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Abstract

A dynamic microeconomic model is presented thatldisthes the price and unit sales
evolution of heterogeneous goods consisting of esgize homogenous product generations.
It suggests that for a fast growing supply the maaee of the generations are governed by a
logistic decline towards a floor price. It is shottiat generations of a heterogeneous good are
in mutual competition. Their market shares aredfuge governed by a Fisher-Pry law. As a
result the absolute unit sales of a generationbéxhicharacteristic sales peak consisting of a
rapid increase followed by a long tail. The presdnapproach shows that the evolution of
successive product generations can be understoad e@golutionary adaptation process. The
applicability of the model is confirmed by a comipan with empirical investigations on
successive DRAM generations.

Keywords product diffusion, evolutionary economics, mukipgenerations, competition,
price evolution, DRAM market



1. Introduction

Presented is a microeconomic model for the pricd anit sales evolution of
heterogeneous goods consisting of successive horaogeproduct generations. Previous
research on multiple generations follows two dimt of thought. One is related to
technological substitution models. They can beeaback to Fisher and Pry [1] who
suggested that technologies suffer from a logistiglacement dynamics of their market
shares. This approach was successfully appliedaiticplar by authors related to the
Laxenburg school [2-8]. The other way of thoughttastreat the evolution of successive
generations as a diffusion process caused by thesiole behaviour of potential buyers,
introduced by Norton and Bass [9]. Mahajan and Btu[llO] extended this approach by
allowing potential buyers to jump between generetidApplying a discrete choice model Jun
and Park [11] took the decision behaviour of poterdopters with respect to the price into
account. Kim et al. [12] extended the diffusion mbdy including specific product
characteristics. In order to enhance the foreaastigion modern diffusion models of multiple
product generations attempt to generalize theserid®e by relaxing restrictions as for
example regarding parameters as time dependerit7jL3-

The presented model merges both attempts. It steygest heterogeneous goods can be
treated as a collection of homogenous goods ofessoee product generations. It is based on
a generalization of the product lifecycle concepdorable and non-durable homogeneous
goods established by the author to heterogeneowsisg$l8,19].The unit sales of a
heterogeneous good are determined by two dynamaepses. On the one hand the total unit
sales are governed by the product lifecycle dynarmiaracterized by first- and repurchase of
the good. It takes the diffusion process of thedgoto the market into account. It governs the
unit sales of a generation in particular if the te@mof generations is small. On the other hand
the unit sales of homogeneous generations musesxgheir mutual competition which is
origin for the substitution of successive generdiolt is shown that this process can be
described by a Fisher-Pry law of the unit salesketashares. As established in a previous
work the price dynamics of homogeneous goods a&dnsequence of the meeting process
of demanded (required) with supplied (availablgdorct units generating a price dispersion
of the form of a Laplace distribution [20, 21]. Theean price of this distribution declines for
homogenous goods according to a logistic law ferdhase of a fast growing supply [18]. This
price dynamics must apply also to homogenous ptagkrmerations.

The model is compared with empirical data of thiegpand sales evolution of Dynamic
Random Access Memory (DRAM) chips. This commodgysupplied in large amounts by
DRAM providers purchased mainly by manufacturexsdpcing electronic devices. DRAMs
are subject to a rapid succession of new genegatibdihile studying this heterogeneous good
Victor and Ausubel [22] characterized the salesadyics of DRAM generations as having
properties similar to fruit flies in the biologicavolution. This statement is in agreement with
the presented model. It can be shown here thakssise product generations are governed
by an evolutionary adaptation process.

The paper starts with considerations of the madkaamics of a heterogeneous good that
consists of homogeneous generations by establistiiag price and sales dynamics in
polypoly markets. Explicitly derived in this work the replacement process of successive
generations as a consequence of the evolutionarkemaynamics. After the theory is
compared with empirical investigations of the DRAMarket the paper ends with a
discussion and some concluding remarks.



2. TheModd

The microeconomic model presented here is esta&oli$br a heterogeneous good that
comprises ofN(t) successive product generations. The key idea ef rtfodel is that the
market is dominated by three main processes:

1. Demand and supply of product units determine thearmprice evolution of a
homogeneous product generation. The mean pricentdgeacan be described by a
Walrus equation.

