/"\ UNITED NATIONS
Z»~> UNIVERSITY

UNU-MERIT

Working Paper Series

#2008-073

A percolation model of the product lifecycle

Koen Frenken, Gerald Silverberg and Marco Valente

United Nations University - Maastricht Economic and social Research and training centre on Innovation and Technology
Keizer Karelplein 19, 6211 TC Maastricht, The Netherlands 1
Tel: (31) (43) 388 4400, Fax: (31) (43) 388 4499, e-mail: info@merit.unu.edu, URL: http://www.merit.unu.edu







A percolation model of the product lifecycle

Koen Frenken

Urban & Regional research centre Utrecht (URU), &itht University, The Netherlands

Gerald Silverberg

UNU-MERIT, Maastricht University, The Netherlar@dIASA, Laxenburg, Austria

Marco Valente

Department of Economics, University of L'Aquilalyt

Date: 21 September 2008

Corresponding author:

Koen Frenken

Urban & Regional research centre Utrecht (URU)gtht University
P.O. Box 80115, NL-3508TC, Utrecht, The Netherlands

Phone: 0031302532466

Fax: 0031302532037

Email: k.frenken@geo.uu.nl

Homepagehttp://econ.geo.uu.nl/frenken/frenken.html




Abstract

The product lifecycle model can be understood dlree-stage model of technological development
associated with a particular product technologytha explorative stage many different designs are
developed, in the development stage products beatamslardized into a dominant design, and in the
mature stage only incremental changes occur witterdominant design. Although the product lifecycle
model is widely accepted and often applied in eiogirresearch, innovation scholars have failed to
develop systematic theoretical models that exptam different stages of technological development
along the lifecycle. In this study, an attempt iad® to contribute to product lifecycle theory by
developing a theoretical model based on percolatipmamics. The model combines the concept of
increasing returns to adoption with informationfusion among consumers within social networks. The
main contribution of the model is that it replicatbe three stages of the product lifecycle asuacome

of a single elementary process. The model alsacegpk the S-shaped diffusion curve and the ocecere

of an industry shakeout.
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1. Introduction

The product lifecycle model and the concept of d@nt design have received a great deal of scholarly
attention in industrial organisation and innovatgindies for over three decades. Since Abernatdy an
Utterback (1978) first developed the concept ofcmithant design from a study of the automobile
industry, scholars have found the concept to beseful tool for studying the evolution of products.
Related concepts such as natural trajectorieshododical paradigms and technological guideposts
(Nelson and Winter 1977, Dosi 1982, and Sahal 188fpectively) have also become central concepts in

the innovation literature.

The product lifecycle model can be understood dlree-stage model of technological development
associated with a particular product technologytha first, explorative, stage product innovatien i

dominant as many firms explore the new technologyarrious directions. During the development stage,
standardization on a dominant design causes afploduct innovation and opens the way for inceelas

mechanization of the production process. During #tage, many firms are forced to exit the indystry
causing a ‘shake-out’ (Klepper 1997). Finally, Ire tmature stage, only incremental innovations occur
within the dominant design to customize the prodioct specific user groups. A new cycle may be

initiated by the introduction of a radically nevet@ology.

Though the product lifecycle model is widely acesptand often applied in empirical research,
innovation scholars have failed to develop systamhbeoretical models that explain the differermigss
of technological development along the lifecyclgc&ptions are the industrial dynamics models thateh
focused on the shake-out leading to the emergehe® @ligopoly (Jovanovic and MacDonald 1994,
Klepper 1996). Yet, these ‘industry lifecycle’ mdégleemain silent on the innovation dynamics thatuoc

during the product lifecycle.



In this study, an attempt is made to contributéhtoproduct lifecycle theory by developing a théoed
model based on percolation dynamics (Solomon eR@D0). The model synthesises the concept of
increasing returns to adoption and informationuwdiibn within social networks. Increasing returns to
adoption stem from the benefits that consumersydnjon adopting the same dominant design due to the
positive externalities in common use (Arthur 198B)formation diffusion processes within social
networks capture the role of word-of-mouth and desh@tion effects among consumers regarding the
properties of new products (Rogers 1962). Combitirgge two features of innovation in a percolation

model is shown to be sufficient to replicate theramonetioned three stages of the product lifecycle

We proceed as follows. In section 2 we will firssaliss the product lifecycle model and the emgirica
insights that have been derived from it. In secBome turn to the standard percolation model. biise
4, we introduce increasing returns to adoption emmpeting technologies to elaborate the percolation

model into a product lifecycle model. Section 5aades.

