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ABSTRACT

This paper proposes a new model as
a framework for forecasting demand and
technological substitution, which can ac-
commodate different patterns of technolog-
ical change. This model, which we named,
“Adaptive Diffusion Model”, is formalized
from a conceptual framework that incorpo-
rates several underlying factors determin-
ing the market demand for technological
products. The formulation of this model is
given in terms of a period analysis to im-
prove its explanatory power for dynamic
processes in the real world, and is described
as a continuous form which approximates
a discrete derivation of the model. In or-
der to illustrate the applicability and gener-
ality of this model, time-series data of the
diffusion rates for some typical products in
electronics and telecommunications mar-
ket have been empirically tested. The re-
sults show that the model has higher ex-
planatory power than any other existing
model for all the products tested in our
study. It has been found that this model
can provide a framework which is suffi-
ciently robust in forecasting demand and
innovation diffusion for various technolog-
ical products.
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I. INTRODUCTION

Over the years, a number of mathematical

forecasting models have been proposed to ex-

plain the time pattern of the substitution pro-

cess, that is, the process by which the adop-

tion of a new product or technology spreads

and grows to replace an existing product or

technology. Well-known forecasting models

available from related literature include the

Gompertz Curve [1], [2], the Pearl Curve [3],

the Mansfield Model [4], the Blackman Model

[5], the Fisher-Pry Model [6], the Bass Model

[7], [8], the Nonsymetric Responding Logis-

tic (NSRL) Model [9], [10], the Non-Uniform

Influence (NUI) Model [8], [11], the Sharif-

Kabir Model [8], [12], and the Weibull Distri-

bution Model (or Sharif-Islam Model) [13]. In

certain cases, the existing models have shown

remarkable success, but are not appropriate to

the innovation diffusion process in new prod-

ucts or technological substitution. These mod-

els consider the characteristics of time patterns

or tendency of historical data, but do not take

major factors determining actual market de-

mand for technological products into consid-

eration. Further, aggregate diffusion rate fore-

casted from these models generally shows only

steady-state increasing phases toward an up-

per limit in any long-run observation periods,

while ignoring abandonment process. There-

fore, to deal with various situations, charac-

teristics and major factors in the real world,

new approaches and methodologies are neces-

sary. With these considerations in mind, we

propose a widely applicable stock-based diffu-

sion model as a conceptual framework. This

model is based on the major underlying factors

of market penetration and actual demand, such

as the level of income, price, stock and de-

preciation, and consumer tastes or preferences.

The model is developed in order to overcome

the limitations of the existing mathematical

and statistical S-shaped growth models which

generally do not consider the decreasing phase

of aggregate diffusion rate along the product

life cycle, sometimes resulting from the emer-

gence of competitive new products or techno-

logical changes and preference changes. It also

explains the dynamic relationships among pur-

chases, consumption, and stock of a techno-

logical product and major factors determining

market demand.

This article is organized as follows: Sec-

tion II presents common limitations of existing

forecasting models available in the literatures;

Section III presents theoretical framework and

assumptionsemployed, followed by the formal

derivation of the model in Section IV; Some

empirical results are presented in Section V to

illustrate the wide applicability and the useful-

ness of our model; and Section VI concludes

the paper. The Appendix presents detailed

properties of representative forecasting models

for the purpose of comparing empirical results

of those models to those of our model.

II. COMMON LIMITATIONS
OF EXISTING MODELS

Most existing models have focused on
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nonlinear chronological series during specific

periods of time. Their approaches are based

upon extensions of adopted series since they

assume no important intervention in any of the

factors underlying the series employed. In the

areas of marketing and technological changes,

many researchers have focused on linear com-

binations or modifications of some basic mod-

els (like the exponential and the logistic mod-

els) and the time-varying nature of the diffu-

sion coefficient, as well as the influence of dy-

namic potential adopters on diffusion process

[14]. One of the major considerations for mod-

eling work in existing technological substitu-

tion models is to determine the steepness of the

curve and the point at which inflection occurs

[13]. It is helpful to review these models for

understanding the functional properties and the

conceptual availability of the S-shaped growth

models.

Some of the relations between the logis-

tic curve and the Gompertz curve have been

investigated by the Sharif-Kabir model [9] in-

cluding the Floyd curve [15], which has analy-

tical properties similar to the Gompertz curve.

The logistic curve is known as the Pearl curve

(or Pearl-Reed curve). The Mansfield model,

the Blackman model, and the Fisher-Pry model

are actually slight modifications of the Pearl

curve, and the NSRL model is a type of the

NUI model [8], which is enhanced from the

Bass model. Detailed characteristics and lim-

itations of these representative models are re-

viewed in the Appendix.

