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Dynamic Model of Markets of Successive Product
Generations

Abstract

A dynamic microeconomic model is presented that establishes the price and unit sales
evolution of heterogeneous goods consisting of successive homogenous product generations.
It suggests that for a fast growing supply the mean price of the generations are governed by a
logistic decline towards a floor price. It is shown that generations of a heterogeneous good are
in mutual competition. Their market shares are therefore governed by a Fisher-Pry law. As a
result the absolute unit sales of a generation exhibit a characteristic sales peak consisting of a
rapid increase followed by a long tail. The presented approach shows that the evolution of
successive product generations can be understood as an evolutionary adaptation process. The
applicability of the model is confirmed by a comparison with empirical investigations on
successive DRAM generations.

Keywords product diffusion, evolutionary economics, multiple generations, competition,
price evolution, DRAM market

1. Introduction

Presented is a microeconomic model for the price and unit sales evolution of
heterogeneous goods consisting of successive homogenous product generations. Previous
research on multiple generations follows two directions of thought. One is related to
technological substitution models. They can be traced back to Fisher and Pry [1] who
suggested that technologies suffer from a logistic replacement dynamics of their market
shares. This approach was successfully applied in particular by authors related to the
Laxenburg school [2-8]. The other way of thought is to treat the evolution of successive
generations as a diffusion process caused by the decision behaviour of potential buyers,
introduced by Norton and Bass [9]. Mahajan and Muller [10] extended this approach by
allowing potential buyers to jump between generations. Applying a discrete choice model Jun
and Park [11] took the decision behaviour of potential adopters with respect to the price into
account. Kim et al. [12] extended the diffusion model by including specific product
characteristics. In order to enhance the forecast precision modern diffusion models of multiple
product generations attempt to generalize these theories by relaxing restrictions as for
example regarding parameters as time dependent [13-17].

The presented model merges both attempts. It is based on a generalization of the product
lifecycle approach of durable and non-durable goods established by the author [18,19]. The
main idea is to treat the purchase process of a generation as equivalent to a homogeneous
good. The corresponding price dynamics is the result of the meeting of demanded (required)
with supplied (available) product units [20, 21]. Therefore the model suggests that the mean
price of a generation declines according to a logistic law for the case of a fast growing supply.
The model is based in the idea that the key difference between goods and product generations
is that goods can be regarded as close substitutes, but homogeneous product generations of
the same good are direct substitutes. Therefore the introduction of a new version of good is
accompanied with a decrease of the number of repurchased units per unit time. As a result the
unit sales suffer from an exponential decline [19]. The introduction of a new product
generation of the same good leads to an immediate substitution of the current generation. That
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means product generations are in an evolutionary completion with each other. That expresses
in a decline of the market shares governed by a Fisher-Pry law.

The presented model is compared with the price and sales evolution of Dynamic Random
Access Memory (DRAM) chips. This commodity is supplied in large amounts by DRAM
suppliers purchased mainly by manufacturers producing electronic devices. DRAMs are
subject to a rapid succession of new generations. Victor and Ausubel [22] stated that the sales
dynamics of DRAM generations have properties similar to fruit flies in the biological
evolution. The presented model confirms this view.

The paper starts with considerations of the market dynamics of homogeneous product
generations establishing their price and sales dynamics in polypoly markets. A key result of
this paper is the derivation of the replacement process of successive generations directly from
the market dynamics. After the theory is compared with empirical investigations of the
DRAM market the paper ends with a discussion and some concluding remarks.

2. The Model

The microeconomic model presented here is established for a heterogeneous good that
comprises of N(?) successive product generations. The key idea of the presented model is that
the market is dominated by three main processes:

1. Demand and supply of product units determines the mean price evolution of a

homogeneous generation.

2. The sales process governs the substitution of successive generations.

3. The total unit sales of the heterogeneous good are determined by first and repurchase
processes. First purchase is governed by the spreading (diffusion) into the market.
Repurchase can be described by a logistic growth process. The impact of a generation
on these processes depends on its market share.

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

We start by studying the market dynamics of a single generation indicated by index i.
The demand side of the market can be specified by the total number of demanded (desired)
units at time step ¢ generated by potential buyers and denoted X,(¢). The supply side on the

other hand is determined by the total number of supplied (available) unitsZ;(¢) offered by
suppliers (retailers) in a polypoly market.