2. The Product Lifecycle Model

The product-life cycle concept was first developsda concept in marketing in the 1960s (Kleppef7199
146-147). In the 1970s, the concept was furtheinedf into a stage model of industrial innovation
(Utterback and Abernathy 1975; Abernathy and Utiekb 1978). Three stages are generally
distinguished: the explorative stage, the developratage, and the mature stage. Williamson (1915: 2

216) characterized the three stages of developateng a product lifecycle as follows:

! As quoted in Klepper (1997: 146-147).



“Three stages in an industry’'s development are contyn recognized: an early
explorative stage, an intermediate developmentestagd a mature stage. The first or
early formative stage involves the supply of a meaduct of relatively primitive design,
manufactured on comparatively unspecialized machjrsad marketed through a variety
of exploratory techniques. Volume is typically low high degree of uncertainty
characterizes business experience at this stage.sébond stage is the intermediate
development stage in which manufacturing technigaies more refined and market
definition is sharpened; output grows rapidly inspense to newly recognized
applications and unsatisfied market demands. A tigh somewhat lesser degree of
uncertainty characterizes market outcomes at thges The third stage is that of a mature
industry. Management, manufacturing, and marketaahniques all reach a relatively
advanced degree of refinement. Markets may conttougrow, but do so at a more
regular and predictable rate ... (e)stablished cdiorex with customers and suppliers
(including capital market access) all operate tiidoichanges and thereby to limit large
shifts in market shares. Significant innovationsdtéo be fewer and are mainly of an

improvement variant.”

The theoretical contribution of the product lifelyenodel lies not so much in its description ofethr
stages of technological development, but in itslangtion of the interplay between product innovatio
and process innovation. After an explorative penbgroduct innovation, increasing returns to adopt
render one design approach dominant (David 198%huiAr1989). Both firms and consumers incur
increasing returns from adopting a single desigeorporating standardised features. Product
standardisation in turn opens up opportunities foocess innovation in large-scale production
technologies. More efficient process technologibbswafor lower sales price of the popular design,
accelerating its dominance in the market. The twands of product standardisation and process

mechanisation can be mutually reinforcing, whichuldoexplain the sudden transition from technololgica



variety to product standardisation in what is ahlie‘dominant design” (Abernathy and Utterback 1978

The first systematic empirical study of producedijcles was carried out by Gort and Klepper (12812)
examined the history of 46 products using datardrygeexit, patents, prices and output, as wett@mts

of major and minor innovations. It can still be aeded as the most comprehensive study of the gubjec
They broadly confirmed the basic product lifecypbdtern in terms of expanding output through fgllin
prices and demand only saturating in the laterestagf the product lifecycle. Using the distinction
between major and minor innovation, they also fotimat, on average, the rate of major innovations
peaked earlier than the rate of minor innovatidnsso far as major innovations can be considered as
early product innovations, and minor innovationdadsr incremental extensions of a dominant design,

the results may be interpreted as consistent Wélptedictions of the product lifecycle model.

The second systematic study of product lifecyclas done by Malerba and Orsenigo (1996), who speak
of the Schumpeter Mark | regime when referringh® éntrepreneurial stage of the product lifecyahe
the Schumpeter Mark Il regime in referring to thatame oligopoly stage of the product lifecy€@hey
distinguish 49 technological classes, which hawentgrouped according to classes of patent statisiio
the basis of this classification, they found thHa# majority of classes could be characterized therei
Mark | or Mark Il. The former group contained inthiss with small-sized firms, high entry, low
concentration, and low stability in the ranking iohovators (the explorative stage in the product
lifecycle). The second group contained industrieth warge firms, low entry, high concentration, and
high stability in the ranking of innovators (thetona stage of the product lifecycle). In a follow-study,
Breschiet al. (2000) related the Schumpeter Mark | and Schumpdgek |l regimes to indicators that
characterize the properties of the technology $b whether these patterns of industrial organinatian
indeed be related to a particular stage in teclyicdd development. The indicators include the site

technological opportunities, the degree of cumudaitess of innovations, the degree of approprigtmnlit