There are several limitations in these ex-

isting models. First, a number of models de-

veloped since Bass (1969) [7] are types of so-

phisticated recursive models where the previ-

ous periods data should be used to forecast this

period diffusion rate. This recursive nature

of these models significantly inflate their ex-

planatory power since they adjust models pa-

rameters for each period by fitting most recent

actual data. Thus, they are not appropriate for

multiperiod ahead forecastings. Second, since

these models focus only on the “adoption” pro-

cess while giving little consideration to the

“abandonment” process [16], the number of

aggregate adopters is characterized as being

non-decreasing. However, the chronological

series of demand for technological products

may show tendencies to abruptly increase or

decrease because many specific factors for the

market demand may be responsible for inter-

vention in the series. Especially, the emer-

gence of specific competitive new products

makes market demand brisk and initial growth

rapid. As time passes, the effect on demand

for new products or technical change tends to

be reduced, while at the same time the market

does not continue to expand as rapidly as be-

fore. Aggregate diffusion rate or the number

of aggregate adopters may also be retarded and

gradually decline with the emergence of other

new products or technologies and changes in

consumers’ preferences. Third, there is also

another difficulty in applying the existingmod-

els. In spite of the obvious purpose of fore-

casting models to forecast the innovation dif-

fusion trend for new products or new technolo-
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gies, application of existing models is not easy

because of the difficulties in obtaining suffi-

cient market data on new products or technolo-

gies. When a number of new products are to

be introduced into the market, according to our

experience, it is very difficult to carry out a

market survey and obtain reliable data to fa-

cilitate appropriate demand forecasts. Finally,

while these models mainly attempt to deter-

mine the steepness and shape of the curve and

to model the time pattern of the technologi-

cal change by using mathematical techniques,

they do not consider major factors determin-

ing market demand for technological products.

Although these models are still applied widely

in various practical forecasting areas and en-

large their domains [8], [14], they generally

lack in some theoretical linkage with micro-

economic theory of consumer behavior.

III. CONCEPTUAL FRAMWORK
AND ASSUMPTIONS

The conceptual framework developed here

attempts to overcome the common limitation

of the existing S-shaped asymptotic growth

models that mostly assumes the aggregate dif-

fusion rate to approach an upper limit in the

long run, which may not be the case for tech-

nological products. In order to overcome these

limitations, we attempt to formalize a typical

adoption process by considering consumption

or depreciation (or abandonment) as well as

purchases and stock, and the dynamic rela-

tions among them. We attempt to analyze the

dynamic relationship among purchases, con-

sumption, and stock of a technological prod-

uct as well as stock change process. As pre-

sented above, purchases and stock are related

but distinctive concepts of interests. Empir-

ical investigation, however, is limited to the

formula for stock because the analysis of dif-

fusion rate is most appropriate for the change

in stock. Existing models generally give little

consideration to the cumulative consumption

or depreciation and, thus, cumulative adopters

are assumed to monotonically increase. In re-

ality, this is not always the case since previous

adopters can become non-adopters by drop-

ping (through either consumption or deprecia-

tion) out of service from products. We define

cumulative adopters as the stock at any time,

equivalent to cumulative purchases net of cu-

mulative consumption or depreciation. This

relationship can be shown in the following

graphical form:

Fig. 1. The relationship among purchases, consumption,

and stock.

Sometimes we find that the level of the ex-

pected demand estimated from questionnaire
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results are very different from the level of the

actual demand revealed. Furthermore, there

should be quite a difference between effective

demand and potential demand. Especially the

effective demand for high technology products

in most of the nations, except a few advanced

nations, may have an immaterial increase or

no increase and may be actually impossible to

reach up to the amount of potential demand.

Therefore, emphasis should be on the major

determinants of the effective demand. The the-

ory of consumer behavior and demand is based

on the assumption that consumers attempt to

allocate limited money income into available

goods and services so as to maximize their sat-

isfaction. This means that each consumer has a

maximum amount that can be spent per period

of time. Given this constraint, we can further

assume that consumers allocate their income

in order to purchase the minimum necessary

quantities or subsistence quantities for a group

of commodities first, and then allocate super-

numerary [17] to purchase exceeding quanti-

ties in accordance with their criteria for expen-

diture.

One of the important factors determining

quantity demanded is the level of money in-

come of members of the society under consid-

eration. In large part, the increase in money

income accounts for the relative decline in the

consumption of basic necessities and the rise in

the consumption of more expensive and highly

advanced goods and services. Thus, it is very

rare that the demand for new technological

products is realized up to a sufficient level un-

less purchasing power is reached up to a certain

level of income. Fig. 2 shows the effect of an

increase in income on the demand for techno-

logical products.

Fig. 2. Relation between revealed demand and income.

The quantity demanded for a commodity

depends on the price of the commodity and

many other commodities. The quantity de-

manded increases as the price of the commod-

ity falls, ceteris paribus. As its price falls, a

commodity becomes less expensive relative to

its substitutes, and it is, therefore, easier for the

commodity to compete against these substi-

tutes for consumers’ expenditure. In the case

of a new technological product, its price is set

high in the early stage, but falls quickly due

to technological progress, cost reductions, im-

proved methods of production, and economies

of scale. Stocks for durable goods or stocks of

habits for nondurable goods and services also

affect the quantity demanded, as suggested by

R. Stone [18] and H. S. Houthakker [19]. In

the case of durable goods, consumers are apt

to buy a portion of their level of stocks rather
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than their whole level of stocks that they would

eventually wish to hold at current levels of in-

come and prices, by using the modern credit

system. In the case of nondurable goods and

services, purchasers are likely to buy a cer-

tain proportion of the stocks or the stocks of

habits to bridge the gap between the desired

level and the stock held at the beginning of the

period. Associated with each equilibriumlevel

of stocks, there is an equilibrium level of pur-

chases, which is partly a replacement demand

and partly a new demand sufficient to main-

tain stocks at the desired level. Therefore, the

quantity of a commodity purchased in any pe-

riod partially depends on the depreciation or

consumption of the existing stock in the pe-

riod.

