between variance and magnitude of r e m  for different 

imitative and inventive sîrategies. 

Niche markets - the possibility of increasing Sunrival probabiüties by occupying 

specific niches in the market and utilizing specific strategies. 



7. Discussion 

This thesis has been a joumey in search of discovety and understanding. It began by 

noting the similarr*ties between the evolution of esonornic and biologid systems. These 

sirnilarities provided a new perspective ftom which to view the process of technological 

change and its etféa on economic and business decisions. Using this perspective, a ncw 

model of the process of technological change was developed which captures its essential 

characteristics: the baiance between exploration and exploitation, the role of invention in 

creating new techniques for trial, the role of imitation in diaishg and combiig 

successfbl techniques, and the market as a mechanism for decïding between successfitl and 

unsuccessfiil techniques. The evolutionary point of view stresses the stochastic, dynamic 

and path dependent nature of technologicai change, and these characteristics require that 

computer simulation be used for the analysis of the model. A computer program was 

created for this purpose. The computer program was used in wide ranging investigations 

which examineci the behaviour of the model and reveaied some interesthg implications of 

the evolutionary point of view. 



This thesis has foiiowed a number of themes fiom th& biologicai ongins, through their 

economic analogies, to theü sünulations using the computer program. The results have 

implications not only for our understanding of technoIogicai change, but aiso for our 

understanding of economic proeses ,  and the celatiomhip between complexity and 

simplicity. Some of these themes are: 

Macro-level effects can be simple in spite ofthe complexity of micro-level processes. 

Macro-level effects can be cornplex in spite of the simplicity of micro-level processes. 

Evolutionary processes balance exploitation and exploration. 

Evolutionary processes balance creation of diversity and consolidation. 

Evolutionary processes are discontinuous and chaotic. 

Evolutionary processes can operate without intelligence, rationality or motivation. 

In examining these themes, this thesis has made three contributions: 



1. me in&tathctirn of a m&I which ai& in the déscriptinion md d r s f d n g  of the 

pmess of technologicc~i change fiom und evoiutiomry point of view. 

The model of the process of technological change developed here has helped in 

c a t e g o a g  participants, defining the characteristics of an innovation system, and 

describing the interactions witbin the systea Mihife the model is not strictly 

evolutionary in design, the implementation of the model in the wmputer program is. 

Certainly. the structure of the model is due both to its evolutiooary inspiitions and the 

requitements of the computer program. There are no similar models that would have 

served this purpose adequately. 

2. The creafon of a computer pmgrwn which sirnu?ates the proces of tecivmlgrgrcuI 

change in u simple mt)ïciai ecemmy. 

There have been fcw computer programs which model technological change using an 

evolutionary approach The program developed by Nelson and Wmter (1982). which 

was desmiecl in 93.2, is c e d y  an inspiration for the program dewloped here. 

Conceptually, there are many sirnilarities between the two works. However, the 

Nelson and Wmter program differs in some important respects. Most sigdcantly, the 

Nelson and Wmter program employs extensive and complicated des of behaviour for 

its agents. Also, theu program is more neoclassical in nature, assurning, for example, 

AN EVOLUTIONARY APPROACH TO MODELLING TECHNOLOGICAL CHANGE 
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that there are two Wors of  production, that markets cleq and that pnces are in 

equilibrium in each p e r i d  The same can be said of other pro- based on the 

Nelson and Wmter approach, such as the works by Andersen (1994), Siiverberg and 

Verspagen (1994), Englmann (1994), and Chiaromente et ai. (1993). In contrast, the 

philosophy of this program has been to use evolutionary techniques to mode1 

evolutionary processes. 

In the Artificial Adaptive Agent tradition, there have been a few programs based on 

cellular automata (Arthur 1991, Bhargava and Mukherjee 1994). However, there have 

been no published models based on genetic algorïthms. 

The presentation of wsulfs fiom îhe simul"tiom which iIIustrafe h m  e v o i u t i o ~  

ec&ic systems operae and he$ in un&rst&ng the pnxess of techoIogicaZ 

change. 

Of course, the results fiom the cornputer simulations of the artificiai world in Chapter 

6 are Uustrative of the process of technological change in the real world only to the 

extent to which the analogies between the two worlds are accepteci. However, gïven 

that these analogies ho14 the impücations of the simulations are: 



Industries are able to improve performance even without profit rnaxhhhg 

behaviour by management. 

Management is less able to influence firm performance under conditions of rapid 

environmental change. 

Invention within industries is important to avoid stagnation and ensure continued 

adaptation to environmental change. 

Cycfical performance in industries is an emergent and pervasive phenornenon that 

results f?om imitative behaviour. 

The natud reaction of an evolutionary system to sudden environmental change is 

a rapid increase in diversity, foliowed by a longer period of consolidation 

aghly inventive orgatiizations, while providmg a valuabte social fiindon, are 

uniikely to perfiorm as wel as firms with Lower rates of invention. 

Contesting a p o ~ o l i o  of products is a more stable strategy than relying on a 

ümited number of products. 
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As was argued at the outset of this thesis, the evohtionary point of view requires a 

paradigrn shifL Once that shift has been accomplished, PU management decisions can. be 

seen in a new iight. It is hoped that the simulations of the previous chapter and the 

discussions of this chapter have helped the reader to appreciate the evolutionary 

perspective. 

The foiiowing sections discuss how the findings fiom the cornputer simulations could be 

applied to real-world management decitions in the private and public secton. niese 

discussions are at best an introduction to an evolutionary interpretation of business. AU 

interpretations are personal, and the discussions here are presented to provoke thought 

and reaction. 

7.1 The 

mers  wili c e r t d y  have their own interpretations. 

lmportance of Exploration in Evolutionary Processes 

The preceding chapter has iil1;strated the importance of exploration in a changing 

environment. This wiii not be surprishg to anyone involveci in technologically intensive 

seaors of the economy, and there are few sectors left which are not being buffeted by 

technologid change. 

It is clear that competitiveness requires exploration. This is tme at both the Ievels of the 

finn and the nation. Not dways clear, however, is the appropriate baiance between 



exploration and exploitation. The simulations show, not surprisingly, that there can be too 

much exploration, as weU as too Iittle. The simulations also hdicate that the rate of 

environmental change is a detemrinant of explorative effort; higher environmentai change 

calls for more exploration Unfottunately, the model cannot be calitbrated to spec* achial 

investments for real-world organizations. 

In the model of technologicai change presented in this thesis, exploration is separateci into 

inventive and imitative wmponents. Whiîe invention is. commonly accepted as an exercise 

in exploration, the explorative aspects of imitation are not ofken realized. However, in an 

evolutionary process, imperfect Mitation is actuaüy the most important wmponent of 

exploration. This has very important implications for rial-world organizations. AU parts 

of an organization should continuously scan for new and- better ideas. Benchmarking is 

one way of achieving this. Imitation is particularly important for the R&D sections of 

organizatiow. It bears repeating that one of the most important purposes of the R&D 

department is to act as a capable reaptor for ideas fiom outside. 