2 Malerba and Orsenigo (1996, p. 452) also recodrttsese similarities between their terminology #mlproduct lifecycle.



innovations, and properties of the knowledge bdsallowing the product lifecycle model, the
Schumpeter Mark | regime is characterized by higbhmological opportunities, a low degree of
cumulativeness and appropriability, and a knowleolgge predominantly based on applied science. The
Schumpeter Mark Il regime is characterized by l@ehhological opportunities, a high degree of
cumulativeness and appropriability, and a knowldolgee predominantly based on basic science. Breschi
et al. (2000) indeed found that Schumpeter Mar&ttgrns of industrial organization can be explaibgd

the signs of the four indicators characterizing fil& regime, and that Schumpeter Mark Il patteshs
industrial organization can be explained by theaosjte signs of the four indicators characterizihg t

second regime.

Many other empirical studies have been carriechmagtly focusing on specific products. In their ews,
Klepper (1997) and Murmann and Frenken (2006) ecatecthat, despite the growing body of empirical
literature, systematic evidence on the productyiéée model is still limited. This is due to theckaof
common methodologies and definitions as well aac bf formal models providing predictions of the

specific innovation dynamics that are to be expgkgieen particular sets of industry characteristics

In the following we propose a simple theoreticalnfiework based on percolation models from complex
systems theory. The model simulates the exploraisage when many different designs are developed,
the development stage when one dominant designgesiesind the mature stage when only incremental
changes occur within the dominant design. The maimtribution of the model is that is replicates the
three stages of the product lifecycle as an outcofma single elementary process. We do so by
combining two concepts: technologies exhibit insne@ returns to adoption (Arthur 1989) and
information diffusion among consumers within sociatworks (Solomon et al. 2000). The generality of
the model can be easily adapted to account for speeific dynamics characterizing individual produc

technologies.



3. Adoption as Percolation

Economists have traditionally studied the choickaveour of consumers as a rational choice proaess i
which an individual consumer weighs the benefitd aosts of alternative product bundles. Outside the
field of theoretical economics, applied researchsraell as company managers have long acknowledged
the relevance of agent interactions in understaniinovation diffusion. The owner of a given protlisc

a powerful demonstration able to induce similarchasing decisions by people in his or her socralei

Still, individual people also have personal prefiess. The sports car used by a playboy, however
attractive, may be of little interest to the fatioéfour, or the new Internet-enabled mobile phehewn

off by a jetsetting manager may not interest a aaife. A model of adoption should thus incorporate

both individual preferences and social imitation.

One such model is the social percolation model,ctwhnakes use of a powerful tool developed in
mathematical physics and was recently introducéal time social sciences to model diffusion dynamics
(Solomon et al. 2000). Percolation, as its nam@eastg, was originally developed to analyse whegher

material can be traversed by a fluid or not.

In the model, we have agents connected by sodalaes to other agents. We assume the social metwo
to be regular in that all agents are symmetricaliynected to four neighbours on a lattice. This
assumption is useful to avoid the possibility tlcatrtain model results are driven by the specific

asymmetries in the network structdre.

Percolation in adoption means that an agent becanvese of a novel product only when a neighbour

buys it for the first time. At this moment, the ageonsiders whether to adopt him/herself. Thahisur

% The model set-up allows any network structureetarbplemented. For example, network structuresbeadrawn
from empirical research in specific product indiestrand can reflect quite different topologies witbperties such
as small worlds or scale-free.
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model word-of-mouth is the only medium for agewntgain information about new products. Whether the
agent subsequently adopts the product is depenmterthe agent’s preferences as indicated by its
“minimal requirement”, a level of value-for-moneglbw which the agent refuses to buy the product.
Conversely, any product about which the agent besocaware with a value-for-money index above the

minimum threshold will be purchased.

To assign preferences to agents, we follow thedst@hpercolation model in assigning a random number
drawn from a uniform distribution on the interval])? These values represent the minimal requirement

demanded by an agent before adopting the product.