We can also consider the preferences or

tastes of consumers as one of the important fac-

tors affecting quantity demanded. The prefer-

ences or tastes in turn depends on the neces-

sity, usefulness, convenience, and technolog-

ical competitive power, etc. Changes in pref-

erences or tastes may, however, be the result

of economic activities and technological inno-

vations. Whenever preferences or tastes do

change, the quantity demanded will increase

for commodities that have come into favor and

decrease for those that have gone out of favor.

The aggregate diffusion rate in the growth

industries, like information and telecommuni-

cations, tends to show a steady-state increase

pattern annually. However, individual aggre-

gate diffusion rates for a particular product

may represent a typical product life cycle pat-

tern with a potentially decreasing phase after

a saturation point. The potential decrease of

aggregate diffusion rate is not well explained

by existing diffusion forecasting models. The

cycle pattern and the position of the saturation

point in the market demand for technological

products can be expected to depend on several

factors mentioned in this Section. More for-

mally, the major factors determining the mar-

ket demand discussed above as basic assump-

tions in the present framework are summarized

as follows:

a) Consumers allocate their limited money

income in order to purchase the basic

subsistence quantities or minimum nec-

essary quantities for a group of products

first, and then allocate supernumerary to

purchase exceeding quantities and luxu-

ries or higher technology products in ac-

cordance with their criteria for expendi-

ture.

b) The quantity demanded for a product de-

pends on the level of money income and

relative price of the product under con-

sideration.

c) The quantity demanded for a product de-

pends on the level of stock, depreciation

or its consumption.

d) The quantity demanded for a product de-

pends on the preferences or tastes, which

in turn depend on the necessity, use-

fulness, convenience, and technological

competitive power of the product.
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IV. THE MODEL AS A
FRAMEWORK

By incorporating the above assumptions,

the formulation of a framework is given here

in terms of a period analysis. The period analy-

sis is employed here since it can capture differ-

ent patterns of technological substitution made

by the development of new technologies as

time passes. The adaptive framework is very

flexible in a sense that it can be symmetric

and nonsymmetric as well as asymptotic and

nonasymptotic, at the point of inflection re-

sponding to the substitution process. The dis-

crete formulation is approximated by a parallel

continuous form which leads to closely similar

results.
Following the linear expenditure system

[17], we can suppose that a typical consumer
would spend all his income to purchase avail-
able commodities or products including finan-
cial products in the market. Let Y be the con-
sumer’s income; let pi be the market price of
product i and Qi be the demanded quantity for
i. Then the consumer’s income is equivalent
to the sum of spendings on the products pur-
chased during a given time period. That is

Y D
X

pi Qi : (1)

Consumer’s total satisfaction from spending
his income on all the products available for
given his money income and current prices of
products can be denoted as follows:

UDU1CU2C� � �CUnD
X

Ui : (2)

The above assumption (a) in Section III states

that the consumer assigns his income on the ba-
sic subsistence or minimum necessary quanti-
ties of a large variety of different products first,
and then assigns his supernumerary on addi-
tional expenditure for products in accordance
with alternative criteria for expenditure. This
can be expressed by Stone’s utility function.

U� D
nY

iD1

.qi�ri /
bi ; or

UD
nX

iD1

bi log.qi�ri /; (3)

where U D logU�, bi is the marginal budget
share or marginal propensity to consume for
product i of supernumerary in any period and

bX
iD1

bi D 1, qi is the supernumerary quantity

purchased of the product i during the period,
and ri is the minimum necessary quantity of the
product i in the period. (1) includes both sub-
sistence income and supernumerary, that is

pi QiD piriC piqiD piriCbi.Y �
X

piri /: (4)

Differentiating pi Qi with respect to Y�P piri

gives
@pi Qi

@.Y �P piri /
Dbi : (5)

By dividing (4) by price, pi , and introducing
the time period concept, the basic formulation
of demand function for product i is obtained as
follows:

Qi DriC bi

pi
.Y �

X
piri /: (6)

(6) is a static formulation of demand, which

depends on the minimum necessary quantity,

the marginal budget share for the product, the

price and the money income.
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Now a dynamic model can be considered
with a time lag to examine characteristics of
changes in the quantity demanded. Let Qt be
the quantity to be purchased for product i dur-
ing time t. As stated in the assumptions of pre-
vious Section III, the quantity of product i pur-
chased in any period depends on the level of
money income, relative price, stock adjusted
for depreciation or habit of consumption, and
preferences or tastes. With these assumptions,
the basic demand (or purchase) function is for-
mulated as follows: (For a notational simplic-
ity, i is suppressed.)