2. An evolutionary substitution process determinesuhi sales market shares of each
product generation.

3. The total unit sales of heterogeneous goods aexrdeted by first and repurchase.
First purchase is governed by the spreading (ddfysof the good into the market.
Repurchase can be modelled by a logistic growthgs®.

In the following chapters an analytic model is ded based on these processes.
2.1. The Dynamics of Polypoly Markets of Successive Gener ations

We start by studying the market dynamics of a siqmybduct generation indicated by
indexi. The demand side of the market can be specifjethé total number of demanded

(desired) units at time stemenerated by potential buyers and dengtédl. The supply side
is determined by the total number of supplied (ade) units (t pffered by suppliers

(retailers) in a polypoly market.
The total number of purchase events per unit titetal( unit sales) of the-th
generation is indicateg(t . )The presented microeconomic approach is basttkiidea that

the purchase process can be viewed as the meétognmnded and supplied product units.
Thereforey, (t) must disappear if the number of demanded ugifs) or supplied unitg (t)
disappears. Hence the total unit sales can beewritp to the first order as a product of both
variables [23]:

Yi(t) L7z ()X (1) 1)
where the unknown raig>0 characterizes the mean frequency by which theingeptocess

generates successful purchase events. The evobititie number of demanded and supplied
units can be written as conservation relationseffornt:

KO- g0-5.0 @
and
E0-50-7.0 ®

! In order to establish a continuous model integeiables are scaled by a large constant figure tattthey
can be treated as small real numbers. We furtheadd that this scaling leadsXgt) , Z(t) <1.
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Eq.(2) suggests that the total number of demandéd increases with the total demand rate
&(t) which represents the generation rate of demandsid by potential buyers. The
number X, (t) decreases in time by the purchase of product wiitsthe total unit sales rate
Y. (t). Eq.(3) implies that the total number of suppligtts increases by the supply of product
units with the total supply ratg(t) and decreases with the total unit salesy&t¢. The total

unit sales of a heterogeneous good can be obt&ioedthe sum over the number of current
generations:

N(t)
YO =2 %) @)

2.1.1. Demand and Supply of a Generation

In order to establish the market evolution of aegation the dynamics of supply and
demand have to be determined. We want to take dotmunt that demanded units have a
finite mean lifetime®;. That means demanded units not related to purchasets during

their mean life time®; disappear. This effect can be included in the dmate&(t) by
writing:

()

where EOi (t) is the generation rate of demanded units by ptebtiyers and the rate @/
describes the disappearance of unsatisfied demamai¢ésl For later use we introduce the
amount of demanded unit§; (t génerated by the demand rzﬂige(t). It is given by:

%y (1) = ©,dq (1) (6)

The supply side is determined by the reproducti@tgss. Suppliers sell product units
in order to make profit. By reinvesting the praditd external money they increase the total

output§ (t) in time. This growth process can be characterizgdhe variabley(t) termed

reproduction parameter. It is defined by the relafbetween total supply flow and total unit
sales of the-th generation:

/ :m_l 7
yi(t) 50 (7)

With this relation Eq.(3) can be rewritterf:as

S0y w30 ®)

We want to confine here to the case that the suppliynits of a generation evolves
much faster than the number of demanded unitseircéimsidered time intervat such that

2 Note that the finite lifetime of the good is nedkd here (see [18]).
% This simplification is known as adiabatic approation.
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dt dt

In this case we can approximate:
dx (t)/dtCO (10)

Applying this relation in Eq.(2) leads with Eq.({5)

ORENORENGERS {6 (11)

In this approximation the unit sales of a generatice (nearly) equal to the generation rate of
demanded units diminished by the rg{¢)/©,. Applying Eq.(1) and Eq.(6) in Eq.(11) we
get for the total number of demanded units:

e )

Expanding this equation for sm&jl(t) yields:
X (1) €% (D(L-0/7.3 (1) (13)

In order to determine the time evolution Bft we further apply Eq.(13) in Eq.(1) and obtain
from Eq.(8):