The total number of purchase events per unit time (total unit sales) of the i-th
generation is indicated y,(¢). The presented microeconomic approach is based in the idea that
the purchase process can be viewed as the meeting of demanded and supplied product units.
Therefore y,(¢)must disappear if the number of demanded units X,(¢z) or supplied units Z;(¢)

disappears. Hence the total unit sales can be written up to the first order as a product of both
variables [23]:

RAOEY/EAGRA)
(D
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where the unknown rate #,>0 characterizes the mean frequency by which the meeting of
demanded and supplied units generates successful purchase events. The evolution of the
number of demanded and supplied units can be written as conservation relations of the form':

B0 0-5.0

(2)
and

EO _50-5,0

)

Eq.(2) suggests that the total number of demanded units increases with the total demand rate
c?i(t) which represents the generation rate of demanded units by potential buyers. The
number X,(¢)decreases in time by the purchase of product units with the total unit sales rate
¥.(¢). Eq.(3) implies that the total number of supplied units increases by the supply of product
units with the total supply rate s,(7) and decreases with the total unit sales rate y,(¢).

The total unit sales of the heterogeneous good can be obtained from the sum over the
number of current generations:

N(t)

HOEDWAG)
i=1
(4)
2.1.1. Demand and Supply of a Generation

In order to establish the market evolution the dynamics of supply and demand have to
be determined. We want to take into account that demanded units have a finite mean lifetime
©;. That means, demanded units not related to purchase events during their mean life time ©;

disappear. This effect can be included in the demand rate 67,-(0 by writing:

= X, (1)
dl(t) = dOi(l‘)—T
(5
where d, (1) describes the generation rate of demanded units by potential buyers and the rate

1/0®; describes the disappearance of unsatisfied demanded units. For later use we introduce the
amount of demanded units X,,(¢) generated by the demand rate d,,(¢). It is determined by:

)?Oi(t) = ®id~0i([)
(6)

" In order to establish a continuous model integer variables are scaled by a large constant figure such that they
can be treated as small real numbers. We demand that this scaling leads to X(¢),Z(z) <1.
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The supply side is determined by the reproduction process. Suppliers sell product units
in order to make profit. By reinvesting the profit and external money they increase the total
outputs;(¢) in time. This growth process can be characterized by the variable y;(z) termed

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

(=30
0=5 0
)

With this relation Eq.(3) can be rewritten as’:
dz(t) _

dt
(8)

7 (Y1)

We want to confine here to the case that the supplied units of the generation evolves
fast compared to demanded units in the considered time interval A¢ such that:

AOPEA
dt dt
©)

In this case we can approximate:

dx,(t)/dt=0
(10)

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

T2 (0)=dy (1)~ @il_f,.(t)
(11)

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

__ %)
1+0,7,Z,(1)

Expanding this equation for small Z,(¢) yields:

%,(1) = %, ()(1-0,7,Z,(1))

2 Note that the finite lifetime of the good is neglected here (see [18]).
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In order to determine the time evolution of Z,(¢) we further apply Eq.(13) in Eq.(1) and obtain
from Eq.(8):
&2 (1)

N UAOR Y EAGEAD

(14)

with:

o, (2) = 1,%,,(1)7,(1)

(15)

In order to solve Eq.(14) we take the time average:

ty+At

= j a,(1)dt
(16)

Replacing the time dependent a;(¢) by the mean value Eq.(14) turns into a logistic differential
equation with constant coefficients. The number of supplied units of the i-t4 generation can be
given by:

with the integration constant C,; and:

Z =

maxi 77@
(18)

For the case of a fast growing supply y~a>0, Eq.(17) predicts that the total number of
available units Z,(¢)increases in time according to a logistic law until Z(¢) =z,. If on the

other hand @;<0, the number of available units decreases exponentially until they disappear.
The total unit sales Eq.(11) have with Eq.(12) and Eq.(17) the form:

dy(Dz,(t) _ dy(t)
1+C e

;i(t):
(19)

max

This relation suggests that the sales evolution is determined by the generation rate of
demanded units 070i(t) and the evolution of available units Z;(¢). Note that Z(¢)is usually
small figure at introduction of a generation. This causes a smaller unit sales than demanded by
d,.(¢), known as lost sales [19].
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2.1.2. Price Evolution of a Homogeneous Generation