In spite of the dominance of imitation as an explorative activity, the simulations also 

illustrate the importance of invention. Without invention, industries can stagnate. From a 

competitive standpoint, this may be acceptable as long as the stahis quo is maintaineci. 

However, if one finn is able to break out of the mould, they may be able to obtain a 

temporary advantage. In a rapidy changing environment, temporary advantages rnay be 



ali that are ever available. If first-mover advantages are not critical, the simulations show 

that aii firms can benefit fiom the inventive activities of a few, 

The simulations show the d i f n ~ l t y  in appropriating the benedits of inventive effort. Ln 

fact, highly inventive fbms are iikely to be at a cornpetitive disadvantage. However, the 

simulations ais0 show that the o v e d  performance of an industry (and thenfore the social 

good) is improved by inventive e f f o ~  The problem of appropriation for the individual 

fhn, coupled with the potentiai industry-wide and social w e h e  benefits of inventive 

actMty, suggest that it may be attractive to perform inventive actïvity in cooperation with 

othen. Since the benefits of an invention are likely to be appropriated by others, the costs 

and risks might as weli be s y e d  a1.w. There are a number of ways of  achieving this. The 

traditional rneans is to tax ~ÙIIIS, and use the procceds to fimd public sector research 

organizations and universities. F i  can dso contract-out research to private, semi- 

private, and public research institutions". This serves to spread the capital costs, if not 

the marginal costs and risk, of research. A more recent approach is the formation of 

research consortiaU where firms contribute binds for pre-cornpetitive research. These 

' Iri Canada, privaîe ieseaich instiîutions are f&. Semi-private nsaich institutions ansist of recently 
privatized organizations such as BCRI and ORTECH wbich raceivt some pubiic ftnding. Public 
research institutions such as ihe Nationai Research Coudl (NRC), the Alberta Rcscarch C o d  
(ARC), goverment taboratories, and many universities are increasingly daing ~iesearch on a cost 
recovery b i s .  

l5 in Canada, examples of such research ansocth include the Nationai Cciitrcs d Exceiienœ (&tics 
and intelligent wms, innovative stwhms, tele-lcarning, forest management, microelectronics, 
telecommunications, and a d e t y  of hcaith and biotcchnology topics)? the Ontario Centres of 



approaches trade off wide applicabiity and investigative fieedom on the one hanci, and 

targeted relevancy and control on the othec. 

7.2 The Concept of 'E@ciency9 in Evolutionary Processes 

In the current fiscal clllnate of 'doing more with less', the efficiency of both public and 

pnvate operations has corne under dose scrutiny. A large part of the solution has been 

seen to be the elimination of dupkaiior How does this attitude mesh with the 

'efficiency' of evolutionary processes? 

Evolutionary processes are inherentiy wastefûi for two reasons. F i  there is duplication 

as multiple agents compete with each other to h d  better solutions to the problems 

imposed by the environment. Second, many of these agents do not d v e  and the result 

of much of the effort that they have expended is then lost nom the system. It might seeiii 

that by coordinathg the actions of all agents, efficiencies should be easily obtained. 

Coordination is indeed an option in situations where the hture can be predicted - either 

because it will be similar to the past (static environments), or because the coordinator has 

perfect idormation and unbounded wmputational capabilities to predict the fiiture. 

Exceilencc (manufhcbring and maîcriais sciences, i n f o d o t i  technologies, teirmmmiinicaîions, 
spaœ scienoes, ground watcr, laser technologies), Papricaa @ulp and papcr), and Forint& (forcstry). 



Of course, in the r d  wodd, neitha of these conditions exists and coordination has 

fiequently been found wanting c o m p d  to evolutionary aitematives The best evidence 

of this is the success of fiee-market economies (which are evolutionary) over communist 

econornies (which are coorduiated). ûther evidence includes the benefits that have corne 

from the de-regulation of public monopolies, and the trend towards internai cumpetition 

arnong business units of companies. Stili, coordination obviously predominates withui 

organizations and in some parts of the public sector. Why are duplicative inefficiencies 

preferred in some situations, but not in others? 

The answer cornes f?om understanding how evolution u t i b  duplication and when it is 

necessary. An evolutionary approach does not imply that duplicationper se is beneficial; it 

is cornpetition for lirnited resources which drives evolution, and no stnuegy which wastes 

resources will be successfûl in the long-ma When evaluathg the value of duplication, the 

foUowing points should be kept in rnind: 

Duplication is used by evolution to explore many poink in the search space in parailel. 

This strategy has been shown to be optimal in large, noisy, search spaces (ûoldberg 

1989); it is not appropriate in other situations. 



Duplication is only beneficiai in exploration. Most of what an organization or 

economy does is not aplorative, and duplication in these other activities is IJ& 

beneficial. 

Duplication refers to the number of simuitaneous attempts to mach sllnilar goals, not 

the paths that are taken Exploration dong a particular path shodd stiii be done as 

efficiently as possible. 

Duplication serves no purpose if it is exact. 'Cloning' of explorative approaches has 

no benefit; it is diversity in the approaches which produces the gower of evolutionary 

search. 

As has been show in the previous chapter, and by expenence in the real worid, 

diversity should be initially high in order to explore a large portion of the search space, 

and then diversity should decrease as 'good' solutions are diswvered. 

While evolutionary exploration may be show to be efficient in a global sense, there is no 

question that the process creates hardships for individual agents. Diversity implies 

variation in performance, and ultimately then must be many Mures for every success. 

There is a desire in society to ease the transitions for the 'losers'. This wili be beneficial if 

the resources and experience fiom unsuccessfùl explorations can be saved for fùture 
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efforts. However, it must be rernembered that in an evolutionaiy world poor performance 

cannot be condoned, and good performance must be rewarded. Attempts to 'save'.poor 

performers wiii ody serve to inhibit the evolutiomy process. 



Appendix A: The BZ Reaction 

One variation of the Belousove 

Zabotinski reactioa is produce in 

a mixture of sodium bmmate, 

sulfûric acid, sodium bmmide, 

malonic acid, and a 

phenanthroline redox indicator. 

The mixture is initialiy a 

unifonn reddish colour. Ih a few 

minutes, patches of blue wiU 

form and these will develop into 

concentric rings of red and bIue. 

Figure A-1: The BZ Readion 

The rings grow and join in& surprisingly intricate 

patterns. There is a spontaneous formation of temporal and spatial order, h m  random 

beginaings. (Cohen and Stewart 1994). 

Bons Pavlovich Belousov (1893-1970) was a chemist and head of the biophysics 

laboratory in the USSR Ministry of Health when he discovered the osciilatory reaction. 



Although there had been s~anered evidence of osciUatory chernid readions since 1921, 

chemists remained scepticai of such daims. His initiai submission for publication in 1951 

was rejected with the request thpt he produœ additionai evidence. He worked for another 

six years and submitted a revised manuscript to another jounial, but that editor insisted 

that the paper be shortened to a letter. Belousov decided to give up on publishg his 

work and had no further involvement in the reaction's saidy. 