B0 - amz0-0na 0707 (14)
with:
a, (t) =7, %, (1) y; (1) (15)

In order to solve Eq.(14) the time depends(t) is replaced by its time average:

to+At

a = I a;(t)dt (16)

Then Eq.(14) turns into a logistic differential @tjon with constant coefficients. The number
of supplied units of theth generation can be given by:

3 — Zmaxi
(t) = — &t
Z| ( ) 1+ Czie_ait (17)

with the integration consta; and:
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For the case of a fast growing supplyei>0, EQ.(17) predicts that the total number of
available unitsZ (t increases in time according to a logistic law u{t) =zmax." If on the

other handy;<0, the number of available units decreases expaigntintil they disappear.
The total unit sales Eq.(11) have with Eq.(12) Bad17) the form:

do (DZ,(t) _  dy (1) (19)

V. (1) =
yi(t) 1+Ce™

max
This relation suggests that the sales evolutiateisrmined on the one hand by the generation
rate of demanded unitd,, (t) and on the other hand the evolution of availalyigsa (t).
Since Z(t )s usually a small figure at introduction of a gext®n, the number of sold units

per unit time is smaller than the generation rdtdemnanded unilﬁOi (t), known as lost sales
[19].
2.1.2. Price Evolution of a Homogeneous Gener ation

In order to establish the price evolution of thh generation we treat the aggregated
number of demanded and supplied urifs,t) andz(p,t) as a function of the product pripe
Generalizing Eqg.(1) we assume that the number lof goits in a given price interval must

disappear if the corresponding number(sp) or z(t,p) disappear. Hence the price dependent
unit sales are up to first order proportional téhbeariables:

Yi (t, p) Cix (L, p)z (t, p) (20)

where the meeting raig is treated as price independent. The price digpers sold units is
determined by the probability density:

R, p)=% (21)

As established in [21] the price dispersion of bgeneous goods can be
approximated with Eq.(20) for short time horizoryssbsymmetric Laplace distribution. For a
homogenous generation it has the form:

P(p) O0— e‘T (22)
20

wherey; is the mean price of the generation and related to the standard deviation of the
price distribution by:

std(R(p)) =20, Ov2(4 - ) (23)

4 Note thatzmayiis the maximum number of available units withaupply constraints. However, if there are
(external) supply constraints the maximum numbeavaiilable units has a smaller magnitadgyi < Znaxi -



The minimum mean price of theéh generation:>0 indicates a technological limit beyond
which the production is not profitable. Also estsbéd is that the mean price evolution can
be described by a Walrus equation [21]. For a hanogs good it has the form:

1 du (ﬁ OEJ (24)
M= dt dt dt

while H;>0 is treated as a constant. This relation suggéstisthe mean price increases if
there is an excess increase of demanded units rpetime and decreases for an excess
increase of supplied units [18]. It can be usedharacterize the evolution of the mean price
of a generation. For this purpose we take advarftage Eq.(10) and approximate:

1 du() 5oy, & (25)
#(0) = -t

That means, for a fast evolving product supplyrttean price is essentially governed by the
evolution of available product units. Applying Etgj we further get:

% D_HiaiZ(t)(ﬂi (t)_/'[mi) (26)
while higher order terms @(t) are neglected. The mean price evolution dependkesign

of a;. For ¢;<0, the mean price exhibits an exponential increaspgtional tcz (t) due to
supply shortage. The price approaches a maximumnitoae wherz, =0. For ¢;>0,
however, the mean price of a generation declines @nsequence of the excess supply. The
stationary solution of this relation is given eitly 4=um or Z=z__. . Since the suppliers are

interested in maximum profitability the first casenot further considered here.
For u(t)>um, EQ.(25) can be written as:

dgs (t) 7
jﬂ.(t) Hri o[ &0 @0

and we readily obtain:

:ui (t) = :uoie_HiZ(t_tOi) + lumi |:|:uO| (1 H Z (t t0| ))+ :uml (28)

where t; indicates the introduction time step of thth generation. The model suggests
therefore that for the considered market constefiathe mean price of a generation declines
with increasing, (t) according to the logistic law Eq.(17). Far(t) - z,,, the mean price
approaches a floor price:

maxi

lufi = lu0| exp( lemaX|) lumi (29)