Qt D f .rt ; Yt; Pt; St; Tt /; (7)

where S is the level of stock, and T is pref-
erences or tastes. (7) can be transformed into
a linear form of demand function [18], which
can be easily expressed as

Qt DrtCb1YtCb2 PtCb3StCb4Tt : (8)

Thus, the quantity to be purchased during time
t can be represented as a form of distributed-
lag demand function as follows;

Qt DQt�1C1rtCb11YtCb21PtCb31StCb41Tt :

(9)

Substituting (6) for time t�1 into (9) yields

Qt Drt�1C bt�1

pt�1
.Yt�1�

X
pt�1rt�1 /C1rt

Cb11YtCb21PtCb31StCb41T4: (10)

Dividing both sides of (10) by the level of
potential quantities demanded by ultimate
adopters of the period, denoted by Qp, we
obtain the following rate equation of purchase
during time t

Qt

Qp
D
�

rt�1
bt�1

pt�1

�
Yt�1�

X
pt�1rt�1

��
=

QpC .1rt Cb11YtCb21Pt

Cb31StCb41Tt /=Qp : (11)

Now let us transform all terms of (11) into
those with more common expressions so that
empirical estimation becomes feasible. First,
the second term in the first bracket of (11) is
examined. The consumer’s money income in
(4) can be divided into two parts, subsistence
income and supernumerary.

ri;t�1 = QpC bi;t�1

pi;t�1

�
Yt�1�

X
pi;t�1iri;t�1

�
= QpDaQt�1=QpC .1�a/Qt�1=Qp ;

(12)

where a is the marginal budget share of in-
come for the minimum necessary quantity of
a group of products. In order to express the
above equation in terms of aggregate diffusion
rates, we make some mathmatical arrange-
ments. Multiplying both denominator and nu-
merator by Q�t , the level of quantity which
consumers would eventually wish to hold at
current levels of income and price, the right-
hand side of (12) takes the following form :

Qt�1.1�a/
Qp

D Qt�1=Qp

Q�t =Qp
�
�

Q�t
Qp
� aQ�t

Qp

�
: (13)

Note that the quantity purchased in any pe-
riod is the sum of replacement demand, equal
to the depreciation or consumption of the pe-
riod, and net investment. Consumption is as-
sumed to be a continuous process which uses
part of both initial stock of the period and
purchases made during the period. Similarly,
due to consumers’ limitation of disposable in-
come, they purchase only a certain fraction of
the desired level of quantity which they would
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eventually wish to hold at current levels of in-
come and credit. The purchase made during
the period is equivalent to the sum of the min-
imum necessary quantity and net addition of
the quantity which consumers wish to purchase
during the period. It is further assumed that
consumers are always likely to keep their mini-
mum units of stock and the adjustment to a new
level of stock and consumption is normally
spread over more than a single period. There-
fore, the quantity purchased, Qt , is a fraction
of the stock, Qs

t , and the minimum preliminary
arrangement stock for consumption at time t,
Qs

t�1, is a fraction of the expected upper lim-
its of stock at time t, Q�t . These relations can
be specified as Qt�1 D ht�1 Qs

t�1 and Qs
t�1 D

at�1 Q�t . For the present applications, the pa-
rameters, h and a, are assumed to be constant
over time. (13) can then be rewritten as

Qt�1=Qp

Q�t =Qp
�
�

Q�t
Qp
� aQ�t

Qp

�
D h �Qs

t�1=Qp

Q�t =Qp

�
�

Q�t
Qp
� Qs

t�1

Qp

�
; (14)

where Qs
t�1=Qp is the aggregate diffusion rate

revealed from potential purchases for product
i at time t�1, and Q�t =Qp is the upper limit of
the aggregate diffusion rate. Setting Qs

t =Qp D
yt and Q�t =QpDk, (13) can be rewritten more
compactly as

Qt�1.1�a/
Qp

D h � yt�1

k
.k� yt�1 /: (15)

Similarly, using properties stated above, a
compact expression can also be obtained for
the first term of the first bracket in (11) as fol-
lows:

rt�1

Qp
Da �h � yt�1: (16)

Now let us consider b31St=Qp , the third term
of the right-hand side of (11). The stock at time
t, St , can be expressed as

St D St�1CQt�Dt ; (17)

where Dt is the quantity of depreciation or con-
sumption over a period of time t. Introduc-
ing the rate of depreciation or consumption
for a certain product, d, which is assumed to
be a constant proportionate ratio, as a mean
value during its durable year, n, the relation-
ship among the stock, the purchase, and the de-
preciation or consumption can be expressed as
given below.

St DQtCQt�1C� � �CQt�nC1

�[dQt C2dQt�1C� � �CndQt�nC1]: (18)

From a slight adjustment of (18), a difference
equation of stock responding the passage of
time as follows:

St� St�1DQt�d
t�nC1X

iDt

Qi; 1� i�n; (19)

where i is the time period backward, starting
from t. It is impossible to survey all of the
quantities purchased so as to find the level of
depreciation or consumption. This suggests
that another approach be required for a practi-
cal purpose. By using an artificial mean value
of the rate of depreciation over time in existing
stocks for the same product, an indirect mea-
surement method can be developed and an ap-
proximate value can be calculated. Since the
difference of depreciations between period t
and t�1 in (19) is dQtCdQt�1C� � �CdQt�nC1 ,
the level of depreciation during period t has the
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following relations:

Dt Dd
t�nC1X

iDt

Qi; (20)

Then, D, mean value of dQi , can be proved
as having the following function of current
stock:

DD Dt

j
D d

j

t�nC1X
iDt

QiD 2d
2 j�dj2

� St

D ı � St; (21)

where ı

�
ıD 2d

2 j�dj2

�
is the rate of aver-

age depreciation for stocks up to period t, and

j. j � n/ is the number of time intervals be-

tween the time of initial adaptation and current

time t, which are labeled as 1, 2, 3� � � starting

from t, and imaxD t, iminD t�nC1, if t�n, or

iminD1, if t<n, and dQi DDCEi ,
P

EiD0.