In 1961, Anatoi Zhabotinski, a graduate student in biophysics at the Moscow State 

University. becarne aware of Belousov's work and began looking at similu systems. The 

reaction came to the attention of the Western wodd at a 1968 contirence on Biological 

and Biochemical Osdators in Prague where Zhabotinsia4 presented x m e  of his redts. 

The biology community was more receptive to these ideas than the chemistry community 

shce they were accustomed to working with selfsrganizing systems. The publication of 

the proceedings in English brought the BZ reaction to the attention of Western chemists. 

Before, and even d u ~ g ,  the development of the BZ reaction, a number of papers were 

being written in the West on why true homogeneous osciliating reactions were impossible 

based on erroneous appücation of the 2"4aw of thennodynamics. By the late 1970's 

many chemists were aware of oscüiating reactions and agreed that they were genuine and 

even interesting. 
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In 1977, Iiya Prigogine was awarded the Nobel Prize in Chernistry for his explanations of 

nonequilibrium systems. In 1980, the Lenui P r k  was awarded to Belousov, Zhabotinski, 

VI. Krinsky and G.R Ivanitsky for their work on the BZ ceaction, Belousov had died in 

1970. (Tyson 1976). 



Appendix B: Glossary 

The foliowhg definitions are specific to their use in this thesis. 

Appropriability 

Chaos 

Environrnerrt 

Evolution 

Exploitation 

Exploration 

A masure of the benefits 60m exploithg an innovation that 
can be captured by the innovator, d e r  than by imitators or 
consumers 

A dynamic system which is sensitive to initial conditions and 
smaü perturbations, and displays discemile pattern in spite 
of being non-periodic. 

Everything extemai to the h. Often used to refer to 
gened market conditions. 

A process by which a system adapts to its environment. 
Evolution requires 1) a measure of success, 2) mechanisms 
for exploration, and 3) seledon based on success. 

The process by which a fimi uses its techniques to acquire 
additional resources Exploitation comists of promotion 
and production. 

The process by which a firm investigates its environment to 
find new techniques. Exploration consists of imitation and 
invention. 

An organization which controls techniques, exploits those 
techniques to aquirc resources, and explores for new 
t ethniques. 

An orgmïsm as defined by its blueprint @NA) in theory 
(see also phenotype). 



Ideas 

Imitation 

Innovation 

Invention 

Market 

Phenotype 

Production 

Products 

Promotion 

Rat ionality 

Resources 

The medium by which techniques are trarismitted among 
f h s ,  and between h s  and the market. 

One of two ideaiized f o m  of exploration (see olso 
invention). Imitation involves wpying the techniques of 
other successfUl firms. 

A couection of firms that interact with each other to control 
scarce resources. 

A generic term for the result of exploration. 

One of two ideaiïzed forms of exploration (see also 
imitation). Invention involves creating new techniques. 

The source of resources for a hn. Resources are 
exchanged for techniques embodied in products. 

An organism as it is realized in fact (see dso genotype). 

One of two idealized components of exploitation (see also 
promotion). Promotion invoives ail activities necessary to 
transfoma techniques into products. 

Specinc collections of techniques which can be exchanged 
for resources in the market. 

One of two idealized components of exploitation (see also 
production). Promotion involves di activities necessuy to 
exchange products for resources in the market. 

The abüity to make decisions which are fùliy informed and 
without error. Where there is unartainty about fiinire 
conditions, the possible outcornes are fÙUy describeci by 
probabiity distributions. 

Things which can be traded or transfomeci through 
exploration into techniques. Resources include manpower, 
equipment, and facilities. 



Society 

Techniques 

Technologies 

The environment of a fhn other than its industry and 
market Society includes public sector institutions and the 
social rules and standards under which a fhn operates- 

Ways of doing things. Techniques include entities, fàcts, 
procedues, and skills. 

Generic collections of techniques that can be combiied to 
create products. 



Appendix C:  An Introduction to 
Genetic Algorithms 

Chapter 2 discussed the abiiïty of biologicai systems to explore and exploit extremely 

compiicated search spaces. There are many situations in human endeavour where this 

capability is needed. In fact, the greatest limitation of traditional =ch and optimization 

techniques is that problems often must be reduced to almost trivial sirnplicity before they 

can be solved. Genetic Algorithm (Gh)  are a clas of techniques for opthkation which 

draw their inspiration &om the process by which biologïcai organisrns improve  the^ 

adaptation to their environment (Davis 1991, Goldberg 1989, Houand 1992% 1992b). 

They have been found to be versatile, robust, and faut tolerant. 

GAs have been applied with a great deal of success in a surprisingly wide array of 

applications for optimization, controi, and machine learning. Traditional operations 

research examples include the travelling saleynan problem, graph colouring, the prisoner's 

dilemma, scheduling, and bin packuig. More novel examples include gas pipeline control, 

communication networks design, medical imaging, gas turbine design, and evolvable 



cornputer software and hardware (chips that alter their circuitxy to adapt to their 

environment). 

The foundations of the GA approach to optimization were in place thirty years ago. 

However, it is ody in the last ten yean that GAs have received widespreaâ attention. In 

that tirne, GAs have been applied to an edectic varie5 of problems. In the process, much 

has been lemeci about the strengths and weaknesses of GAs, and how to make GAs 

perfonn better in partidar situations. 

The use of GAs in this thesis, however, is as a numetical optimization technique. Here 

they will be used in the manner of Hoiland's artificiai adaptive agents describeci previously 

in Section 3.2. Whether for optimization, machine leaming, or the simulation ofartificial 

worlds, though, the mechanics of GA operation are similar. This sedion provides an 

introduction to the basics of GAs for optimization. 

Genetic Algorithm Fundamentah 

As researchers search for ways to irnprove GAs, many variations on their operations are 

being tried. This description of GA findarnentals covers what is considerd to comprise a 

'classic' GA The mechanics of a simple genetic algorithm are surpnsingly simple, 



consisting of nothing more cornplex than copying strings and swapping partiai strings. 

There are five basic operations: 

Representation: The fkst operation is to represent the problem as a string of finite 

length, consisting of a finite alphabet. Typicaiiy, the alphabet used is binary and there are 

theoretid reasons why this is preferabfe. Representation is the most difficult aspect of 

using GAs and is somewhat of an art requiring experience and inspiration Fortunately, it 

has been found that the performance of GAs is insensitive to the representation choice. 

Initiakation: The second operation is the aeation of a population of strings. Typically, 

the initial population is created randomly. This is analogous to the 'prùnel ooze' fiom 

which life on earth is thought to have evolved. A random initiai population ensures that 

the entire search space has the potential to be represented. Using heuristics to seed the 

initial population may speed the convergence of the GA to a local optimum, but not 

necessarily the global optimum because some portions of the search space may have been 

excluded fiom the initial genetic matenal. 

Evaluation: The third operation is the evduation of the 'fitness' of each string in the 

population dative to the others. In practice, this means decoding the string 

representation and determining its pafomuuice in the problem domain. This, and the 

string representation, are the only parts of the GA procedure which are problem s p d c .  