The introduction mean price of the goa@) is defined by:



4 (0) = g exp(=H,Z (0)) + fy, (30)
while Z (0) Z0.
2.2. Market Share Evolution of Successive Generations

We want to continue by evaluating the evolutionthaf unit sales market share of the
th generation. For this purpose we take the timevdtivie of Eq.(1). Applying Eq.(10) yields:

&) -, - &)
2N Op g NS 31
prrand/ R (31)
where the slowly varying number of demanded urstapproximated by, . With Eq.(15)
this relation can be written as:
(t ~
A= a 03,0 @)

That means the unit sales of a generation evoleeerged by the growth ratg(t). The
market share of thieth generation is defined by:

yi(t)

)=+~ 33
m(t) 50 (33)
Taking the time derivative we get:

dm(t) _ 1 () _ Fi(t) ) (34)
dt y(t) dt  y(t)* dt

Inserting Eq.(32) in this relation yields:

MO ~ (a0 - () © (35)

where:

(@)= a®m() (36)

is the average unit sales growth rate of the ggad35) is a replicator equation of the market
shares of the current generations. It expressesahgpetition between different product
generations while the fitness of a generation:

f,(t)=a;(t) - (a(t)) (37)

is determined according to Eq.(15) by the prefezeioc a generation, the mean reproduction
parameter characterizing the financial successhén reproduction process and the mean
number of demanded units.
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2.2.1. The Replacement Process of Successive Gener ations

A consequence of the mutual competition betweercessive generations is the
tendency to replacement each othém. order to describe the replacement process ke ta
advantage from the replicator dynamics Eq.(35)wantk:

1dm _din(m) _ £ (t) (38)

The stationary solution of Eq.(38) becomes:

:{1 if f(t)=0 (39)

0 if f.(1)#0

This relation states that for a constant fithessathge just one generation witlr< o> and
m=1 survives the competition process after sufficiamie. In order to establish the market
share evolution of successive product generatioagptedecessor generation with ingas
diminished from Eq.(37) such that:

iln(ﬂJ =a,(t)-a,(t) = , (1) (40)
dt (m,

wherefi(t) is termed the fitness advantage with respect ¢g-th generation. The relation
between the two market shares becomes:

m(t) _ m(t,) exp{tOijA;ij (t')dt'] (41)

mt) mlt) | g
whereAt’ is the time period in which the generatiois in competition with generatignThe
fitness advantage can be written as the sum ofamnrfitness advantadgand time dependent

fluctuationsof; (t) as:
fij (1) = fij + d:ij (1) (42)

where the mean fithess advantage is the averagadioe time intervalit’:

1 to+AY

f = [la®-a,mt (43)

to

In order to keep the model simple we confine herthé case that the mean fitness advantage
dominates over time dependent fitness fluctuations:

fy >, () (44)

® We consider the case that suppliers continuedwigee product units of theth generation even when the next
generation enters the market.
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In this case the integral in Eq.(41) can be reducete dominant contribution and becomes:

:31—8 - rr:j((tt(())ii )) eXp(f”_ (t -t )) = eXp(fij (t-to)+ Ki ) (45)
with:

= m(MJ (46)

m; (t; )
Applying the identity [24]:

Zj:mj(t) '1+ij(t)

= m(t)

m(t) =

we get for the time evolution of tii¢h market share:

m (t) = + e_ f; (t_toi )+Kv. (48)

If the competition takes place essentially betweeighbouring generations this relation can
be simplified to the two generation case witk1-m;. It turns into the well-known Fisher-Pry
substitution law:

1
MO = e (49)

The presented model suggests therefore that theacespkent process of successive
generations is governed for the case of a confitapss advantage by a Fisher-Pry law. We
assume that the preference of the buyers and h#heceoreference rate; changes its
magnitude with the introduction of a new produatgation. Therefore the fithess advantage
is f;>0 for j=i-1 andf;<0 for j=i+1. Hence, the market share evolution separates wio t
branches. One is related to the competition with glhredecessor generatigri-1 and one
with the successgri+1 .