In order to establish the price evolution of the i-th generation we treat the aggregated
number of demanded and supplied units x;(p,#) and z,(p,#) as a function of the price p.
Generalizing Eq.(1) we assume that the number of sold units in a given price interval must
disappear if the corresponding numbers x;(z,p) or z;(t,p) disappear. Hence the price dependent
unit sales are up to first order proportional to both variables:

(¢, p)=nx,(t,p)z,(t, p)
(20)

where the meeting rate #; is treated as price independent. The price dispersion of sold units is
determined by the probability density:

Pt p)= y:(t,p)
P50
21)

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

1 |pi— ]

E(P)zge 7

(22)

where y; is the mean price of the generation and o; is related to the standard deviation of the
distribution by:

Sid(P.(p))=~20, 232(u, - ;)
(23)

The minimum mean price u,>0 is indicating a technological limit beyond which the
production is not profitable. Also established is that the mean price dynamics is determined
by a Walrus equation. For a homogenous good it can be written as:

_d_p (8 &)
wo—u,, dt'\dt dt

(24)

while H;>0 is treated as a constant. This relation can be used to characterize the evolution of

the mean price of a generation. For this purpose we take advantage from Eq.(10) and
approximate:

LA )
/’li (t) - /’lmi dt - i dt
(25)
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That means, for a fast evolving supply the mean price is essentially governed by the evolution
of available product units. Applying Eq.(14) we further get:

dﬂi(t)~_ 5 —
C P Haz (0 (1) 1)

(26)

while higher order terms in Z,(¢) are neglected. The mean price evolution depends on the sign
of a;. For ¢;<0, the mean price exhibits an exponential increase proportional to Z;(#) due to
supply shortage. The price approaches a maximum when z; = 0. For ;>0, however, the mean
price of a generation declines as a consequence of the excess supply. The stationary solution
of this relation is given either by u=u, or Z=z_, . Since the suppliers are interested in

maximum profitability the first case is not further considered here.
For u(t)>um, Eq.(25) can be written as:

Mz_}[‘ dz.
Vo = 1@
@7)

and we readily obtain:

,u;(t) = /uo,'eiH‘Z(titOi) + Al = My, (1 - Hi%(t - t01))+ Honi
(28)

where #); indicates the introduction time step of the i-th generation. The model suggests

therefore that for the considered market constellation the mean price of a generation declines
with increasing Z;(¢) according to a logistic law given by Eq.(17). For Z,(¢) - z_,,, the mean

maxi

price approaches a floor price:

Hy = Ho exp(_HiZmaxi)+ Hi
(29)

The introduction mean price of the good x(0) is defined by:

14;(0) = py; exp(—H Z,(0)) + u,,,
(30)

while Z,(0)#0.
2.2. Market Share Evolution of Successive Generations

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

ay.(t _ dz (¢
AQNLAG)
dt dt
(31)
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where the slowly varying number of demanded units is approximated by x,,. With Eq.(15)
this relation can be written as:
4y, (1)

7=0@(f))7,-(t)

(32)
The market share of the i-th generation is defined by:

_yi(0
"O=50

(33)
Taking the time derivative we get:

dm,() 1 dy,(t) y,(1) dy(2)
dt  y@) dt () dt
(34)

Inserting Eq.(32) in this relation yields:

PO — (1)~ () (1)

(35)

where:

(@)=Y a(Om, (1)
(36)

Eq.(36) is a replicator equation of the market share of a generation. It expresses the
competition between different product generations while the function ¢; is the fitness of a
generation. Eq.(15) suggests that the fitness is essentially governed by the preference for a
generation, the mean reproduction parameter characterizing the financial success in the
reproduction process and the mean number of demanded units.