A simulation consists in assigning a product angexous value-for-money index level, defined as a
valueq in the interval [0,1). The initialisation consistschoosing randomly a few agents, and offering
them the product. They will buy it only if the valfior-money indexj of the product is above the agent’s
minimal requirement. For each subsequent simuldiioe stept the agents neighbouring those who
made a purchase &l will have the opportunity to buy a product, ahd purchase will be made only if

the product exceeds the agent’s minimal requirement

A simulation run represents the diffusion of a fdopeoduct in a market. Clearly, all agents whose
minimal requirements are higher thgrwill never buy it. However, it is also possibleatragents with
requirements lower thamwill not adopt, because in the absence of prelyoadopting neighbours they
never get a chance to evaluate the product. Sineferpnces are randomly drawn from a uniform
distribution on the interval [0,1), the maximum extt of diffusion of a product with value-for-money
indexq is exactly equal tg. For example, a product witic0.9 will be adopted by at most 90 percent of

all agents, since ten percent of the agents wilefeaminimum requirement exceeding 0.9.

* Other distributions could of course be employetthsas lognormal to reflect income distribution @&ntono and
Silverberg 2008).
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The mathematical properties of percolation modedssaich that there exists a critical value-for-nyone
indexg* such that for product with values abay@above the critical valug*, the diffusion rate will be
close to their value-for-money index, and for valwd q below the critical value*, the diffusion rate

will be significantly lower than their value-for-mey index. In the former case, information abowet th
existence of the new product almost fully percaateough the social network thus triggering neatly
potential customers to adopt the product. In theedacase the information does not percolate, ogusi
many potential adopters not to adopt the producaliee they never become aware of it through contact

with other adopters.

Figures 1 and 2 report the diffusion of a prodacaimarket consisting of 160,000 agents on a ¢atifc
400 x 400 cellS.The same results are obtained for lattice of diffesizes. Dark cells are agents who did
not buy the product, while brighter ones are agets did. Both snapshots are taken at the endeof th
simulation runs, i.e., when no more purchases pd&ee. In both cases 10 cells selected at randem ar
initially offered the opportunity to buy the produand then, in subsequent time steps, the moadey

iteratively as described above.

In the case reported in Figure 1 the product’s estu-money index is set g=0.55, below the known
critical value threshold for two-dimensional siétices,q*=0.593. As can be expected, only some of the
initial agents buy the product. These early adspteanage to “infect” their neighbours, spreading th
information about the existence of the novel prodBat each of these cases hits, sooner or lageinst
clusters of too demanding agents, that is, agerits minimal requirements higher than the product’s
value-for-money index. Therefore, the diffusiontbé products is stopped before the vast majority of

agents have the opportunity to consider the prodDeohversely, Figure 2 reports the same simulation

® The model has been implemented in the Laboratory Simulation Development (LSD) available via
http://www.business.aau.dk/~mv/Lsd/Isd.htiBEe also Valente (2008).
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when the product value-for-money index is sett®.6, above the critical valug*. In this case the
diffusion of the product may be slowed by groupsighly demanding consumers, but the vast majority
of willing consumers have the opportunity to makeitt purchase. Consequently, close to 60 percent of
all consumers will adopt the new product. The satiahs thus show that raising the value-for-money
index of the product only slightly from 0.55 to 0.Rads to a sudden increase in the rate of theupts

diffusion, a phenomenon known in physics as a ptrassition.

The phase transition property of percolation todpee a qualitative change in system behaviour above
the critical value is well known and was employegd $olomon et al. (2000) in a model of product
adoption as a hit or flop phenomenon. The perantatiodel thus explains the fine line between sigces
and failure of new products, and the inherent clitfiy for firms to predict success and failure.thre
following section we extend the standard percomatimdel to include increasing returns and competing

technologies, as a model of the product lifecycle.

4. The Model

What is characteristic of the product lifecycle mbd the sudden emergence of a dominant design.
David (1985) and Arthur (1989) suggested that tmergence of a dominant design, which often takes
the form of a technological standard, is due twdasing returns to adoption. The benefits of adgpa
new technology increase with the number of adoptaesto lower prices resulting from scale economies
for producers and higher utility, due to wider dadility of complementary products. Even thoughste

benefits are diverse, we capture the increasingmein our value-for-money index

13



In the following, we assume that there are severdnologies competing on a product market, withea
technology being offered by a single firm. We ferttassume that their value-for-money indgis not
fixed (as in the original percolation model), batieases as a function of the number of adopters as

follows:

i« :1_(1_qi,0)(%j (1)

whereq; is the value-for-money index of produdit timet; N;.., is the number of adopters of produet

timet-1; k anda are positive parametets.

