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Abstract

An evolutionary model of the product life cycle is applied to derive the experience curve and
the market size of (expensive) durable goods. The experience (learning) curve suggests that
the real costs per unit decrease with an increasing cumulative output (Henderson's law). Based
on the idea that in a competitive market firms are forced to pass cost advantages on to the
price, the evolutionary model suggests that the mean price and also the mean costs are
governed by an exponential decline with time. Simultaneously the mean price evolution
satisfies Henderson's law. The market size is defined here by the number of active firms. The
market size is shown to follow the total market revenue if the latter exhibits fast variations,
else the size is nearly constant. A comparison with an empirical investigation confirms the
model predictions.
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1. Introduction

We want to apply in this paper a previously established evolutionary model of the
product life cycle to establish the experience curve and the market size of durable goods [1,
2]. The experience (learning) curve is an empirical finding that suggests that the real costs per
unit decrease with an increasing cumulative output. The standard interpretation of the
experience curve is that supply side advantages due to economies of scale, repetitive
manufacturing and new technologies cause a decrease in the production costs [3, 4]. The
evolutionary model allows also a derivation of the market size characterized by the number of
firms active in the durable market [5].

The evolutionary model of a competitive market can be understood as follows. Let us
consider a durable (expensive) consumer good produced for an anonymous market. In a
competitive market a number of different variants of the same good are available. These
variants are called here brands. The brands are manufactured by business units, while firms
may consist of a number of business units. Consumers have the choice between these brands.
The key idea is that the reproduction of the brands is governed by a positive feedback
mechanism. Best selling brands, will be reproduced with a much higher rate than slow sellers.
In other words, the manufacturers respond on increased sales of a brand with a higher output,
because they want to make profit. Further, they create variants of the best selling brands and
stop the production of the slow sellers. As a result, after sufficient time, the durable good
evolves such that it suits the major consumer demand.

In other words, the positive feedback mechanism is equivalent to preferential growth.
Preferential growth can be formulated in terms of the Variation-Selection-Reproduction
(VSR) mechanism, known form the evolution of species (for an overview [6,7]). In these
terms brands (business units) play the role of species and the selective environment is given
by the consumer demand. Mutations are the decisions of the manufacturers to vary the
product features.

While the VSR mechanism applies to all features of the good (e.g. design, efficiency
etc), derived in [1] is an evolutionary model, which focuses essentially on one feature of the
good; the price. The model suggest that each brand is can be characterized by a product
fitness, which is proportional to a price dependent market volume. Because the market
volume increases with a decreasing price of the brand, a small price decrease increases its
fitness and amplifies the unit sales (via a replicator equation). It turns out that in a competitive
market the mean price is governed by an exponential decline with time. This decline,
however, has the consequence that the number of potential consumers, limited by their
personal income, increase. The decrease of the mean price is therefore the origin of an
evolutionary diffusion process, which turns out to be governed by Gompertz equation
(denoted therefore Gompertz diffusion). In order to apply the model here, we first summarize
the key results relevant for an understanding of the experience curve and the size of the
market.

The derivation of the experience curve is based on the idea that in a competitive
market firms intend to improve their market position. This can be done by passing on cost
advantages in the production of the good on to the price. If this process can be treated as
causing small random price fluctuations, they are already contained in the original theory [1].
This is because the dynamics of the evolutionary (competitive) model is determined by small
price fluctuations. In other words, cost fluctuations come into play in the evolution of the
mean price. But if this statement is correct, the empirical finding that the cumulative output
can be approximately described by a power law function of the total output, refereed to as
Henderson's law, and must be regained with the evolutionary approach. This will be tested
with an empirical investigation of a consumer durable.



The number of firms can be derived from the evolutionary model on the basis of a
comparison of the adaptation velocities of firms compared to the velocity of variations of the
total market. If the firms cannot adapt their costs (size) sufficiently fast, compared to
variations of the total market, the number of firms is governed by the total revenue that can be
achieved in the durable market. On the other hand, if they can adapt sufficiently fast, we can
expect that the market size is not governed by total revenue and is apart from fluctuations
nearly constant.

The paper is organized as follows. In the next section the results of the evolutionary
model are summarized and supplemented with a derivation of the experience curve and the
market size. Then the model is applied to an empirical example, followed by a conclusion.



2. The Model

We first summarize the key results of the evolutionary model derived in [1,2] where
the product life cycle of durable goods is derived explicitly. However, because it is not
relevant for the consideration of the experience curve, we want to confine here to expensive
consumer durables and neglect the initial Bass diffusion.