Combining (20), and (21) gives simple ex-
pression of Dt as follows:

Dt D ı � St � j: (22)

Now, substituting (22) into (17) and then re-
placing St of the right hand side with (8) yields
the following difference equatiion:

1St DQt�ı 1
b3
.Qt�rt�b1Yt�b2 Pt�b4Tt / � j

(23)

Following this result, we convert
b31St

Qp
of

(11) as given below:

b31St

Qp
D b3 �Qt�

Qp
(24)

� .ıQt �ırt �ıb1Yt�ıb2 Pt�ıb4Tt / � j
Qp

Using (15), (16), and (8), (24) can be trans-
formed into the following simple expression:

b31St

Qp
D h �b3

1�a
� yt

k
.k�yt /�h.ı��/

1�a
� yt

k
.k�yt /� j;

(25)

where �.D �0 C �1 C �2 C �4 / is the sum
of influence coefficients from individual com-
ponents of the demand function consisting
of minimum necessary quantity .rt /, income
.Yt /, price .Pt /, and tastes .Tt /. Finally, let
us consider the remaining terms of (11). Since
these terms can be expressed as a certain por-

tion of
Qt

Qp
, they can be denoted by

�Qt

Qp
. That

is,

1rtCb11Yt Cb21PtCb41Tt

Qp

D .�0C�1C�2C�4/

.1�a/
�h � yt

k
.k� yt /; or

1Qt�b31St

Qp
D �

1�a
�h � yt

k
.k� yt /; (26)

where �.� D �0 C �1 C �2 C �4 / is the sum
of influence coefficients from the individual
components of the change in demand consist-
ing of change in minimum necessary quan-
tity .1rt /, change in income .1Yt /, change in
price .1Pt /, and change in tastes .1Tt /. Sub-
stituting (15), (16), (25), and (26) into (11)
yields the following final formula for the pur-
chase rate relative to potential purchases:

Qt

Qp
Da �h � yt�1Ch � yt�1

k
.k� yt�1 /

Ch.b3C�/
1�a

� yt

k
.k� yt /� h.ı��/

b3.1�a/

� yt

k
.k� yt / � j; (27)

which can be referred to as the purchase rate
equation relative to potential purchases. This
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equation implies that purchase rate is deter-
mined by level of stock and difference between
rate of depreciation or consumption .ı/ over
the useful life of a product and the sum of in-
fluence .�/ of income, prices, and tastes and
change .�/ in them on purchase.

From (25), the formula for the aggregate
diffusion rate equation of current stock relative
to potential purchases can be approximately
derived the following continuous form:

yt D St

Qp
D

t�nC1X
iDt

1Si

Qp
D
Z t

iDt�nC1

�
h

1�a
� yi

k
.k� yi /

� h.ı��/
b3.1�a/

� yi

k
.k� yi / � j

�
di

D k

1Cea0� h.1�ı/
1�a tC h.1�ı/.ı��/

2b3 .1�a/ t2
: (28)

(28) is our final formula for the aggregate
diffusion rate equation of the current stock of
the model, which can be widely applicable
for forecasts of the aggregate diffusion rate of
technological products in the market, the rate
of stock, and market penetration process of
various new goods and services. The first ex-
ponent of (28) represents the level of initial
value for yt , the second exponent represents
the positive influences by the changes of in-
come, price, stock, depreciation or consump-
tion, and tastes, and the third exponent repre-
sents their negative influences by other substi-
tutes. The final formula for the current stock
contain the term ea0� h.1�ı/

1�a iC h.1�ı/.ı��/
2b3 .1�a/ i2 , which

determines the limiting value of St , That is, as
t goes infinite, St DkQp , if ı (depreciation co-
efficient)<� (purchase coefficient), or St D0,
if ı>�.

Therefore, St seems to be asymptotic in
either manner. In the latter case, however,

asymptotic nature is not realized during the life
cycle of a product although St eventually goes
to zero after a certain saturation point in the

very long run. f .t/ D ea0� h.1�ı/
1�a iC h.1�ı/.ı��/

2b3 .1�a/ i2 ,
S.t/ D St , and s.t/ D 1St can be graphically
presented as one of the following two sets de-
pending on parameters involved. For example,
the left three graphs depict the case where S.t/
approaches a constant kQp as time goes infi-
nite, and the right three graphs depict the case
where S.t/ approaches zero as time goes infi-
nite, as shown in Fig. 3.

The model can accommodate different pat-
terns of technological substitution frequently
made in technological product market. It al-
lows the S-curve to be symmetrical and nonsy-
metrical as well as asymptotic and nonasymp-
totic, with the point of inflection responding
to the substitution process. It incorporates de-
mand determinants for technological products.
By doing so, as far as technological products
are concerned, our model can be widely ap-
plicable for forecasting diffusion rate in target
market, rate of change in stocks and purchases,
and market penetration process.

V. EMPIRICAL TESTS AND
RESULTS

In order to illustrate the effectiveness and

generality of our model, time-series data of dif-

fusion rate for some typical products in elec-

tronics and telecommunications market were

examined. We collected data from several

sources, most of which are published by the
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Fig. 3. Model curve.

respective governments, and selected some

durable and service products with available

data [20]-[22]. The durables included were

black and white televisions, color televisions,

personal computers, and VCRs in Korea and

Japan, and service products included were tele-

phone service subscribers, paging subscribers,

and cellular service subscribers in both coun-

tries. Furthermore, in order to assess the rela-

tive performance of the proposed model, these

products were also analyzed by using the ex-

isting famous models such as the Pearl Curve,

the Gompertz Curve, the Weibull Distribution

Model, the Bass Model, the NSRL Model, and
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Table 1. Estimates of the proposed model’s parameter, MSE, and R2 for some technological durable products.