Applying Eq.(33) the unit sales evolution of tivh generation is with Eq.(49)
determined by:

~ y(t
yi(t)= F;)flj(t-)ToW (50)

while the total unit sales of the good can be giverq.(4).

2.2.2. Unit Sales Evolution of the Heter ogeneous Good

In order to estimate the total unit sajés) of the heterogeneous good we apply the
product lifecycle concept [18,19]. This conceptgess that the total unit sales of a good can
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be separated into characteristic phases: the inttmh, growth, maturity and decline phase.
The total unit sales must be determined by first spurchase of the good. First purchase is
governed by the diffusion process described by:

NA()

n(t) = v

(51)

whereN(t) is the cumulative number of adopters &dhdhe market potential, i.e. the number
of all possible adopters of the good. The diffusipmcess can be modelled in a first
approximation by the Bass model [25] given by:

A = A (1= 1(0) + BN~ L) (52)
where nmax indicates the maximum market penetration. The Basdel suggests that the
spreading of the good into the market is relatevtospreading waves, a fast and a slow one.
The fat one is described by the first term in E8)(Bdicating a spontaneous purchase by
potential adopters. It is proportional to the stiethinnovation rateA and the number of
remaining potential adopterg,acn(t) mediated by mass media. The second term des@ibes
much slower spreading process due to social legyminere the number of adopters increases
with an imitation rateB proportional to the product of the number of catrand potential
adopters. The evolution of the market penetratiom t Bass diffusion becomes:

1_ e—(A+ B)t

n(t) - nmax (53)
1+Ee—(A+B)l
A
with the corresponding first purchase total uniesa
- dn(t) _ A(A+B) e "ex
3, (=20 - (A+E) (54)

dt (A+ Be (A*B) )2 &

Repurchase events of the good must be proporttorthe current number of adopters
n(t) and a repurchase rafft) characterizing the average number of units puedhg®r unit
time and adopter. Hence:

Ye () =n(t)¢(t) (59)

The repurchase process consists of multiple andaement purchase [26,27]. Starting from
zero after sufficient time the repurchase rate rbasproportional td/z, wherez is the mean
lifetime of the good. Denoting the mean number mifurepurchased during this lifetime by
the repurchase rate approaches a maximum magnityger/z. Describing the repurchase
rate evolution as a growth process towards thist lihe time evolution of &t) can be
modelled as:

% = AE(1)(&,e — E(1)) (56)
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with the stationary solutiod= ¢nax and the repurchase growth rateThe repurchase rate
evolution becomes a logistic law of the form [18;19

Emax
1+C.e™

$(t)= (57)

with the free parametees maxandCs The total unit sales of the heterogeneous gontstu
into:

J(t) =¥, (1) + . (t) =% +nBE) (58)

Applying Eg.(4) we can also write for the total uséles of the heterogeneous good:

Y1) =2 5,0+ (1) = @-m (D) (1) + m (1) ¥ (1) (59)

j#i

For mi(t)=1, the total unit sales can be approximated by thessaf thei-th generation
y(t) =Y. (t). This is the case in the introduction period ofj@d where the number of

generations is small and their market shares dawely high. However, with an increasing
number of generations the market share of each ragiéme necessarily declines. For
mi(t)<<1, the impact of a generation on the expected ewnsiutf the total unit sales
described by Eq.(58) disappears. We want to cortfieemodel here to the latter situation.
That means we consider the case where the impacsiofgle generation on the total sales is
sufficiently small to be neglecte¥.Under this condition the unit sales of a generatian be
specified by applying Eq.(58) in Eq.(50).

The model suggests that the description of thecylifle of a heterogeneous good
consisting ofN(t) homogeneous successive generations introducechatstepty requires a
minimum number of free parameters. The mean pricth@i-th generation involves the
specification of the number of available ung$t determined by three free parametgss,

a; andC;;. For the mean price given by Eq.(29) three additiparameters are requirgg, s
andH; (For simplicity we can set,=0). The market shares of the generations are datedni
by the fitness with the neighbouring generatignand the free parametetg The total unit
sales evolution of the heterogeneous good is gedeby the parametess B, no, a, {maxand
C-.