The demand side is characterized in this model by an ensemble of agents who are
interested in purchasing the consumer durable, while the total number of agents is denoted as
the market potential M. The personal income distribution can be divided into a lower class
contribution (lognormal/exponential distribution) and an upper class (Pareto distribution) [8-
10]. We assume that, in difference to luxurious goods, the upper class can always afford the
good, indicated by the contribution My. The market volume, V(u) has an additional
contribution from the lower class. It is determined by those consumers, who can afford the
good for a real price:

“=1,
ey
while /; is the mean income of the lower class and p is the nominal price. We further assume

that there exists a natural (minimum) price u,, at which the market volume is equal to the
market potential:

Viu,)=M
2)

For u>u,,, the market volume V(z) can than be written as the sum of a contribution from the
upper class My, which also includes industrial agents, and a price dependent part from the
lower class of the form:

2
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where @ is a constant specific for the durable market and:
M=M,+M,
“)

Because the model is developed in terms of continuous variables, we establish densities by
scaling extensive variables with the market potential M. The density of the market volume
becomes:

V(u)

v(u) = Y
5)

with 0<v(w)<I.



The supply side of the market is characterized by a number of different variants of the
durable good, denoted as brands (models) having similar utility properties. We assume that
each brand is manufactured by a business unit, indicated with index, i, while N is the total
number. The absolute number of products of the i-th brand sold per unit time is denoted Y,
and the corresponding density is:

_Y
Vi M

(6)

with total unit sales:

(7

The mean price is defined as:
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where single brackets indicate the average over the unit sales. A key result of the evolutionary
approach is that due to the mutual competition between the brands the mean price evolves
according to:

(1) = ™ + p,
)

where y is the price at =0, and the constant parameter a is denoted as price decline rate. The
price decline rate has the form, a~Var(P,), where the variance of the price distribution is:

Var(P,)=(p’ —(u))
(10)

Note that a is zero for a monopoly market, because the variance vanishes. Monopolies
are therefore not governed by the evolutionary model and have to be excluded from our
considerations!

The evolutionary model suggests that the product life cycle (PLC) of consumer
durables can be described by the total unit sales:

y, ()=, () +y,()

(1)

where y(?) is the total first purchase and y,(?) is the total repurchase of the good.

We want to confine here to the case that My< <M, in order to neglect the initial Bass
diffusion (expensive durable) and set My=0. The total first purchase is than determined by the
expansion of the market volume due to the decrease of the mean price. That means, new
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adopters are created by the increase of the market volume. The corresponding first purchase
sales can be obtained from:

dn(r) _ dv{(p(0)))
dt dt

y;jf(t) =
(12)

where n(t) is the adopter density and the market volume is given by Eq.(3). Inserting Eq.(9) in
Eq.(3), the time derivative can be performed and we obtain for the first purchase unit sales:

v, (1) = 2akn(t)exp(—2at)
(13)

with the adopter density:

n(t) = n, exp (— ke"Z’”)
(14)

while

207
(15)

and ng=I. The evolutionary model suggests therefore that the diffusion process caused by the
expansion of the market volume is determined by Gompertz diffusion.

The repurchase sales are considered as the sum of total replacement y,z and total
multiple purchase y;, such that :

Yir() = Y () + Y, (1)
(16)

Replacement purchase is determined by the probability distribution, 7(¢) of product failure
over the population of units. The model assigns replacement purchase to those purchase
events associated with the mean product life time f,. Replacement purchase can be
approximated for #>¢, by:

e =ry,(1=t,)
A7)

else, thB (t)=0, while r>0 is the fraction of previous sales suffered form replacement purchase.
Replacement purchase induces therefore periodic variations of the unit sales with a periodicity
given by the average product lifetime #,. The standard theory of economic fluctuations
variations due to repurchase are known as Juglar cycles [11]. Any other repurchase decision,
not correlated with the first purchase fundamental wave, is denoted here as multiple purchase.
Since, multiple purchase must be proportional to the actual number of adopters, n(z), the unit
sales can be approximated by:



V(1) = qr(t)
(18)

where ¢>0 is a multiple purchase rate. Note that for very cheap consumer durables (and for
non-durables), the parameter g can be considered to be also a function of the price. Here this
parameter is treated as a price independent constant.