Product Market Period
covered a0 a1 a2 MSE R2

Black and White TV Korea 1970-84 -4.1348 0.6632 -0.0292 0.0537 0.9538
Black and White TV Japan 1952-66 -6.7844 1.1620 -0.0403 0.0697 0.9898

Color TV Korea 1981-88 -2.1241 0.8161 -0.0218 0.0114 0.9965
Color TV Japan 1965-85 -6.2711 1.1676 -0.0306 0.0589 0.9950

Personal Computer Korea 1985-93 -7.4939 1.5383 -0.0652 0.0156 0.9981
VTR Japan 1977-89 -5.3646 0.4673 0.0009 0.0163 0.9961

Table 2. Estimates of the proposed model’s parameter, MSE, and R2 for some technological service products.

Product Market Period
covered a0 a1 a2 MSE R2

Telephone service Korea 1976-93 -1.4749 0.1487 0.0079 0.0341 0.9732
Telephone service Japan 1947-89 -4.8878 0.1836 0 0.0337 0.9939

Paging service Korea 1984-92 -5.8283 0.2857 0.0343 0.0084 0.9979
Paging service Japan 1981-91 -1.4949 0.1236 0.0096 0.0053 0.9929
Cellular service Korea 1984-92 -7.5117 0.3480 0.0234 0.0110 0.9968
Mobile service Japan 1979-91 -7.5856 0.6549 -0.0118 0.1201 0.9735

the NUI model. The best model is considered

to be the one that shows lowest mean squared

error (MSE) and highest adjusted R2. The as-

sociated parameters of above models were esti-

mated through appropriate linear and nonlinear

regression analysis algorithms, like the least

squares method and Gauss-Newton method. In

each case the deterministic model that best fit-

ted the data was obtained. That is, these algo-

rithms searched for the parameter values that

most closely approximated the actual diffusion

curve. MSE is calculated by sample average

of sum of squared one-step-ahead forecasting

errors. Estimates of the presented model’s pa-

rameter, MSE, and R2 for some technological

products are shown in Tables 1-2.

For each durable and service product se-

lected, MSE and R2 are shown in Tables 3-

6. Tables indicate that proposed model fit the

data on diffusion of durable and service prod-

ucts remarkably well in all cases. For all cases

applied, adjusted R2 statistics of our model

show the higher values than any other exist-

ing model. Specifically, the proposed model
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Table 3. Comparision of the proposed model and other diffusion models for durable products.

Product Period
covered

R2 and
MSE

Proposed
model

Pearl
curve

Gompertz
curve

Weibull
model

Black and 1970-1984 R2 0.9538 0.7171 0.6845 0.8758
White TV (Korea) MSE 0.0537 0.3253 0.0870 0.1136

Black and 1952-1966 R2 0.9898 0.9082 0.9509 0.9522
White TV (Japan) MSE 0.0697 0.5808 0.0844 0.2185

Color TV 1981-1988 R2 0.9965 0.9916 0.9948 0.9894
(Korea) MSE 0.0114 0.0228 0.0090 0.0101

Color TV 1965-1985 R2 0.9950 0.8954 0.9564 0.9660
(Japan) MSE 0.0589 1.1595 0.2576 0.1552

Personal 1985-1993 R2 0.9981 0.9711 0.9917 0.9865
Computer (Korea) MSE 0.0156 0.2005 0.0109 0.0766

VTR 1977-1989 R2 0.9961 0.9961 0.9513 0.9360
(Japan) MSE 0.0163 0.0150 0.0384 0.0360

Table 4. Comparision of the proposed model and other diffusion models for durable products.

Product Period
covered

R2 and
MSE

Proposed
model

Bass
model

NSRL
model

NUI
model

Black and 1970-1984 R2 0.9538 0.2042 1.446 0.2847
White TV (Korea) MSE 0.0537 29.1563 31.3403 28.5492

Black and 1952-1966 R2 0.9898 0.6679 0.7890 0.8408
White TV (Japan) MSE 0.0697 27.7152 17.5926 14.5140

Color TV 1981-1988 R2 0.9965 0.9638 0.9677 0.9706
(Korea) MSE 0.0114 7.2773 6.4263 7.2799

Color TV 1965-1985 R2 0.9950 0.9636 0.9899 0.9910
(Japan) MSE 0.0589 1.7918 0.4387 0.4678

Personal 1985-1993 R2 0.9981 0.9109 0.9720 0.9799
Computer (Korea) MSE 0.0156 10.3232 3.6888 3.4698

VTR 1977-1989 R2 0.9961 0.9551 0.9542 0.9565
(Japan) MSE 0.0163 2.5167 2.5686 2.7065

predicts the technological substitution process

from black and white TV to color TV very ac-

curately reflecting actual replacement taking

place in the market. For other products, it took

as if there are little significant improvements

of the proposed model compared with exist-

ing models. However, if those products are re-

placed by new products, which is commonly
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Table 5. Comparision of the proposed model and other diffusion models for service products.