® Only if a generation is a major success the s#ls are considerably perturbed by this generatidhis case
the model has to be extended by a perturbatioroapprnot considered here.
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3. Comparison with Empirical Results

Before comparing the model with empirical data weantvto summarize the model
predictions. The theory suggests that:
1. The short term price dispersi®(p) of a homogeneous generation has the form of the
Laplace distribution Eq.(22).
2. The mean price evolution of thie¢h generations(t) is governed by a logistic decline
in the case of a fast growing supply described tpy28).
3. Competitive successive product generations arergedeby a Fisher-Pry law of the
market sharesi(t) determined by Eq.(49).
4. The total unit sales of homogenous generationdbeapproximated by Eq.(50).
5. The total unit sales of a heterogeneous good caiviea by Eq.(58).

In order to illustrate the applicability of the neddit is applied to DRAMs as a
heterogeneous good comprising of homogeneous teical generations. DRAMs are
memory chips finding their main application in camgrs, primarily in PCs and servers. The
permanent creation of new DRAM generations withreasing memory were generating up
and down cycles of the unit sales, termed salekspddne DRAM market is one of the most
closely watched markets of all integrated circusttegories. Several papers studied the
technological evolution of DRAMS, trying to undexst the lifetime dynamics of memory
chip generations from different economic and tetdwioal perspectives [28-31]. We want to
discuss here the empirical mean price and unitssal®lution of the DRAM market and
compare them with the presented model.

3.1. TheMean Price Evolution of Successive DRAM Generations

DRAMs of a specific generation are standardized orgnchips determined only by
their memory size and the price. DRAM generaticans therefore be treated as homogeneous.
The model predicts that the short term price disiparof homogeneous goods have the form
of a Laplace distribution. This statement can, havenot be compared with the model
statement since empirical data of the price dispersf DRAM generations are unfortunately
not available.

We focus here on a consideration of the mean miedution of the first DRAM
generations. As a proxy fex(t) we take advantage from empirical data of the ayeeselling
price (ASP) displayed in Fig.1 in a half-logarittmplot [22,29]. Also displayed is a fit of
Eq.(28) with the parameters summarized in Tablék Model suggests that the mean price of
a product generation decreases according to atilotpsv approaching a constant floor price
after sufficient time for a fast growing supply rkar. However, the DRAM market was
subject to considerable external perturbations, eharthe so-called Semiconductor Trade
Arrangements (STA). These Arrangements are attepfptse US-government to reduce the
dominance of Japanese chipmakers by limiting theABRsupply [32,33]. The first STA
started 1986 and ended 1991 as indicated in Fiys3a result the ASP of the DRAM
generations deviates from the fitted price evolutiith constant parameters (lines). The
price increase compared to the predicted linesbmimterpreted as due to the constrained
supply in this period.

In 1991, the STA was extended for another five gdarthe second STA period the
empirical price of the DRAM generations approacHesr prices caused by the external

" Note that the first generation (4K) exhibits a siderable increase of the price after introductirihe next
generation (16K). This is due to the reductionhaf butput by the manufactures. It correspondsigrttodel to
the case;<0 in Eq.(26) suggesting an exponential increag@efmean price. This effect is not further disedss
here.
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supply constraint. This constraint supply in theosel STA period can be taken into account
in this model by assuming that the number of atélainits Z(t) evolves in two logistic

growth waves with constant parameters separatetthdoyime sted;=1995 determining the
end of the second STA period. Ret;, the supply growth is assumed to be governedi(Hy,
Zma” and G, Fort>ty, the parameters atg'?, zn.,2 andC, @ while Z(t) starts az’ma."-
With the fit parameters given in Table 1 the presslution in Fig.1 has the form of two
logistic price decline periods.

3.2. The Unit Sales Evolution of Successive DRAM Generations

A main result of the model is the prediction of tinarket share evolution of successive
generations is a consequence of their mutual catigretOnly the first generation is free of
competition and therefore equivalent to the evolutbdf the total unit sales. The model
suggests that in the introduction period of a gtlwel market shares of the generations is
relatively high. Displayed in Fig.2 are the empticnarket shares of the investigated DRAM
generations [22,29,33]. It can be seen that theitnax market share of the generations
declines in time. While the first generation stanish maximum market sharsy=1 and
therefore dominated the initial stage of this gotts maximum magnitude declines in time
with m=0.5 for the last investigated generations.