The experience curve

The experience curve is the empirical finding that the real costs per unit ¢,(¢) decrease
during the PLC. The cost per unit of the i-th model is defined as:

¢;(t) = p;(1) = g, (1)
(19)

where g;(t) is the profit per unit (markup). Both ¢;(#) and g;(t) are real variables, 1.e. scaled by
I;. Performing the average in Eq.(19) we get for the mean costs per unit:

{ew)

ey~ )

where a=g/u is a real profit margin. For (expensive) durable goods the profit margin of the
surviving business units is usually of the order 0<a(z)<I. The profit margin can be written as
the sum of a time independent contribution a and time dependent fluctuations doy(z):
a(t)=a+da(t). In order to survive the time independent contribution of a brand must be large
compared to the fluctuations a>da(t). Because a is small, the fluctuations of the profit margin
must be even smaller. Neglecting the contribution of small fluctuations in Eq.(20) we obtain
approximately:

(e(®)
(u()
20

~1—oa = const

That the profit margin in durable market can be considered to be nearly constant was also
found in empirical investigations [12].

The competitive model derived in [1,2] implicitly assumes that business units pass
their competitive advantage on to the price of the brand. Treating these small price variations
as random independent events the evolutionary model predicts that the mean price decreases
exponentially according to Eq.(9). With Eq.(21) we obtain therefore that, up to a constant, the
evolution of the costs per unit follow the mean price, <c(?)>~<u(t)>.

The time dependent decrease of the real costs per unit is usually displayed as a result
of a learning process in the form of a power law (Henderson's law) [13]:

(c(t)) ~x(t)”
(22)



where x(t) is the cumulative volume of production and f is the elasticity of costs with regard
to output. Empirical investigations suggest a decline of the costs per unit of the order of 10-
25% for a doubling of the cumulative output. Because the mean costs follow the mean price,
the model suggests that the mean price is governed on the one hand by Eq.(9) and on the other
by Henderson's law Eq.(21).

The market size
We want to characterize the market size by the number of firms N'(¢). The market size

is confined by the condition that the total costs cannot be larger than the total revenue of the
durable market. The total revenue is given by:

R(t) = (u())y, (1)
(23)

and the total costs are:

C(t)={c(t))y, (1)
(24)

With these relations Eq.(21) can be rewritten as:

@
R(t)
(25)

-«

Because o>0 the condition of a limited market size (C(7)<R(t)) is fulfilled. We further
introduce the mean costs per firm defined as:

where the double brackets indicate the average over the number of firms. Using Eq. (25) and
taking the time derivative we obtain:

acr ., d{(Co)) dN'(t) dR(t)
a O +{{cw)) a9y
(27)

The key idea to derive the market size is the empirical fact that the production costs cannot
adapt arbitrarily fast to demand variations (due to fixed costs). In the growth phase of the PLC
the total revenue undergoes fast variations. The revenue growths due to increasing unit sales
but decrease with the mean price. In this phase of the PLC some manufacturers cannot adapt
their size sufficiently fast to the market evolution. Therefore we suggest that the revenue
varies much faster than the mean costs:



R d((C()))
dt dt
(28)

The evolution of the number of firms can be given approximately by the integration of
Eq.(27), while condition Eq.(28) can be satisfied by setting d< <C(t)>>/dt=0. Therefore, the
number of business units is governed in this period by the total revenue of the market:

N () ~- LD Rery ~ b))y, (1)

((cay)

(29)

The number of firm's first increase and then decrease following on average R(t). The period of
a decreasing market size is known as shakeout [5]. Because firms intend to grow, they slowly
decrease the costs and may go bankrupt when the total revenue of the market decreases faster.
This period is accompanied with an increased unemployment. It has its origin according to the
presented theory in the competition between the brands, contained in the mean price
evolution.

In the maturity phase of the PLC, on the other hand, the total revenue varies slowly
such that:

dr _d{(Cm))
dt dt
(30)

The firms can adapt their costs sufficiently fast, respectively can compensate fluctuations due
to a diversified product portfolio. Hence the market size N'(¢) is approximately constant in this
phase of the PLC.

3. Comparison with Empirical Results

Note that the PLC derived in this model characterizes the main trend of the unit sales
of a durable market. Not contained are deviations due to events (e.g. the introduction of a new
brand [2]). The aim of the present model is therefore not to make precise forecasts, but to
understand the key relationships that drive the evolution of a durable market. The model
suggests:
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I A market of expensive durables is governed by Gompertz diffusion and is
related to an exponential decline of the mean price. The PLC suffers from
periodic variations of the unit sales caused by the finite lifetime of the good.

D) The mean costs per unit are governed by the evolution of the mean price.
Because the mean price is determined by an exponential decline, also the costs
per unit will exhibit this relationship. Displaying the mean price as a function
of the cumulative total output, however, Henderson's law must be regained.

Il)  The number of firms is governed by the total income in periods of fast
variations of the total market revenue. Otherwise the market size should be
nearly constant.