We set the initial value-for-money index levelg, for all products identical and to a value welldve
the critical valueg* so that we know the market will not be automalycamivaded. Yet, as early adopters
generate increasing returns and thus raise thaupt'sdralue-for-money index endogenously, the miarke
may eventually be invaded. We can observe sometkilgto a network externalities effect: the higher
the share for one specific product, the higher wdlits rate of growth of value-for-money index,gh
allowing for still higher sales growth in the fueurSince all products are initially identical irrrtes of
their value-for-money index, any product can, byepchance, attain an early advantage that competito

have no way of overcoming later.

In assuming that products compete on the marketldfed solely in value-for-money index, we abstrac

from substitutability between products. In genedifferent products, however distinct in their sfiec

5 These parameters govern the “speed” of reactiaqualfity to the increment of number of adopters @fiven product. Setting
different levels for these parameters allow ustmease or decrease the effects of new consumessodnct quality, as well as
change the shape of the relation. The effect cdethmarameters also depends on the extent of theenw@onsidered, i.e., the
number of agents.
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characteristics, can nonetheless be compared alumg dimensions in characteristics space (following
Hotelling 1929). We assume products to be rankedgah single, unspecified variable, so that pragluct
closer in their ranks are considered more simh@antproducts with very different ranks. The ranking
variable is independent of the value-for-money indariable, which evolves with the increasing ratur

function as described above.

The ranking variable can be interpreted as a stylrepresentation of different technological patteor

paradigms, where nearby products have more siteitdanological characteristics then far away prosluct
Any product has the possibility to be developedtovide higher and higher value-for-money index.
However, consumer behaviour can restrict the telolgical area that is actually explored, becausg onl

through adoption the value-for-money index of adoict will be improved as specified in formula (1).

From our model, it follows that an agent who isoimfied by a neighbour about the existence of a new
product, is actually informed about the existenicéhe particular variant of the product that thegheour
purchased. If the agent then decides to purch&sedt product, the agent will adopt the same produc
variant as its neighbour, or — as we will assume variant technologically similar. This widening of
options can be considered as reflecting the fattahoices of agents are only partially influenbgdheir
peers. We modify agents’ behaviour as follows. Caceagent considers buying a product with rank
(because a neighbour bought it the previous perfadvill choose among all products with rank betwe

r -t andr + 1, wheret is a non-negative integer. Of these productspfathose with a value-for-money
index below the agent’s minimal requirements amawed from the list of potential choices. Among the
remaining ones, probabilities of being chosen deedhe farther the products rank differs fnorithe

probability is controlled by a paramef&rl[0,1] in that for each product whose ranis in the range
from the “triggering” firmsr we compute the indicatox, = ,B'r‘”. The probability of being chosen is

then this indicator normalized by the sum of adl thdicators:
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5. Results

Figure 3 reports the total number of agents adgpggch of the ten products over time for an example
run, while figure 4 shows the lattice for the samme. The model starts with a small percentage Idhel
agents that choose randomly one product. Thesmlimtirchases, scattered across the lattice, then

triggers the process of diffusion.

We first analyse the results for 0, thus assuming that consumers purchase thé sxae products as
their peers. The results in figure 3 and 4 showitiaeasing returns do play a crucial role in detaing

the overall success of the introduction of a neadpct, but also influence the eventual structuréhef
market, in terms of which agents choose which pcodQur results show that earlier fluctuations may
generate one single firm dominating the whole maidkea few of them reaching a levelgfsufficient to
expand in smaller niche areas of consumers’ spadhis manner, we can not only replicate the oneo
of the lock-in model of Arthur (1989)but also produce different competing dominantigiesamong
different clusters of consumers. The same resut®hbtained with different parameter values andssr
different runs. For example, if the initial value-money index levet; o is even lower than 0.3, it simply
takes longer before the dominant design emerged, Ark is higher, the dominant design emerges

quicker.

Figure 4 shows a run of the model in three dimerss{market share vs. time and firms offering a eahk

product). Initial value-for-money index is lowg =0.1) reflecting the embryonic stage of product

" A similar model has recently been proposed by litimet al. (2006).
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development at the start of a new product lifecy@lee low initial value-for-money index means that
only a few, rare, consumers make a purchase, ametgly no neighbour actually follows this leadrFo
presentation purposes, we show the simulationteefaim step 100 onwards, because during the linitia
period of 100 iteration steps, no product managegain more than a few consumers. Over time, there
will be one design profiting from the increasingures, thus increasing its value-for-money inded an
appealing to the majority of consumers. This sudalansition is reflected in the rapid increaselie t
market share of a particular product. After the o@nt design emerged, however, products that are
similar to the dominant design also become popdler to the fact that consumers do not necessarily

perfectly imitate the product purchased by theiginieours as reflected in a positive value of tag ().