Product Period
covered

R2 and
MSE

Proposed
model

Pearl
curve

Gompertz
curve

Weibull
model

Telephone 1976-1993 R2 0.9732 0.9634 0.9243 0.8992
service (Korea) MSE 0.0341 0.0424 0.0494 0.0539

Telephone 1947-1989 R2 0.9939 0.9939 0.9509 0.8887
service (Japan) MSE 0.0337 0.0337 0.0962 0.3743

Paging 1984-1992 R2 0.9979 0.9829 0.9148 0.8414
service (Korea) MSE 0.0084 0.0591 0.0336 0.5040

Paging 1981-1991 R2 0.9929 0.9787 0.9549 0.8463
service (Japan) MSE 0.0053 0.0140 0.0139 0.0572

Cellular 1984-1992 R2 0.9968 0.9886 0.9549 0.8544
service (Korea) MSE 0.0110 0.0355 0.0061 0.4222

Mobile 1979-1991 R2 0.9735 0.9660 0.9601 0.9496
service (Japan) MSE 0.1201 0.1336 0.0116 0.1899

Table 6. Comparision of the proposed model and other diffusion models for service products.

Product Period
covered

R2 and
MSE

Proposed
model

Bass
model

NSRL
model

NUI
model

Telephone 1976-1993 R2 0.9732 0.7566 0.7616 0.7172
service (Korea) MSE 0.0341 10.4510 9.6695 13.4948

Telephone 1947-1989 R2 0.9939 0.8842 0.8815 0.8867
service (Japan) MSE 0.0337 0.9271 0.9487 0.9287

Paging 1984-1992 R2 0.9979 0.9846 0.9888 0.9943
service (Korea) MSE 0.0084 0.8079 0.5873 0.3609

Paging 1981-1991 R2 0.9929 0.9828 0.9888 0.9891
service (Japan) MSE 0.0053 0.7075 0.4599 0.5245

Cellular 1984-1992 R2 0.9968 0.9528 0.9713 0.9835
service (Korea) MSE 0.0110 0.0844 0.0514 0.0355

Mobile 1979-1991 R2 0.9735 0.9644 0.9631 0.9646
service (Japan) MSE 0.1201 0.2888 0.2992 0.3232

the case in the technological product market,

the differences in the explanatory power be-

tween the proposed model and existing mod-

els would be greater than they are shown in

Tables 3-6. Further, if empirical tests can be

performed by using more refined categories
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of products within each product type actually

grouped in the tests (e.g., the models 286, 386,

486, and 586 within personal computer prod-

uct), the proposed model would show more

significantly higher explanatory power than

existing models.

Althoughnot reported here, the visual fit of

our model is the best of all models empirically

tested in this study. Therefore, our model is

obviously better than other existing models in

that it has higher explanatory power and lower

forecasting errors. It can be seen from the em-

pirical results that the historical data confirms

the long-range predictions of our model. It

also demonstrate its ability to handle problems

other than technological substitution.

VI. CONCLUSIONS

This study develops a widely applicable

innovation diffusion model based on a con-

ceptual framework characterizing several fac-

tors determining market demand for techno-

logical products. The model is developed

partly to overcome certain limitations in ex-

isting growth models currently used for fore-

casting market demand for new products. Our

model is developed by using assumptionscom-

monly employed in the area of market demand

and consumer behavior analyses in economic

theory. Discussed are major underlying factors

of market penetration and actual demand, such

as the level of income, price, stock and depre-

ciation, and tastes or consumer preferences.

In order to test the applicability of our

model for actual data, certain durable and ser-

vice products in electronics and telecommuni-

cations market are examined in both Korea and

Japan. The empirical test results indicate that

our model has higher explanatory power than

any other existing model in all cases tested.

Results further suggest that the model can be

widely applicable for trend analyses and fore-

casts for diffusion rates of technological prod-

ucts in markets, rate of change in stocks and

purchases, and market penetration processes of

various new goods and services.

The results of this study should be consid-

ered within the content of its limitations. The

first limitation is certain parameters including

purchases coefficient and depreciation coeffi-

cient are assumed to be constant over time.

This assumption is employed to enhance the

mathematical tractability of model derivation

process. The second limitation is that the dif-

fusion model in this study eventually degener-

ates into a function of time only with all eco-

nomic factors considered being parameters to

be estimated.

Technological forecasting on the basis of

trend extrapolation implies the assumption that

things are going to change in the future more

or less the same way as they did in the past.

Even though there exist a very large number

of diversified factors, all interacting and jointly

contributing to the process of change, the as-

sumption is normally valid, since some fac-

tors accelerate the process while others retard

it, and the overall tendency normally devi-



ETRI Journal, volume 18, number 2, July 1996 Byungryong Kang et al. 103

ates little from an extrapolated central trend.

However, when there is a significant change in

the circumstances influencing the elements of

forecast, a practical forecasting model has to

be dynamic in nature and responsive to these

exogenous influences.