The GA does not requue any information about 'why' or 'in what way' one string is better 

than anotheq just the outcome nom the evaluation procedure. 

Selection: The fourth operation is the selection of h g s  that will suMve to the next 

generation. SuMval is probabilistic- A string has a better chance of d v a l  if it had a 

high relative performance in the evaiuatïon operaîion, One string may see mariy of its type 

survive, whiie another dies out. 

Reproduction: The fifth operation is reproduction that combines the information 

contained in two strings to m a t e  two new strings. This enables the GA to test regions it 

has not previously sampled. Very occasiondy d u ~ g  the reproduction operation, 

mutation wiii occur. The mutation operation randomly changes one of the elements in a 

string. It enables new genetic information to be added to the population. 

The Iast three operations (evaluation, selection, and reproduction) are iterated. Each 

iteration searches many points in the search space in parallel; many more than the 

population sue. In fw the number of points searched is of the order of the cube of the 

population size. Typidy, each iteration results in a population with improved 

characteristics. The process iq however, stochastic, and the performance of the 

population may remain static or regress for periods. 
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There is no set rule for stopping the procedure. Without mutation, or something simiIar, 

the process will evenhialy converge so that aii strings in the population are identical- nie 

process may be nin untii convergence, run for a set number of itedoas, or run until there 

is no longer an apparent improvement in the performance of the population The last 

option is dangerous because GAs often m for many iterations at one level of 

performance, and then suddedy bprove drarnaticaiiy. 

A Genetic Algorithm Exomple 

The operation of a GA is best iiiustrated through a simple example. We wish to find a 

'good' string of five binary numbers. For the moment we will assume that we can 

evaluate the fitness of a string, but we do not know the form ofthe fiindon which is being 

optimized. We randomly generate a population of four strings, calailate their fitness, and 

determine how many of each string will survive: 

Population 
Value 11 

Survivai 

- 576 
064 
361 

Total 1170 
Max 576 

49.2 
05.5 
30.9 



The s u ~ v a i  calculation can be thought of in tenns of a weighted roulette wheel The 

wheel is divided into four segments, each segment's area is proportional to the percentage 

of each fitness value to the total fitness. The wheel is spun four times and the segment 

that is chosen each t h e  represents the string that sucvives. In this case, string 2 is 49.2% 

of the total and w e  would expect it to do well; as t does with two of its kind sutyiving. In 

contrast, string 3 does poorly at 5.5% of total fitness and none of its k d  swive. Since  

survival is probabZstic, it would have been possible, though uniilcely, thaî, for example, 2 

of string 3 couid have s u ~ v e d ,  while mne of string 2 survived. 

The su~ving strings thea reproduce. Adjacent strings are mated and a crossover point 

for each pair is chosen at random. The subs t~g  before the crossover point of the first 

string in the pair is combineci with the substring after the crossover point of the second 

string in the pair to form a new string. Similady, the substring after the crossover point of 

the first string in the pair is wmbined with the s u b s t ~ g  after the crossover point of the 

second string in the pair to fom another new string. This is repeated with the second pair 

of strings to fonn another two new strings: 

AN EVOLUllONARY APPROACH TO MODELLING TECHNOLOGICAL CHANGE 
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Populatioa After Crossovet Fitnes 

1. 0110:l O 1100 144 
2, 1100:O 11001 625 
3. t I:0 O O 1 1 0 1 1  729 
4, 1 0:O 1 1 1 O000 256 

Max 729 
Avg 439 

Notice that the best string and the average of di the strings have both inaeased cornpared 

to the original population above. In a GA this process of evaluation, survival, and 

reproduction would be wntinud for many iterations. While the maximum and average 

fitness of the population may temporarily decrease, thqr d l  genedy improve; quickly at 

first and then more slowly. 

The problem in this case was optimization of the fiinciion qx) = #z It is significant the 

GA did not require any information about the fûnction, There are many problems in the 

reai world, especiaiiy in the business world, where outcornes are known, but the hct ion 

is not. For example, a manager can observe the success of his or her marketing decisions, 

but knows very Iittle about the process by which the business environment interacts with 

those decisions to detemine his or her fate. In fact, the operation of a GA in h d h g  

'good' solutions is analogous to Simon's 'description of the 'satisfichg' behaviour of - 

managers. 



Appendix D: Bizlife Program 
Description 

Program Operation 

Operation of the program is as foiiows: 

1. Diere is a population offrtns. 

The number of fimis in the population is set by the user. Larger populations of 

finns in the mode1 are analogous to industry size in the real world. Within each 

population of h s ,  there are sub-populations of h types. Firms of the same 

type share propensities to Unitate, invent and contest (see Points 6 and 7 below). 

2. lhew is a set of techniques thot earhfinn uses in prochlcts. 

The technique set for each product is represented by a string ofnurnbers. Initiaiiy, 

this stMg is randomly chosen for each firm The number of techniques (the length 



of the string) and the number ofchoices for each technique (the cardinality of the 

alphabet used to create the string) are set by the user. Together, these two 

parameters are andogous to the complexity ofthe environment. 

3 .  me= is an optimal set of techniques dkfelltlined by the w k e t  of an mchrsfrysfry 

The market is represented by a string of numbers of the same length and cardinality 

as used for the firm technique set. This string represents the market demand set. 

Evaluations and changes are made in each period. The user defines the length of 

the simulation. DSerent time penods cm be examined to compare the short and 

long-run perfonnance of firms. 

5.  In each per-iod, the p$ormance of the finn is evuhated 

The performance of a fmn is determined by the number of its techniques that 

correspond to the market demand. nie score that would be expected as a result of 

randorn chance is equal to the string length divided by the card'inality. 



6. In euch period, ajinn may h g e  some of ifs techniques by irnitating otherfirms. 

The fkm knows the performance of other f.irms in its hdustry in the last period, but 

it does not know which techniques are the nght ones. The finn is more iikely to 

hitate f i m  that have perfonned well. The probability that a firm wiU imitate is 

set by the user. Based on this probability,, for each technique a h wiii decide 

whether or not to imitate. If it decides to imitate, it wiîi copy the technique of 

another f h  chosen randomiy, weighted by performance. This is analogous to 

such concepts as benchmarkhg where h s  tiy to leam fiom the actions of 

indusiry leaders. 

7. In each pend afinn may change some of its fechmques by invention. 

The probabïility that a firm will invent is set by the user. Based on this probability, 

for each technique, a f h n  wili decide whether or not to invent. If it decides to 

invent, it wdi randornly change the technique. This is anaiogous to invention in the 

real wodd through processes such as research and development. 

8. In each period, aJnn may exitjiam some p&c& that it is currentiy contesfihg 



Finns are more kely to exit fiom a product if the h has a low propemity to 

contest, has few remaining rrsources, the product is perfonning poorly, and the 

produd has poor prospects for profit. 

9. In each p e M  a fini nluy enfer s m e  prOcaIcts which it is not mmntly 

confesting. 

Firrns are more WeIy to enter a product if the fïrm has a high propensity to 

contest, has abundant resources, is currently contesthg sunilar products, and if the 

product has good prospects for profit. 