If competition between generations takes place4®).¢uggests that setting datm/(1-
m)) against time the data should arrange along strdigés, while the slope is the fithess
advantagé; (Fisher-Pry plot). Displayed in Fig.3 are the digtal unit sales market shares of
successive DRAM generations in a Fisher-Pry plastcan be seen in this figure the unit sales
evolution of successive DRAM generations can beriesd by linear functions. Applying a
regression analysis of the empirical data the $gnearameterfy as summarized in Table 2
are obtained. This result suggests that the mashate evolution of successive DRAM
generations is governed by a Fisher-Pry-law.

Shown in Fig.4 are the empirical absolute unit sabé the DRAM generations
together with the total sales. The first generaidominate the total unit sales evolution. With
increasing number of generations however, the inpha single generation on the total unit
sales can be neglected. Since the unit sales dirshgenerations are small Eq.(58) is applied
to later time steps where repurchase dominates. fifth&f the total unit saleg(t) with

Eq.(58) is displayed in Fig.4 by the solid line kirey advantage from the parameters of the
regression fit in Table 2 the unit salggt of)the DRAM generations can be evaluated from

Eq.(50) also displayed in Fig.3 (lines). As canexpected from the model in particular the
higher generations are well described by the ptedespproach.

4, Discussion

The price evolution of homogeneous generationscsnsequence of demand and supply.
The model suggests that for the case of an un@nsgrowth of the supply side the mean
price declines according to a logistic law. This t& seen for the first DRAM generations in
Fig.1. However, supply constraints due to the Sermdactor Trade Arrangements perturb the
empirical mean price evolution. Taking supply comistts as limitations of the number of
supplied units into account the mean price evotutiarns into successive logistic decline
waves as displayed in Fig.1.

The initial stages of the life cycle of a heterogems good are determined by the
spreading of the good into the market. In this gukrihne number of generations is usually
small and their unit sales must reflect this precg®]. Previous research on successive
product generations is therefore based on thetitgathe unit sales evolution of successive
generations can be described by separate diffusionesses [9,22,32]. However, in later
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stages of the lifecycle repurchase dominates tia woit sales and with an increasing number
of generations the impact of a generation on tted tmit sales becomes small. The unit sales
of the generations cannot be treated as indepebdeatise competition governs their growth.

In order to illustrate the difference between the interpretations of the sales evolution
the empirical unit sales of 64 MByte DRAMs are cargal on the one hand with a prediction
of a diffusion model established by Victor and Absu[22] (dashed line) and on the other
hand with the presented model (solid line) showtheinsert of Fig.3. Diffusion models with
constant coefficients lead generally to symmetaies peaks. The presented model based on
the Fisher-Pry law suggests, however, that a ahitsspeak consists of a steep rise followed
by a long tail. This characteristic is evidentlwe &mpirical sales data (triangles) fitted by the
solid line. Investigations of successive generatialso suggested that their unit sales exhibit
a nearly equivalent initial growth phase [35]. Tlisalso the case here. It has its origin in an
almost equivalent competitive advantdge 1.4 +0.2 (see Table 2).

A main result of this model is that evolution ofcsassive generations can be
interpreted as an evolutionary adaptation procEss.adaptation takes place by a preferential
growth of the generation with the higher fitness. entioned in the introduction, this was
already meant by Victor and Ausubel when they camphe DRAM evolution with that of
fruit flies [22]. It is the fithess advantage ofj@aneration that is responsible for the preferential
growth. It is essentially determined by the prefiees for a generation and the financial
success (contained in the reproduction parameldrg substitution process becomes a
sequence of replacements governed by the Fishda®ry

For DRAMSs the replacement evolution is accompatg@ decrease of the costs per
memory unit caused by economies of scale (Moorais).| Moore’s law predicts an
exponential increase of DRAM memory with time redpely a decline of the costs per
memory unit. However, the origin of Moore’s law tise application of the lithographic
method. Since this technology has a physical boynitie@ evolutionary adaptation process of
DRAMSs must be limited and Moore’s law must slow do(@discussed in [36]). This is similar
to biological evolution where the evolutionary atdn process is limited by a fithess
landscape [37].