To understand the evolution of the variety of desim a more precise manner, we computed the gntrop
of the market shares of the 100 products in Figus well as the total number of adopting agents.
Entropy here reflects the variety in desi§rEhe figure shows that entropy during the initiakipd of
limited diffusion is very high.The high level of variety can be understood fréva tandom drawing of
agents and products. In the second stage, entatigyas a single cluster starts to dominate thekebas
increasing returns set in. During this phase, ttraidant design emerges and a mass market is créated
the final stage, the dominance of the most poppitaduct diminishes as similar products are being
purchased as well. In this mature phase, the darhuhesign is still in place, but has taken the farfna
family of similar products. The emergence of a fgrof products is indeed in accordance with emgiric

evidence as summarised by Murmann and Frenken 2006

The model also replicates two other stylised f¢Risgers 1962). The adoption curve in Figure 5 is S-

shaped, which is typical for innovation diffusioropesses. Second, it takes a long time for a nedugt

8 Entropy is a measure of variety and is givertby -5 log, (S) wheres stands for the share of prodiidh the
population of products.
° Considering that the maximum entropy for 100 pasiequals log(100) = 6.64.
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to diffuse after it is introduced. For example, dref cars became mass products, they were used for

decades only by a small group of people.

If we further assume that each product variantaslpced by a different firm, the entropy curve igufe
5 reflects the evolution of market structure aslwghe sudden drop in entropy reflects the sudden
dominance of one or few firms, leading to an indushake-out as it is common in product industries
(Klepper 1997). The slight increase in the numbepmducers after the dominant design emerges,
reflected by the slight increase in entropy infihal phase, is also confirmed by empirical evidetitat

in maturing markets, remaining niches become filggmall niche players (Carroll and Hannan 2000).

The patterns shown in Figures 4 and 5 are robustsscsimulations, yet which design becomes the
dominant design is indeterminate. Thus, one catagxfhe general pattern of product evolution witho
being able to predict which of the 100 designs wi#come the dominant design (David 1985; Arthur

1989).

The qualitative pattern reflecting the three-stalgeelopment of the product lifecycle shown by the
simulations is also robust against changes in #rarpeter values ¢ and1.*° The possible values of
B lie between 0 and 1, where the simulation resblis &re shown, are generated ffed.. Lowering the
value forf3 yields a similar pattern of development, thoughraaing the family of firms composing the
dominant design. The parametetan only assume positive integer values, wheresithelation results
shown, are generated forl. Increasing to 2, 3 or 4 yielded the same qualitative pattgemerating
larger “clusters” of technologies in the dominaasidn, while further increasimgwould be theoretically

unrealistic.

19 Results can be obtained upon request.
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The range ok-values that produces the product lifecycle patiemmore limited. This can be understood
on the basis of the model formulation itself. Gitkat we assume very low initial value-for-moneglex
levels(g0=0.1), a too low value fdk will not trigger a sufficient amount of increasirgfurns, so that a
dominant design will not emerge. Such low values ba associated to invented products that fail to
diffuse. A too high value df, by contrast, will immediately lead to a domindesign as the increasing
returns rapidly increase the value-for-money indéthe product. Such products can be associatdd wit

the (rare) products that diffuse instantaneously.

6. Concluding Remarks

Using only a few assumptions, the theoretical modplicates the three-stage product lifecycle model
developed by Abernathy and Utterback (1978). Tist fitage in the theoretical model is characteriged

a high level of variety of different products, eaalth its own small clusters of like-minded agetitat

are socially connected (‘niches’). This stage spomds to the explorative stage in the productyitée
theory. In the second stage, one design suddengrga®s, thereby reducing variety and making the
product available for the mass market. This stageesponds to the development stage of the product
lifecycle during which a dominant design emergesd Aassuming single-product firms, the occurrerice o
a dominant design also leads to an industry shaketo the third stage, small modifications of the
dominant designs are being explored incorporatimyg minor modifications of the dominant design. Jhi
stage corresponds to the mature stage of the prdifiecycle during which the dominant design is

elaborated in different variants.