10. In each period, the msmcnr of the f i .  am evahated. 

Resources are augrnented by revenue fiom products, and reduced by the expenses 

of contesthg products, entering products, Mitating techniques, and inventing 

techniques. 

1 1. In each pew the market may change. 

The probability of  market change is dehed by the user. Based on this probability? 

techniques in the market demand are changed randody. 



In this section, user definecl parameters and options are signined by a ciifferent font. 

Figure D-1 shows the structure of the Bulife 

program There are six major mutines: 

input, initiaikation, exploration, exploitation, 

market change, and output. The exp1oration, 

exploitation, and market change routines are 

iterated for the number of penods in the 

simulation. n i e  foilowing sections descriie 

each ofthe program routines. 

Figure Dl: Program Structure 
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The following are user-defïned parameters. Their use is described in subsequent sections. 

Randorn Number Seed - htêger 
Number of Periods - Integer 
N u m b e r  of Firms - Integer 
N u m b e r  of Products - Integer . Number of Techniques - htegef 
Techniques per product - htegêr 
Market Size - Integer 
Propansity to contes t - Real 

0 Propensity to Imitate - R d  



eropensity to  ~ n v e n t - R d  
F i m  Resources - Integer 
COS t O f k t r y  - Integer 
COS t of Contesting - hteger 
cost  of  imitation - hteger 
 COS^ o f  Innovation - Integer . Probability of Market Technique Change - Real 
Probability o f  Market Size 
Payback Intercept - Integer 
Minimum Payback - Intêger 
Reserves Intercept - Integer 
Minimum Reserves - hteger 

Change - Real 

F i m  Distance Intercept - htêgêr 
~roduc t  Distance Intercept - Integer 

The foiiowing are user-selected options. Their use is described in subsequent sections. 

F i m  D i s  tance - h g k d  
Product Distance - h&d 
Products Contestcd - LO&~ 
Market  S ize  - Logid 
Market Change-hg id  
Firm Propensities - h g i d  

Random number generator - The random number generator is initialized wiîh the 

random number seed. Because Birlife -is stochdc in operation, different random 

number seeds will produce dinerent raits. 



Market techniques - The vector of market techniques is the number of  products in 

length times techniques per  product and contains randornly generated integers 

between one and the number of techniques. 

Market sizes - The vector of mark& sizes is the nuxnber of products in l e n a  There 

are three options for initiaikation of market demands, set by the market size option. 

With the fist choice, ail market demands equd the market demand. H+th the second 

choice, market demands are randomly generated htegen between one and the market 

demand Wlth the third choice, market demands are evenly distniuted in increments of 

market dexnand/number of products. 

Market technique and demand change probabiiities - Both the vedor of market 

technique change probabilities and the vector of market demand change probabilities are 

the rider of products in length. There are three options for initiakation of market 

change probabilities, set by the market change probability option. WLth the first 

choice, all market technique change probabiiities equd the probability o f  market 

technique change, and di market size change probabilities equal the probability of 

market si ze change. W~th the second choice, the market technique change probabüities 

are randomly generated real numbers bmeen zero and the probability of market 

technique change, and market demand change probabilities are randornly generated real 

numbers between zero and the probability of market size change. With the third 



choice, the market technique change probabilities are evenly distriiuted in increments of 

probability of market technique change / number of products, and the market 

size change probabilities are evenly distnbuted in increments of probability of market 

size change / number o f  products . 

Fim moumes - The vector of finn resources is the nrmiber of f i m u s  in length and 

each element equds the f inn  resources. 

Firm propensity to contest, imitate, and invent - The three vectom of finn propensities 

to contest, imitate, and innovate are the number of fi* in length. There are three 

options for Uiitialization of the firm propensities. With the first choice, aii fïrm 

propensities qua1 the propensity to contest, propensity to imitate, and 

propensity to invent. With the second choice, fimi propensities are randoxniy 

generated real numbers between zero and propensity t o  contest, propensity t o  

inütate, and propensity to invent. With the third option, fh propensities are 

eved y distributed. 

Firm techniques - The matrixoffinn techniques is the number of firms by the number 

of products t h e s  the techniques par product in s& and contains randornly 

generated integers between one and the number of techniques. 



-- - 

Products contested - The ma& ofproducts contest4 is the number of fi- by the 

rider of products in size- There are two options for the initiaiidon of products 

contested, set by the prroducts contested option. with the f h t  choice, di pmduds 

are contested by di h s  and the rnatrix ofpromicts contested is fUed with ones. With 

the second choice, the products contested are chosen randomly based on the fh 

propensity to contest calculated earlier, and the matruc ofproducts contested is Wed with 

ones and zeros, as appropriate. 

Firm distance factors - The ma& of firm distance hctors is square, the number: of 

firms in size. There are two options for the calailation of firm distance factors, set by the 

f inn  distance option. W~th the tint, the mat& of finn distance factors is filled with 

ones and calculations using the finn distarce factor will be independent of distance- With 

the second, adjoining h s  have a fkctor of one, and more distance h s  have a factor of 

Iess than one as dehed by the finn distance intercept of the firm distance graph 

Figure D-2: Finn Distance Grapb 

1 

Firm 
Distance 
Factor 

O 
Firm Distance Intercept 

F i m  Distance 



APPEND~X D: BELEE PROGRAM DESCRIFIION 180 

(Figure D-2). 

Product distance factors - The matrix of product distance factors is square, the number 

of products in size. There are two options for the caldation of product distance 

factors, set by the product distance option. wth the first, the matrix of product 

distance factors is fiiied with ones and caldations using the product distance factor will 

be independent of distance. With the second, adjohhg products have a factor afone, and 

more distance products have a factor of less than one as defined by the product 

d i s  tance intercept of the product distance graph (Figure D-3). 

Product 
Distance 
Factor 

Figure D-3: Product Distance Graph 

Product Distance Intercept 

Product Distance 

Firm records - Nie  matrices are used to record the results of the firms for each period. 

These are number o f  fi- by the nind3er of periods h size. They record: fh 

performance, products contesteci, products entered, products exited, products imitated, 



products innovated, fiim resources, fimi revenue, and h cost. They are initialized to 

zero. 

Product records - Six matrices are used to record the results of the products for each 

period. These are n-er or products by the number of periods in s h .  They 

record: product pe&ormance, finas contesting h n s  entering, f h s  exiting, finns 

imitating, and firms innovating. Thy  are initiaiized to zero. 

Market records - One rnatrix is used to record the results of the market for each period. 

This is two by the number of periods in size. It records: number of market technique 

changes and number of market demand changes. It is initiaiized to zero. 

Exploitation 

Performance - The performance of a fhn for each of the products in which it contests is 

equal to the number of positions in the h and market technique strings which match. 

For example, wnsider the case where techniques are described as a binary s t ~ g  with five 

positions. The firm's technique is oioii and the market technique is i i o o i .  The strings 

match in the second, third, and fi& positions, so the performance is 3. These individual 

performances are averaged over products for each finn, and averaged over h s  for each 

product. 