2.2.1. Replacement Process of Successive Generations
As a result of the mutual competition successive generations have the tendency to

replacement each other.’ In order to model the replacement process we take advantage from
the replicator dynamics Eq.(35) and write:

1 dm, dn(m,)
o a W
(37)

3 We consider the case that suppliers continue to provide product units of the i-th generation even when the next
generation enters the market.
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where:

fi)=a, ()~ (a())
(38)

is termed fitness advantage with respect to the mean fitness. The stationary solution of
Eq.(37) becomes:

(1 i £0=0
"0 i f(0)=0
(39)

This relation states that for a constant fitness advantage just one generation with o;=<a> and
m;=1 survives the competition process after sufficient time. In order to establish the market
share evolution of successive product generations the predecessor generation with index j is
diminished from Eq.(37):

d m; | 3 _
Eln(m_j}_ai(t) a ()= f;(1)

(40)

where f;;(t) is termed the fitness advantage with respect to the j-th generation. The relation
between the two market shares becomes:

m () _m(t,) [T

@1)

where 4t is the time period in which the generation i is in competition with generation j. The
fitness advantage can be written as the sum of a mean fitness advantage f;; and time dependent
fluctuations dfj;() as:

fij(t) = fij + éfij(t)
(42)

where the mean fitness advantage is the averaged over the time interval A¢”:

to+AL'

fy = [l a0k

ty

(43)

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

Jy >> (1)
(44)



UNDER PEER REVI EW

393
394

395

396
397
398

399

400
401
402
403

404

405
406
407
408

409

410
411
412
413
414
415

416

417
418
419
420
421
422
423
424
425
426
427
428

429

430
431
432

10
In this case the integral in Eq.(41) can be reduced to the dominant contribution and becomes:
m(©) _ m 1)

m (1) m,(t,)
(45)

eXp(ftj (t =1, ))= exp(fij (t — 1y, )+ Kij)

(46)
Applying the identity [24]:

m, (1) _ 1
;mj(t) l+zmj(t)

J#i mi(t)

mz(t)z

(47)

we get for the time evolution of the i-th market share:

1
mi(t)z I PP
1+Ze /xj(t ’01) ij

J#I

(48)

If the competition takes place essentially between neighbouring generations this relation can
be simplified to the two generation case with m;=1-m;. It turns into the well-known Fisher-Pry
substitution law:

i (t) — t—tn: JFKC
1 e fz‘j( 0;) ij
(49)

The presented model suggests therefore that the replacement process of successive
generations is governed for the case of a constant fitness advantage by a Fisher-Pry law. We
assume that the preference of the buyers and hence the preference rate #; changes its
magnitude with the introduction of a new product generation. Therefore the fitness advantage
is f;70 for j=i-I1 and f;<0 for j=i+I. Hence, the market share evolution separates into two
branches. One is related to the competition with the predecessor generation j=i-/ and one
with the successor j=i+1.

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

~ y(1)
V()= ——
1+ e fi/(t to;) ij

(50)

while the total unit sales of the good are given by Eq.(4).
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2.2.2. Unit Sales Evolution of the Good

In order to estimate the total unit sales y(#) we rewrite Eq.(4) with Eq.(33) as:

y(t)= ZJN/_,-(t) +y: ()= ij(t)?(tﬂmi(t)?(t) = (1=m, ()Y 5 (1) + m, ()Y ()
. _

In this relation y, (¢)indicates the total unit sales of an effective good, which is obtained by

the sum over all generations except the i-th. For mj(?)=I, the total unit sales can be
approximated by the sales of the i-th generation y(¢)= y,(¢). For m;(t)=0, however, the total

unit sales are approximately equal to the sales of the effective good y(#) ¥, (). That means

there are periods in which the i-th generation dominates the market evolution and others
where its impact can be neglected. In particular in the introduction period of the good where
the number of generations is small and their market shares are relatively high the i-th
generation dominates the total sales. With an increasing number of generations, however, the
market shares of the generations decrease and as a result the total unit sales is governed by the
effective good.

The key idea to describe the unit sales evolution of the effective good is to apply the
product lifecycle concept [18,19]. This concept suggests that the unit sales evolution can be
separated into characteristic phases, the introduction, growth, maturity and decline phase. The
total unit sales ¥, (f)must be determined by first and repurchase of the good. The first

purchase is governed by the diffusion process described by the number of adopters:

n(t)
(52)

_ N,
M

where N4(?) is the cumulative number of adopters and M the market potential, i.e. the number
of all possible adopters of the good. The diffusion process can be modelled in a first
approximation by the Bass model [25] given by:

%= Ay, — (1)) + Ba(t)(n,. — n(0))

(53)

where #,,,, indicates the maximum market penetration. The first term indicates a spontaneous
purchase by potential adopters. It is proportional to the so-called innovation rate 4 and the
number of remaining potential adopters 7,,,-1(?). The second term is due to social learning,
where the number of adopters increases with an imitation rate B proportional to the product of
the current and potential number of adopters. The evolution of the market penetration due to
Bass diffusion becomes:

1_ e—(A+B)t

n(t)=———n
1+§e—(A+B)t

(54)

max
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and the corresponding first purchase unit sales:

dn(t)  A(A+B)e ™"
a4+ B Y

)N}f(t)z ny

(55)

Repurchase events of the good must be proportional to the current number of adopters
n(t) and a repurchase rate £(#) characterizing the average number of units purchased per unit
time and adopter. Hence:

¥, () =n)s(0)

(56)
The repurchase rate can be modelled as governed by a logistic law [18,19]:
gmax
{)=—2mx__
s 1+C ée"”
(57)

with the free parameters a, &, and Cz The total unit sales of the effective good have the
form:

ief(t)=%(r)+i(r)=@+n<r>§(r)

t
(58)

The model suggests that the description of the lifecycle of a heterogeneous good
consisting of N(?) homogeneous successive generations requires the following set of free
parameters. The time step #y; indicating introduction of a generation. The mean price of the i-
th generation involves the specification of the number of available units Z,(¢#) determined by

three free parameters z,,y;, o; and C,. For the mean price given by Eq.(29) three additional
parameters are required ug;, us and H; (For simplicity we can set u,,,=0). The market shares of
the generations are determined by the fitness with the neighbouring generations f;; and the free
parameters x;;. The unit sales evolution of the effective good is governed by the parameters 4,
B, no, 4, fmax and Cf.

3. Comparison with Empirical Results

Before comparing the model with empirical data we want to summarize the results. The
theory suggests:
1. The short term price dispersion P;(p) of a homogeneous generation has the form of a
Laplace distribution Eq.(22).
2. The mean price evolution of the i-th generation u;(t) is governed by a logistic decline
in the case of a fast growing market Eq.(28).
3. Competitive successive product generations are governed by a Fisher-Pry law of the
market shares m;(?) determined by Eq.(49).
4. The total unit sales of the homogenous generations can be determined by Eq.(50).
The total unit sales of the heterogeneous good can be approximated by Eq.(58).

W
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In order to illustrate the applicability of the model, it is applied to DRAMs as a
heterogeneous good comprising of homogeneous technological generations. DRAMs are
memory chips finding their main application in computers, primarily in PCs and servers. The
permanent creation of new DRAM generations with increasing memory were generating up
and down cycles of the unit sales, termed sales peaks. The DRAM market is one of the most
closely watched markets of all integrated circuits categories. Several papers studied the
technological evolution of DRAMs, trying to understand the lifetime cycle dynamics of
memory chip generations from different economic and technological perspectives [27-29].
We want to discuss here the mean price and sales evolution of the DRAM market in
comparison to the presented model.

3.1. The Mean Price Evolution of Successive DRAM Generations

DRAMSs of a specific generation are standardized memory chips determined by their
memory size. It can be expected that DRAMs can therefore be treated as homogeneous. The
model predicts that the short term price dispersion of homogeneous goods can be
approximated by a Laplace distribution. Empirical data of the price dispersion of DRAM
generations are unfortunately not available. We focus here on a consideration of the mean
price evolution of the first DRAM generations. As a proxy for u;(2) we take advantage from
empirical data of the average selling price (ASP) displayed in Fig.1 in a half-logarithmic plot
[22,27]. Also displayed is a fit with Eq.(28) with the parameters summarized in Tablel. The
model suggests that the mean price of a product generation decreases according to a logistic
law approaching a constant floor price after sufficient time for a fast growing supply market.

However, the DRAM market was subject to considerable external perturbations,
namely the so-called Semiconductor Trade Arrangements (STA). These Arrangements are
attempts of the US-government to reduce the dominance of Japanese chipmakers by limiting
the DRAM supply [29,30]. The first STA started 1986 and ended 1991 as indicated in Fig.3.
As a result the ASP of the DRAM generations deviates from the fitted price evolution with
constant parameters given in Table 1 (lines). The price increase compared to the lines canbe
interpreted as due to constrained supply in this period. *

In 1991, the STA was extended for another five years. In the second STA period the
empirical price of the DRAM generations approaches a floor prices caused by the external
supply constraint. This constraint supply in the second STA period can be taken into account
in this model by assuming that the number of available units Z(z) consists of two periods
with constant but different parameters separated by the time step at the end of the second STA
period #,=1995. For t<t,, the supply growth is assumed to be governed by a;" 7" and C.".
For £>t;, the parameters are a[(z) zmax(2) and C, @ starting with with zmax(l). Applying the fit
parameters given in Table 1 the price evolution in Fig.1 separates into two logistic waves.