We want to compare the predictions of the model with empirical data available for the
evolution of the US market of Black & White (B&W) TV sets as summarized by Wang [5].
Displayed in Fig.1 are the nominal price (triangle) and the market penetration (circles) of
B&W TV's. The fat lines are applications of the present model with the parameters given in
[1,2]. As can be seen the mean price decreases according to an exponential law, while the
market penetration can be described by Gompertz diffusion. Displayed in Fig.2 are the
corresponding unit sales, which are the result of first and repurchase processes. First purchase
is a combination of Gompertz and of Bass diffusion not further specified here (see [1,2].)

Displayed in Fig. 3 is this empirical mean price as given in Fig.1 as a function of the
empirical cumulative output obtained from Fig.2. Also shown is a learning curve of the form
Eq.(22) with B=-0.32, which expresses a 20% reduction of the mean price for every doubling
of the cumulative output. As can be seen the empirical data of the mean price can be
approximately described by Henderson's law. But it is also given by an exponential decline as
shown in Fig.1. This result suggests that the mean price dynamics is governed by the
competition between the brands, implicitly containing decreasing production costs.

Finally displayed in Fig.4 is the empirical number of firms in this durable market [5].
Eq.(29) suggests that the market size is essentially determined by the revenue that can be
achieved, as long as the total unit sales exhibit considerable variations with time. The fat line
in this figure represents the empirical unit sales multiplied with the mean price and a factor
b=44 per US$ (Eq.(29)). Up to the middle of the nineteen sixties the number of firms is
roughly proportional to the market revenue. After this period the number of firms approaches
a nearly constant value. This trend is according to the model a consequence of the adaptation
velocities of the firms to demand fluctuations.

4. Conclusion

The evolution of a market of (expensive) durable goods can be visualised as
schematically displayed in Fig.(5), neglecting the initial Bass diffusion [1]. Shown is the
market volume as a function of the real price, v(u). It has a maximum at the natural price i,
The market volume represents an effective demand curve of the durable good. The price
distribution P, contains the mutual competition between the brands and is derived explicitly in
[1]. The theory suggests that the mean price <u(?z)> approaches u,, asymptotically governed
by an exponential law (insert, x(?)). At the same time the market volume expands associated
with a diffusion process governed by Gompertz equation (insert, n(t)). Displayed in the other
insert is the product life cycle, characterized by the total unit sales y,(¢) (fat line). It is the sum
of first purchase y,(¢), multiple purchase y,(t) and replacement purchase yx(t) (dotted lines).
The last contribution induces periodic variations of the unit sales determined by the mean
lifetime of order 8-12 years (Juglar cycles).

The market size, given by the number of firms N(?), is limited by the total revenue
<u(t)> y(t) (dotted line). The shakeout has its origin in the presented model in the limited
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ability of firms to adapt to variations of the total revenue. When the total revenue varies
slowly, the number of firms is nearly constant (except for rapid market variations caused for
example by dramatic events). Firms can vanish form the market caused by bad management
or replacement of their products and also new firm may enter the market. These contributions
can be considered to be small compared to the evolution of the total market revenue. The
comparison with empirical data suggests that the model covers the main trend.

The mutual competition forces firms to pass their cost advantages on to the price. As
long as these advantages can be treated as small random steps, the cost evolution is contained
in the evolution of the mean price. Therefore the mean price evolution displayed as a function
of the cumulative output reflects Henderson's law. But is also governed by the evolutionary
dynamics of the competitive market and exhibits therefore an exponential decline with time.
Both effects are found in the empirical data considered here.

Wene specified two phases of the learning process [14]. The first phase is dominated
by public R&D support and a second phase dominated by learning investments on the market.
Obviously the presented model describes the latter phase. In terms of the evolutionary VSR
mechanism, cost advantages lead to a preferential growth of the brand via a better price in the
selective environment formed by the consumer price expectations. Hence the business units
(firms) are under permanent stress to decrease their costs with learning investments in
particular in during shakeout. On the other hand if they are subsidised, the price decline and
therefore cost reduction is delayed [15]. Finally we have to emphasize that the model is not
applicable to a monopoly market.
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Figure 1: Evolution of the price in US $ (triangles) and the percentage market penetration
(circles) of Black & White TV sets in the USA [1,2].
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Figure 2: Evolution of the unit sales of Black & White TV sets in the USA [1,2]. The fat line
is a fit of the product life cycle.
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Figure 3: Experience curve of B&W TV sets in the USA. The line expresses Henderson's law
with 20% reduction of the price in US $ for every doubling of the cumulative output.
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Figure 4: The market size of US Black & White TV sets [5]. The fat line represents the total
revenue of the durable market.

16



17

Figure 5: Schematically displayed is the evolution of a durable market [1].
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