APPENDIX

This appendix presents the detailed charac-
teristics of representative existing models dis-
cussed in the body of the paper. The typical
equation for the Gompertz curve is

Y Dk �abx
; (29)

where k is an asymptote. The growth rate of
Gompertz curve can be represented by

1Ft D .ln Y /tC1� .ln Y /t Dbt � .b�1/;

and
1FtC1

1Ft
D .ln Y /tC2� .ln Y /tC1

.ln Y /tC1� .ln Y /t
Db:

Death of railway employees, accidents in fac-

tories, specific death rates, and other declining

series might be described by a Gompertz curve

having a lower asymptote at the right. When

0 < a < 1 and 0 < b < 1, the value of Y ap-

proaches k, the upper asymptote, and shows S-

shaped asymptotic growth curve. This curve

has a fixed inflection point, f D 0:367, where

f is the fraction of the upper limit achieved,

and shows relatively fast ratio of increase at the

early stage.
The Pearl curve was developed to describe

the growths of an albino rat, of a tadpole’s tail,
of the number of yeast cells in a nutritive solu-
tion, of the number of fruit flies in a bottle, and

the population growth in a geographical area.
The equation for the Pearl curve [3] is

Y D K
1Cea�bx

; 0<b<1: (30)

Setting ea�bxD�, the growth rate of � can be
expressed as

d�
dx

ˇ̌̌
xDtC1

.d�
dx

ˇ̌̌
xDt
D b �ea�b.tC1/

b �ea�bt
De�b:

When the value of coefficient b is positive and

less than 1, the value of� and Y approaches the

asymptote, 0 and k, respectively. This curve

has a fixed inflection point, f D 0:5, and the

first difference of the trend values of the curve

forms a curve resembling a normal frequency

distribution (symmetry).

Sharif and Islam [13] suggested the
Weibull distribution as a general model for
forecasting technological changes. This
Weibull distribution model (or Sharif-Islam
model) is based on Weibull distribution
function, which can accommodate different
patterns of technological changes. This curve
provides nonsymmetry with the point of
inflection that responds to the substitution
process. The idea to describe the new product
growth via the Weibull distribution has been
suggested and illustrated earlier by Pessemier
[23]. The Weibull probability density function
(p.d.f.) is (31), its probability distribution
function (cumulative p.d.f.) is (32), and the
Weibull distribution model function is (33).

f .t/D .ˇ=˛/.t=˛/.ˇ�1/e�.t=˛/
ˇ

; for t>0; (31)

F.t/D 1�e�.t=˛/
ˇ

; for t>0; (32)

F.t/D L�Le�.t=˛/
ˇ

; (33)
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where L is the upper limit, F.t/ is the fraction

of the upper limit achieved at time t, ˛>0 is a

scale parameter, and ˇ> 0 is a shape parame-

ter. Here, ˛ and ˇ together determine the steep-

ness of the curve, while ˇ alone determines the

shape of the curve. Depending on the value of

ˇ the Weibull curve becomes left skewed, sym-

metrical, or right skewed. Thus, the Weibull

distributionmodel can be applicable for a wide

variety of technological forecastings. But it

cannot select any reference year as t D 0 for

the purpose of regression analysis, because in

the Weibull distribution, F.t/D 0 at tD 0 and

F.t/ approaches its limit as t approaches infin-

ity. Therefore, the base year can only be esti-

mated by trial and error with the correlation co-

efficient as the criteria [13].
The Bass model is derived from a hazard

function (the probability that an adoption will
occur at time t given that it has not yet oc-
curred) [8] and is formulated as a new prod-
uct growth model for consumer durables on
the basis of the assumption that the timing
of a consumer’s initial purchase is related to
the number of previous buyers [7]. The as-
sumptions of the Bass model are similar to
the theoretical concepts emerging in the lit-
eratures on new product adoption and diffu-
sion, as well as to some learning models, and
the theoretical framework stems mathemati-
cally from the contagion models which have
found such widespread application in epide-
mology [4], [7]. The equation [7], [8] for the
Bass model is

f .t/D [pCdF.t/][1�F.t/]; or

n.t/D dN.t/
dt
D p.m�N.t//

C q
m

N.t/.m�N.t//; (34)

where f .t/ is the likelihood of purchase at

time t, F.t/DR t
0 f .t/dt, n.t/ is the number of

adopters at time t.Dm f .t//, N.t/ is the cumu-

lative number of adopters at time t.DmF.t//,

m is the potential number of ultimate adopters,

p is the coefficient of innovation, and q is the

coefficient of imitation. The first term in (34),

p.m � N.t//, represents adoption of buyers

who are not influenced in the timing of their

adoption by the number of people who already

have bought the product, and the second term,
q
m N.t/.m�N.t//, represents adoption of buy-

ers who are influenced by the number of pre-

vious buyers. The Bass model assumes that

the maximum penetration rate cannot occur af-

ter the product has captured 50% of the mar-

ket potential. The dynamic model presented

in Norton and Bass extend the basic model of

Bass into the realm of succesive substitution

between generations in order to facilitate mul-

tiperiod ahead forecast up to the three years

[24].
Easingwood, Mahajan, and Mullar have

suggested the nonuniform influence(NUI) dif-
fusion model that overcomes these limitations
of the Bass model which considers the co-
efficient of imitation as symmetrically vary-
ing over time. The equation [8], [11] of NUI
model is

dF.t/
dt
D [pCqFı .t/][.1�F.t/]; (35)

where F.t/ D N.t/=m, and ı is the nonuni-

form influence factor. The NUI model pro-

vides an adoption rate curve which can be sym-
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metrical or nonsymmetrical, with the point of

inflection occurring at any stage of the dif-

fusion process. When p D 0, i.e., the coef-

ficient of external influence is zero, equation

(35) yields a flexible extension of the Mans-

field model termed nonsymmetrical respond-

ing logistic (NSRL) model [10].
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