3.2. The Unit Sales Evolution of Successive DRAM Generations

A key result of the model is the prediction that the market share evolution of successive
generations is the result of a mutual competition. Only at introduction of the good the first
generation is free of competition and therefore equivalent to the evolution of the total unit
sales. The model suggests that in the introduction phase of the good where the number of
generations is small their market shares are relatively high and the total unit sales are given by
the evolution of the generations. Displayed in Fig.2 are the empirical market shares of the

* Note that the first generation (4K) exhibits a considerable increase of the price after introduction of the
successive generation (16K). This is due to the reduction of the supply output by the manufactures. It
corresponds in this model to the case 0<0 in Eq.(26) suggesting an exponential increase of the mean price. This
effect is not further considered here.
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investigated DRAM generations [22,27,31]. It can be seen that the maximum market share of
the generations declines in time. While the first generation starts with maximum market share
m;=1 and therefore dominated the initial stage of the good the maximum magnitude declines
in time up to about m;~0.5 for the last investigated generations.

If competition between generations takes place Eq.(49) suggests that setting out /n(m;/m;.;)
against ¢ the data should arrange along straight lines, while the slope is the fitness advatage f;;
(Fisher-Pry plot). Displayed in Fig.3 are the historical unit sales market shares of successive
DRAM generations in a Fisher-Pry plot. As can be seen in this figure the unit sales evolution
of successive DRAM generations can be described by linear functions. Applying a regression
analysis of the empirical data the parameters fj; can be obtained summarized in Table 2. This
result suggests that the market share evolution is governed by a Fisher-Pry-law.

Shown in Fig.4 are the empirical absolute unit sales of the DRAM generations
together with the total sales. The first generations dominate the total unit sales evolution. With
increasing number of generations the total unit sales of the good can be approximated by an
effective good. Since the unit sales of the first generations are small, their impact in fitting the

total sales applying Eq.(58) can be neglected. As a first approximation y,,(¢) is determined

by the parameters 4=0.01, B=0.4, npu=1, a=0.08, &pax=5*10""and C;=100 displayed by the
solid line in Fig.4. Taking advantage from the parameters of the regression fit in Table 2 the
unit sales y,(¢z) of the DRAM generations can be evaluated from Eq.(50) with y(¢) =7, ()

also displayed in Fig.3. As can be expected from the model in particular the higher
generations are well described by the presented approach.

4. Discussion

The price evolution of homogeneous generations is a consequence of demand and supply.
The model suggests that for the case of an unconstraint growth of the supply side the mean
price declines according to a logistic law. This can be seen for the first DRAM generations in
Fig.1. However, supply constraints due to the Semiconductor Trade Arrangements perturb the
empirical mean price evolution. Taking supply constraints as limitations of the number of
supplied units into account the mean price decline turns into successive logistic waves. This
leads to an appropriate description of the price evolution of the higher DRAM generations
displayed in Fig.1.

Previous research on successive product generations applies the idea that the sales
evolution of a generation is the result of a diffusion process [9,22,32]. However, the presented
model suggests that successive generations of the same good can be treated as direct
substitutes. Generations are in mutual competition with their adjacent neighbours and their
sales cannot be treated as independent. That this is the case for DRAM generations can be
seen by the arrangement of the unit sales in straight lines a Fisher-Pry plot of the market
shares in Fig.3. In order to illustrate the difference between the two interpretations the
empirical unit sales of 64 MByte DRAMs are compared on the one hand with a prediction of
a diffusion model established by Victor and Ausubel [22] (dashed line) and on the other hand
with the presented model (solid line) in the insert of Fig.3. Diffusion models with constant
coefficients lead generally to symmetric sales peaks of the product generations.’ The
presented model based on the Fisher-Pry relation suggests, however, that the unit sales peak
consists of steep rise followed by a long tail. This characteristic is evident in the empirical
sales data (triangles). Investigations of successive generations also suggest that the unit sales

> For the initial stages of a good the diffusion process is the main source of the sales evolution. In this period this
is a valid approximation because the market is dominated by the first product generations [32]. However, with
the increasing number of generations the total sales evolution can be described by an effective good. In this
period the sales evolution of the generations is governed by their mutual competition.
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exhibit a nearly equivalent initial growth phase [33]. This is also the case here. It has its origin
in an almost equivalent competitive advantage f;= 1.4 0.2 (see Table 2).