Revenues - A firm's revenue tiom a product is a portion of the total revenue available for 

the product (market size) based on the nmi's pefiormance for that product as a 

proportion of the performance of aü nmis c o n t e h g  that produn For example, consider 

the case where a f h n  scores 8, the total of aii fimi's scores for the product is 32, and there 

are 100 resource units available fiom the product. The finn will receive (8/32)xlOM5 in 

revenue fkom that produd. 

Costs - A firm haus wsts for entering new products, contesting existing products, 

imitation, and innovation. The number of products afEécted in each of these ways is 

multiplied by the respective factor cos t of entry, cost of contes ting, cos t of 

imitation, and cost of innovation. 

Resources - A h ' s  resources in the next period are eqwl to its resources in the last 

period, plus revenues, minus costs. 

Product Entry - A firm will enter a new product if four conditions are met. Fust, the h n  

cannot be already contesting the product. Second, the firm's reserves must be p a t e r  

than minimum res erves. A W s  reserves represent the number of periods that a 6rm 

could sustain contesting a product without additional revenue. It is calculatecl as the 

firm's resources, minus the cost of entry, divided by the cost of contesting. 

Third, a stochastic choice, baseâ on the W s  propensity to contest, mua be true. 



Fourth, the anticïpated payback nom the pmduct must be greater than the minimum 

dehed by the product entry graph mgure D-4). This caiculation does not consider what 

others might do in the same, or fùture, periods. 

Figure D 4  Product Entry Graph 
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The anticipateci payback represents the number of thes  the wst of entry will be recovered 

from product revenues. It is calculated as market  size, divided by number of f h s  

contesting the product, minus the cos t of contes ting, divided by the cos t of antry. 

The performance of adjacent products is caicuiated by weighting the absolute performance 

of each product by its product distance factor calculated previously. If the product 

paybaciq adjacent product performance intersection fidis within the white area of the 

graph, the product mats  the minimum payback criteria for product entry. 



Product Exit - A h will exit nom a product if four conditions are met. F i  the h 

must be currently contesting the product. Second, the product's anticipated payback must 

be below minimum payback. Payback is calculated as described in Product Entry above. 

Third, a stochastic choice, based on one minus the firm's propensity t o  contes t (Le. 

propensity to exit), must be tme. Fourth, the h ' s  reserves must be lower than the 

maximum defined by the product exit graph (Figure D-5). 

Figure DS: Product Exit Graph 
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The finn's reserves are caiculated as described in Produa Entry above. If the 

reservedproduct performance intersection fds within the grey area of the graph, the 

product meets the maximum resetve criteria for product exit. 
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Exploration 

Imitation - A 6inn will imitate another fmn's technique iftwo conditions are met. Firsf 

the fùxn mu* be currently contesting the product. Second, a stochsstic choice, based on 

the h ' s  propensity to imitate, must be tme. Ifboth ofthese conditions are met, 

imitation is achieved by copying some of  the technique string positions for the product of 

another firm. The choice of fh for imitation is stochastic based on the perfiormance of 

the other fimis, weighted by the firm distance factor calculated eatlier. 

invention - A firni will invent a technique if three conditions are met. Fust, the f h  must 

be currently contesting the product. Second, the firm cannot already bave imitatecl this 

product in the current period. Third, a stochestic choice, based on the nrm's propensity 

to invent, must be tme. If these conditions are met, innovation is achieved by changing 

some of the product technique string positions to a number between one and the number 

of techniques, 

Market Change 

Market technique change - The de~sion to change a market technique is stochastic 

based on the probabil ity of masket technique change. If the decision is made to 
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change, this is achieved by randomly changing some of  the market technique string 

positions to a number between one and the number of techniques. 

Market sizc change - The decision to change a market size is stochastic based on  the 

probability of m a r k e t  demand change. If the decision is made to  change, this is 

achieved by randomly choosing a number between one and the market size as the new 

sue. 

Ourput 

The foliowïng information is stored for each period. 

Finn Performance 
e Number of Products Contesteci 

Number of Products Entered 
Number of Products Ercited 
Number of Techniques Imitated 
Number of Techniques Invented 
Firm Resources 
Fm Revenues 
Fm Costs 



By Product: 

Product Performance 
Number of Contesting Eirms 
Number of Entering Firms 
Number of Exiting F i s  
Number of Imitating F i  
Number of Inventhg F i  

For the Market: 

Number of Techniques Changed 
Number of Demands Changed 





disp ( ' next * ) 
else; 
vinput ( : ) =minput ( : , g) ; 

This section transfers the input file data to the program parameters. 

%fi l e  n h e r  
%vary parameter 
%parameter to Vary 
%maximum parameter value 
%minimum parameter value 
Bnumbar of parameter values 
Brandom number seed I[O,?] 
%number of iterations 1 [l, ?] 

%number of periods I[l,?] 
Bnumber of fim 1 [2 ,?]  
Bnumber of products 1[2,?] 
Bnumbar of choices I[2,?] 
%number of techniques I[l,?j 

%market size (opt 4) I[l,?] 
%probability technique change (opt 6) R[0,1] 
%probability s i z e  change (opt 6 )  R[0,1]  

%propensity to contest (opt 7) R[0,1] 
8propenaity to imitate (opt 7) R[0,1] 
%propensity to innovate (opt 7) E[0,1] 
%initial fini resources 1 [O, 3 )  

8cost of entry I[l,?] 
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recvtecinve=zeros(snperi,paranum); 
recvprocont=zeros ( snpe r i ,  paranum) ; 
recvtecher f  =zeros (snperi, paranum) ; 
vparaval=zeros (1, paranurn) ; 
i n c r =  ( (paramax-paramin) / (paranum-l) ) ; 
eva l  ( [paraname '= '  num2str (paramax) ' f i n c r ;  ' ] ) ; 
e l s e ;  
paranum=l ; 
incr=O; 
c l e a r  r ecv f i rpe r f  r ecv f i rn rev  r ecv tec imi t  recvtecinve;  
c l e a r  recvprocont recvtecherf  vparaval;  
paraname='nogarameteri;  
end; 

f o r  h=l:paranuni; 

i f  para-18 
eval ( [paraname '=' paraname ' - incr ;  ' ) ) ; 
e v a l ( [ ' v p a r a v a l ( h ) = '  paraname ' ; I I )  ; 
end; 

r e c f i r p e r f ~ z e r o s  ( snper i ,  s n i i m )  ; 
r e c f i r n r e ~ z e r o s  ( snpar i ,  unfirm) ; 
rectecim.it=zeros ( snper i ,  snf i rm) ; 
rectecinve=zcros ( snper i ,  snf  i r m )  ; 
recprocont=zeros ( snper i ,  s n f i m )  ; 
rectecherf=zeros(snperi,snprod*snleng); 

c l e a r  mfirm rnfirtech2 m a r k e t  per f  sum 

This section is iterated to average ruults over a number of runs. 

f o r  i=l: iter; 

rand ( ' seed '  , randseedt i )  ; 
colormap (hsv (sntech)  ) ; 