5. Conclusions

The presented microeconomic model establishes tlee @nd sales dynamics of
heterogeneous goods composed of homogenous prgduerations. The model suggests
that:

1. The short term price dispersion of homogeneomisetions can be described by a
Laplacian.

2. The mean price of a generation declines for e&ketavith fast growing supply according to
a logistic law.

3. Product generations of a heterogeneous goodnaneutual competition. Their market
shares are governed by a Fisher-Pry law.

4. The total unit sales of a heterogeneous goodeatescribed by the life-cycle concept.

5. The unit sales of a generation can be approgichdr a sufficient number of generations
by the product of the total unit sales of the hegeneous good with the market share of the
corresponding generation.

6. The presented approach shows that the long tmarket evolution of successive
generations can be understood as an evolutionaptaiion process.
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Tables
Parameter |i=4K i=16K  |i=64K |i=256K [i=IM [|i=4aM |i=16M |i=64M
toi 1974 1976 1978 | 1982 1985 1988 1991 1979
af[year] |1 0.6 0.6 0.8 1.4
Zma 1 1 1 1 1
C, 1.5 1.5 2.1 2.1 50
Zma ) 0.8 0.8 0.6
ctt 1.2 1 0.8
aM [ year] 0.6 0.8 1
ty 1995 | 1995 | 1995
Zina?) 0.2 0.2 0.4
c 5 40 22
o' [ year] 0.7 3 1.
1o (USS$Y 120 613 3120 | 2950 2160 18850 4170 440
1 (US$) 1.9 1.0 1.1 1.5 0.7 1.5 2.2 4.3
H 4.1 6.4 7.9 7.5 8 9.4 7.5 4.6

Table 1. Characteristic parameters of the mean price (BY). @& the first DRAM generations

displayed in Fig.1.

8 Note that a higl, expresses a high magnitude of available unitg &t this model.
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Parameter fii fii
i=16K j=4K 1.4¢ -1.23
i=64K j=16K 1.3¢ -1.22
i=256K j=64K [1.11 -0.84
i=IM j=256K | 1.26 -0.65
=AM j=1M 1.39 -0.59
i=16M j=4M 1.36 -0.74
i=64M j=16M 1.49 -0.57
i=128M j=64M |1.1¢4 -0.63
iI=256M j=128M |1.37 -0.52
i=512M j=256M | 1.83 -0.60
i=1G j=512M 1.61 -0.59
i=2G j=1G 1.66 -0.59

Table 2. The fitness advantadg (fitness disadvantage with the next generafjgrof the
successive DRAM generations from a linear regresBtoof the data in the Fisher-Pry plot
Fig.2.



20

Figures
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Figure 1: Evolution of the average sales price (ASP)he first DRAM generations [22,].
The lines are a fit of EQ.(28) with the free partene in Table: Indicated are the first ar

second STA periods.
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Figure 2: Market Shares of thavestigate DRAM generations [22,29,33].

aK
16K

#r-BAK

£558

1M

4m

(Sl

GAN

= 1288

£tk
512
1G
20G



22

In(m,/(1-m,))
4 \r

-8
1974 1979 1984 1983 1994 1939 2004 2009

Figure 3: Unit sales of the first DRAM geneions in a Fisher-Pry plofThe lines ar
regression curves with the parameters summarizédbie 2
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Figure 4: Displayed are the absolute empirical unit saf DRAM generations [22,29,].
The total unit sales ardescribed by Eq.(f) with the parameter8=0.01, B=0.4, na=1,
a=0.08, &na=5*10"%and C:=100. The theoretical units sales (linese obtained k applying
Eq.(50) withthe parameters in Table 2. The insert shows a cosgpaof the empirical €
MByte sales peak (triangles) with the presentedeh¢gblid line) and a prediction by Vict
and Ausubel [22] (dashed line)
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