The market shares of a good are governed by a replicator dynamics. The evolution of
successive generations can therefore be interpreted as an evolutionary adaptation process. The
adaptation takes place by the preferential growth of the generation with the higher fitness. The
fitness of a generation is mainly determined by the preference for a generation and their
reproduction parameter expressing the financial success of a generation in the reproduction
process. The fitness advantage of a current generation changes with the introduction of a new
generation by the alteration of the preference by potential buyers. In the case of DRAMs in
addition the profitability is a driver, since the costs per memory unit decreases by economies
of scales (Moore’s law). Moore’s law suggests an exponential increase of DRAM memory per
unit. However, the origin of Moore’s law is the application of the lithographic method. Since
this technology has a physical boundary the evolutionary adaptation process of DRAMs
approaches the technological boundary while Moore’s law must slow down [34].

5. Conclusions

The presented microeconomic model establishes the price and sales dynamics of
heterogeneous goods composed of successive homogenous product generations. The model
suggests that:

1. The short term price dispersion of homogeneous product generations can be expected to be
a Laplacian.

2. The mean price of a generation declines for a market with fast growing supply according to
a logistic law.

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

4. The total unit sales of a heterogeneous good can be approximated by an effective good for a
sufficient number of generations.

5. The presented approach shows that the long term market evolution of successive product
generations can be understood as an evolutionary adaptation process.
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Tables
Parameter |i=4K i=16K i=64K |i=256K |i=IM |i=4M |i=16M |i=64M
toi 1974 1976 1978 |1982 1985 1988 | 1991 1978
afyear’] |1 0.6 06 |08 1.4
Zmax 1 1 1 1 1
C. 1.5 1.5 2.1 2.1 50
Zman'” 08 |08 o6
c.”V 1.2 1 0.8
o [ year'] 0.6 0.8 1
t 1995 11995 [1995
Zmax(Z) 0.2 0.2 04
C.” 5 40 22
o [ year'] 0.7 3 1.9
110 (USS)° 120 613 3120 [2950 2160 | 18850 |4170 440
1 (USS$) 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 (Eq.(28)) of the first DRAM generations

displayed in Fig.1.

Parameter fii fii

i=16K j=4K 1.49 -1.23
i=64K j=16K 1.38 -1.22
i=256K j=64K |1.11 -0.84
i=IMj=256K 1.26 -0.65

% Note that a high u, expresses a high magnitude of available units at 7, in this model.
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i=4M j=IM 139 [-0.59
i=16M j=4M _ |1.36  |-0.74
i=64M j=16M |1.49  |-0.57
i=128M j=64M |1.14  |-0.63
i=256M j=128M [1.37  |-0.52
i=512M j=256M [1.83  |-0.60
i=1Gj=512M | 1.61 20.59
i=2G j=1G 166  |-0.59

655
656  Table 2. The fitness advantage f;; and f; of the successive DRAM generations from a linear

657  regression fit of the data in the Fisher-Pry plot Fig.2.

658
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664  Figure 1: Evolution of the average sales price (ASP) of the first DRAM generations [22,27].
665  The lines are a fit of Eq.(28) with the free parameters in Tablel. Indicated are the first and
666  second STA periods.
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670  Figure 2: Market Shares of the investigated DRAM generations [22,27,31].
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674  Figure 3: Unit sales of the first DRAM generations in a Fisher-Pry plot [22,27,31]. The lines
675  are regression curves with the parameters summarized in Table 2.
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Figure 4: Displayed are the absolute empirical unit sales of DRAM generations [22,27,31].
The total unit sales are that of an effective good described by Eq.(58). The lines are obtained
by applying the parameters in Table 2. The insert shows a comparison of the empirical
64MByte sales peak (triangles) with the presented model (solid line) and a prediction by
Victor and Ausubel [22] (dashed line).