Bloop f o r  parameter va r i ed  

B i n i t i a l i z e  f i r m  performance record 
0 i n i t i a l i z e  f i rm  revenue record 
% i n i t i a l i z e  technique i m i t a t i o n  record 
B i n i t i a l i z e  technique invent ion  record 
B i n i t i a l i z e  pxoducts contes ted  record 
% i n i t i a l i z e  her f indahl  number record 

% i n i t i a l i z e  randorn number genexator 
% i n i t i a l i z e  coloz map 



templ=tye (snprod) ; 
temp2=ones (snleng, 1) ; 
m=l ; 
for n=l : snprod; 
perfsum(m:m+snleng-l,:)=temp2*templ(n,:); 
m=m+snleng; 
end; 

vfirreso=ones (snf i rrn,î) *snreso; 

%Option 8 - fim techniques O=random l=identical 3=read 
if vopt (8)==0; 
mfirtech=ceil(rand(snfirm,sntec1en)*sntech); 
%save biztech.mat mfirtech; 
elseif vopt(8)==1; 
mfirtech=ones (snfirm, 1) *ceil (rand(1, snteclen) *sntech) ; 
else; 
load('biztech.mat'); 
end; 

% t o t a l  technique l ength  

% 
% 
% 
% 
6firm performance sum matrix 
% 
% 

%firm resources 

Bfirm techniques 

vmartech=ceil(rand(l,~nteclen)*sntech); %market techniques 

%Option 1 - firm di~tance factor O=distance independent l=slope function 2=atcp function 
if vopt (l)==l; 8 
templ=max ( (sgfirdis-[O: snfirm-llj. / (sgfirdis-1) , O) ; 8 
temp2~x((sgfirdis-fliplr([l:snfixm-l,0])).~~ 0 . / (sgf irdis-1) , O) ; % 
templ(1) =O; 8 
temp2 (1)=0; % 
mfirdiattmax(toeplitz(templrtemp2),toeplitz(te2,tel)); % f i m  distance factors 
elseif vopt(l)==2; 
t e m p d n  (sgfirdis, snfirm-1) ; 
templ=[O ones (1, temp) zeros (1, snfirm-temp-1) J ; 
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This section calculates firm performance, revenue, entry and exit. 

%EXPLOITATION 
%Application 
%--Performance 
tempa=- (mfirtcch-ones (snfirm, 1) *martech) ; 
mfirperf=tempa*perfsum) 
vfirperf=(sum(mfirperf ' )  ) ' ./max( (sum(mfircontg ) ) @ ,  1) ; 
vproperf=sum(mfirperf) . /max (sum(mfircont) ,1) ; 
%--Revenue 
tempmax (sum(mfixpexf) , 1) ; 
vfirreve~mfirperf * (vmarsize. /temp) ' ; 

%Option 5 - entry and exit O=disabled l=enabled 
if vopt (5)--1; 
vfirre~e-(vfirreso-sccntr)/sccont; 
vpropayb= (vmarsize. / (sum(mfircont) t1) -sccont) /scentr; 
%Cornpetition 
%--Product Entry 
templ=-mf ircont; 
temp2= (vfirrese>sgentmiln) *ones (1, snprod) ; 
temp3=1and (snfirm, snprod) < (vfirpcon*ones (1, snprod) ) ; 
temp4=ones (snfirm, 1 )  *(l-~propayb/sgentint) < n a  l 

(mi irperf *mprodist) / (sum (mprodist ( : , 1) ) *snleng) ; 
mfirentr=tewl6tcmp26temp36temp4; 
tempa=ceil (rand (snfirm, snteclen) Qntech) ; 
mfirtech=mfirtech+(ternpa~*(mEirentr*perfsum~)); 
8--Product Exit 
tcmpl=mfircont~ 
temp2=ones (snfirm, 1) * (vpropayb<sgextmin) ; 
temp3zrand (snfirm, snprod) > (vfirpcon*ones (1, snp~od) ) ; 
temp4=(1-vfirrese/sgextint)*... 

one8 (1, snprod) >mfirptrf/ (sntech) ; 
mfirexit=templbtemp2dtemp3dtemp4; 
mf ircont=mf ircont-mfirexit ; 

% 
%firm performance 
%average finn perfomance 
%average product performance 

8 
%fimi revenue 

% f i m  reaerves 
%product paybacks 

%not currently contested 
%suffident reserves to contest 
%propensity to contest 
8graph camparing payback to, . . 
%performance of adjacent products 
%products for entry 
Binnovated techniques 
Bnew product techniques (will imi t a t e )  

8curxently contested 
%insufficient payback t o  contest 
01-propensity to contes t  
% , * .  
%graph comparing reserves to performance 
%products for exit 
%products contested after e x i t  
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tempa=mfircont*perf sum' ; %techniques currently contested 
tempb=-mtecimit; %techniques not imitated 
tempc=rand(snfim,snteclen)<(vfirpinn*ones(,snteclen); Bpropensity to innovate 
mtecinno=tempa&tempbLtempc; %techniques to be innovated 

ternpa=ceil(rand(snfirm,snteclen)*sntech); %innovated techniques 
mfirtech=(mfirtech,*(-mtecinno))t(tempa.*mtecinno); %firm techniques after innovation 

0--Costs 
vfircost=sum((mfircont*scconttmfirentr*~centr)')'t... %.. 

sum((nitecimit+scimit+mtecinno+scinno)')~; %firm costs 

This section determina market change. 

%MARKET 
vmartechc=rand (1, snteclen) <. . . 

reshape(ones(snleng,l)*vmarptec,l,snteclen); 
vmartech=vmartech. * (-vmartechc) t. . . 

ceil(rand(l,snteclen)*sntech).*vmartechc; 
vmarsizec=xand (1, snprod) cvmarpsiz; 
vmarsize=vmarsize. * (-vmarsizec) t. . . 

vmarsize.*(lt(rand(l,snprod)*2-1)*.1).*vmarsizec; 

Brevised firm resources 

% . * a  

%market techniques to change 
8 .  . . 
Bnew market techniques 
%market size to change 
% *  
Bnew market size 

%techniques after exit 

BHERFINDAHL NUMBER 
fox x=l:sntech; 
temph ( x ,  : ) =mm( (ones (snfirm, snteclen) *x)  ==mfirtech) ; 

end; 



This section records the period's results. 