The main contribution of the model is that is regles the three stages of the product lifecyclaras
outcome of a single elementary process, while pteducing the S-curve of product diffusion and the

industry shake-out. The model can be easily adaptadcount for more specific dynamics charactegzi
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individual product technologies. For example, wel diot consider the case in which consumers
repurchase the product several times in theiridifet (which might reinforce the dominance of the
dominant design as consumers abandon their imtialce and follow the crowd later on). For many
products this is a relevant factor. Another possihbdification of the model is to allow for multiquuct

firms.

For individual industries, empirical evidence omdguct lifecycle patterns and industry dynamics rhigh

be used to validate the theoretical model empilyicad specific contexts. We leave this for future

research.
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Appendix - Figures

Figure 1. Diffusion for a single product with valibr-money indexj=0.55 on a square lattice containi

400 x 400 points and initialising 10 randomly chosells. Lsd configuration fileSIM1.LSD.
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Figure 2. Diffusion for a single product with vakior-money indexj=0.6 on a square lattice containi

400 x 400 points and initialising 10 randomly chosells. Lsd configuration fileSIM2.LSD.
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Figure 3. Time series for number of adopters ammmgsumers on a 400 x 400 lattice of 10 different

products. Initial price-performance index=Q.1; k=1;a=0.2; initial adopters 0.2 %.
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Figure 4. Lattice of adopters among consumers d00ax 400 lattice of 10 different products. Ifitja

price-performance index®0.1;k=1; a=0.2; initial adopters 0.2 %.
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Figure 6. Total number of consumers who adoptpbduct and entropy values. On the vertical axes|th
upper values refer to the number of adopters aadaWwer figures in parentheses refer to the entropy

measure. Parameter values for the simulation adessibed in Figure 5.
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Appendix — Model Description

The model has been implemented using Lsd, and adaséile upon request to replicate the results

presented in the paper or test other configurations

The model contains a set firms, assigned some @aeas) like an initial value-for-money index and a
ranking index. The model includes several routice@®mputing accounting values and the consequential
upgrade of the value-for-money index, as describéde main text. A routinenit perform some general
initializations at the starting of a simulation rdrhe main steps of a simulation cycle are compdied

three variablesAction, Choose andSpread.

Init is used only to create the model’'s data strucame is executed only at the first time step of the
simulation. It generates several matrices concgrdescriptive states for the consumers. In pasdicul
one of these matrices describes the states ofdhsumers which may be one of the following three
values: currently using a product; consideringghbechase of a product; unaware of the existenceictf
products. Thenit routine sets all consumers to the state “unawdmat’for a small number (as defined in

the model configuration) of randomly chosen congutimgt are set to “considering”.

The routineAction scans all consumers. Those marked as “considedngevaluated by the routine
Choose. If this routine returns a positive value (i.eeyhactually purchased a product), then the same
consumers are evaluated by the routBmread. For consumers marked as “unaware”, the routine

Action draws a random variable, which, with a small plilitg, switches their state as “considering”.

Routine Choose applies to a specific consumer that is evaluawigther to make a purchase. The
routine considers the products consumed by therfeighbours of the evaluating consumer. One ofthes
products (randomly chosen, if they are more thas) @selected as “focal” product. If no neighbagri
consumer is actually using any product, or, in gainé the evaluating consumer was not put inestzt

“considering” by the routin&pread, the focal product is chosen randomly among alteyg products.
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The routine then assigns the probability of proguct be chosen, in the following way. The routine
assigns an index 1 to the focal firm, say havimkia For all firms with rank within a ranger from the
focal firm, the probability index i8"". All firms are then assigned a probability indexa if scoring a
value-for-money measure below the threshold of éhaluating consumer, or if they have a ranking
further thant from the focal firm. If no firm remains with posi¢ probability, the routine returns a null
code, and the evaluating consumer is re-set tduhaware” state. Otherwise, the positive probapilit
indexes are normalized, and a random choice acupidithese indexes is performed. In this latteeca
the chosen firm is assigned a new consumer, tHeatirsg consumer is set to the state “using a prtidu

and the product’s code (a positive value) is retdno the calling routin@ction.

The routineSpread is activated on a specific consumer. All the nbiglrs of this consumer are set to
the state “considering”, signalling which produeishbeen just purchased by the consumer specified fo
the routine. The consumers set in this state a #tapt will activate the routin€Choose only at time

stept+1.
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