%RECORD 
if para==l; 
recvf irperf (j, h) =recvfirperf (j, h) tmean (vfirperf) ; 
recvfirnrev(j,h)=recvfirnrev(j,h)tmean(vfir~eve-vfi~cost); 
recvtecimit ( j , h) =recvtecimit ( j , h) tmean (sum (mtecimit ' ) ) ; 
recvtecinve (j, h) =recvtecinve ( j, h) tmean (sum(mtecinno ' ) @ ) ; 
recvprocont (j, h) =recvprocont (j, h) tmean (sum(mfircont ' ) @ ) ; 
recvtecherf(j,h)=recvtecherf(j,h)tmean(rectecherf(j,:)); 
else; 
recfirperf(j,:)=recfirperf(j,:)tvfirperfl; 
recfirnrev(j,:)=recfirnrev(j,:)tvfirreve~-viircost~; 
rectecimit (j ,  :)=rectecimit (j, : )  t s u m ( m t ~ t ~ )  ; 
rcctecinve(j,:)=rectecinve(j,:)tsum(mtecinno~); 
recprocont(j,:)=recprocont(j,:)tsum(mfircont~); 
end; 

%vary parameter 

Bfirm performance 
%firm net revenue 
%techniques imitated 
%techniques invented 
%products contested 

BDYNAMIC OUTPUT 
i f  graphl==l; 
daimgc(~rtech,mfittech,j,min(vfirpetf),max(vfirperf),mean(vfirpe~f)); 
end; 

%FINISH 
it fix( j/lO)-=j/lOj 
status=['run ' intSstr(g) ', parametex ' int2stx(h) ' o f  @ int2str(paranum)J; 
status=[status ', iteration ' int2str(i) ' of ' int2str(iter)J; 
status=[status ', period ' int2stx(j) ' of l int2str(snperi)]; 
di sp  (status) , 
%pause; 
end; 



end; 
end; 
end; 

Bpexiod loop 
%itexation loop 
%parameter loop 

This section displays the status of  the run and stores the results. 

data=[inputfile ' ' int2str (g) ' , ' num2str ( toc/60)  ' min., date) ; 
disp(['Tirne ' num2str (t0~/60) l min. ' 1  ) ,  

if para==l; 
recvfirperf=recvfirperf/iter; 
recvfirnre~recvfirnrev/iter; 
recvtecimit=recvtecimit/iter; 
recvtecinve=recvtecinve/iter; 
recvprocont=recvprocont/ite~; 
recvtecherf=recvtecherf/iter; 
da~ave(vinput~data,rec~irpcrf,recvfirnrev,recvte~i~t,~.. 

recvtccinve, recvpxocont, recvtechexf, vpaxaval, mfixm, market) ; 
else; 
recfirperf=recfirperf/iter; % E i m  pcxfomance 
xecfixnrev=recfirnrev/iter; %£im net revenue 
rectecimit=rectecimit/iter; %techniques imitated 
rectecinve=rectecinve/iter; %techniques invented 
recprocont=recprocont/iter; %produch contes ted 
rectecherf=rectecherf/ftexj %herfindahl number 
dasave (vinput, data, recfirperf, recfirnrev, rectecimit, . . 

rectecinve,recprocont,rectecherf, ' d u m m y ' a r k e t ) ;  
end; 

sound (snd, fs) ; 

end; 
end; 

Brun if 
%run loop 
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This Cunction i s  called by the Bulire program to choose which firm another fÏrm will imitate. 

function matrix3=dalook(matrixl,mat1:ix2); 
[ml, nl] =size (matrixl) ; 
matrix3rzeros (ml, 1) ; 
for i=l:ml; 
if matrixl (ml, 1) ==O; 
rnatrix3 (i, 1) =ceil (rand*ml) ; 

else; 
for j=l:ml; 
if matrix2 (1, i) <=xnatrixl ( j ,  i) ; 
matrix3(i, l )=j;  
break; 

end; 
end; 

end; 
end; 
return 

This function b ulled by the Bizlife program to translate the parameter number to be varied in a simulation to a parameter 
name, This is  dont because Matlab cannot nad characters from a file. 

function name=dapara(nwnber); 
if number==l; name='randseedt; 
elseif number==S; name='iterV; 
elseif number==3; name='snperil; 
elseif number==4; name='snfirml; 





elseif nwnber==6; name='Number of Choices'; 
elseif number==7; name='Numbex of Techniques'; 
elseif number==8; nameetMarket Sizeq; 
elseif number==9; narne='P~ob. Env. Change'; 
elseif number==lO; name='Pxob, Maxket Change'; 
elseif number==ll; name='Pxopensity Contest'; 
elseif number==12; name='Propensity Imitate'; 
elseif number==13; name='Propensity Invent'; 
elseif number==14; name='Firm Resources'; 
elseif number==lS; name='Cost of Entry',; 
elseif number==l6; name='Cost of Contesting'; 
elseif number==17; name='Cost of Imitation'; 
elseif number==18; name='Cost of Invention'; 
elseif number==19; name='Exit Xntexceptt; 
elseif number==20; name='Entry Intewcept'; 
elseif numbec=-211 namealExit Minimum'; 
elself number==22; naxne='Entry Minin\umt; 
claeif number=-23; name='Firm Distancet; 
elseif number==24; name='Product Distanceg; 
else name='errorg; 
end; 
return; 

Functiun: daplot 

This function is called by the Bizgraph program to produce hvo dimensional graphs of the absolute performance results. 

function daplot(matrix,vinput,subject) 
%vinput (10) is anperi 
avinput(l4) is snleng 
figure 
axis((1 vinput(l0) O vinput(l4))); 
xlabel ('Period' ) ; 
ylabel ( 'Absolute Perf oxmance ' ) ; 
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This function gnphs the relative pedormance of the iirms in the industry. 

function m=darelper(matrix); 
[p f ] =size (matrix) ; 
m=matrix- (ones (f, 1) *mean (rnatrix' ) ) ; 
mesh (m) ; 
xlabel  ( ' Firm' ) ; 
ylabel('Pexiod'); 
zlabel ( ' Relative Performance @ ) ; 
return; 

Funciion: dasave 

This function is called by the Bizlife program to Save the results of a nin. 

function dasave (vinput,data, recfirperf,recf f xnxev, rectecimit, . . . 
rectecinve,recprocont,recteche~f,vpa~aval,mfirm,market); 

filename=num2str(vinput(2)); 
filename=('biz' filename '.mat8]; 
disp(filename), 
eval(['save " '  filename "' vinput data recfirperf recficnrev rectecimit rectecinve recprocont rectecherf 
vparaval mfim market']); 
return; 



Function: dascan 

This Cuoction i s  calIed by the Bizlife program to read the input file. 

f unction aidasean ( f ilein ) ; 
fid=eval(['fopen("' filein " ' )  ' 1 )  j 
a=fscanf (fid, '%*s %g 0g %g %g 0g %g %g %g %g %gg, 110 i n f ]  ) ;  
a=a' ; 
f close ( f id) ; 
return; 

Function: dàsmooth 

This function pcdorns moving average smoothing on results. 

function vector2=dasmooth(vectorl,n); 
[l,rn) =size (vectorl) ; 
vector2=zeros (1,rn) ; 
vector2(1:n-n/2-l)=vectorl(l:n-n/2-1); 
vectorZ(m-n/2+1:m)=vectorl(m-n/2+3:m); 
for i=n:rn; 
vectox2 ( i -n/2)  =swn(vectorl ( (i-ntl) : i )  ) /n; 
end; 

Function: dasurf 

This function is  called by the Bizgraph program to produce thne dimensional surface meshes of nsults. 

function dasurf (matrix, vector, vinput, subject) ; 
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More Parameter Settings 

Continued on the next page ... 
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