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ABSTRACT

Based on the behavioral assumptions of diffusion theory, this article proposes an extension of the Bass
diffusion model that simuitaneously captures the substitution pattern for each successive generation of a durable
technological innovation, and the diffusion pattern of the base technology. Normative guidelines based on the
model suggest that a firm should either introduce a new generation as soon as it is available or delay its introduction
to a much later date at the maturity stage of the preceding generation. The decision depends on a number of
factors including the relative size of the market potentials, gross profit margins, the diffusion and substitution
parameters, and the discount factor of the firm. This “now or at maturity” rule is thus an extension and generaliza-
tion of the “now or never” rule of Wilson and Norton [25]. Empirical and normative implications of the proposed
model are explored for four successive generations on IBM mainframe computers: first generation (vacuum
tubes); second generation (transistors); 360 family (integrated circuits); and 370 family (silicon chips). The model
describes the growth of these generations well. The application of normative guidelines suggests that IBM intro-
duced the two successive generations of 360 and 370 families too late, i.e., their time to market should have
been shorter. Limitations and further extensions of the model and the application are discussed.

Introduction

The launch of a new product is a phase of new product development that commands
a large commitment in time, money, and managerial resources. The costs of introduction
include investments in production as well as in marketing. Whereas the magnitudes depend
upon the product category, by far the largest investment in new product development
isin full-scale launch [23]. Consequently, the new product launch requires careful planning
to ensure the desired market success of a new product [12].

One of the key elements in the new product launch strategy is its introduction time.
Given the possibility of cannibalizing the firm’s existing product(s), and risks associated
with premature or delayed product introduction, the timing questions are concerned with
determining the optimal time for the new product introduction. Determination of optimal
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introduction time is especially critical for high-technology products, where the introduc-
tion of each successive generation of a product requires the firm to explicitly consider
its impact on the demand for the preceding generations and vice versa. That is, although
each successive generation of the product may create its new potential buyers, it may
cause adopters or potential adopters of preceding generations to opt for it. Introduction
time, therefore, may influence both the product’s own diffusion and the diffusion of its
preceding generations by the mechanism of substitution [13]. Hence, timing questions
for successive generations of a product require simultaneous consideration both of substi-
tution and of diffusion effects.

The objective of this study is to unify into one model the process of diffusion of
the base technology and the process of substitution between the various generations of
this technology in order both to predict sales and to determine optimal timing of new
generations of the technology. An extension of the classical Bass diffusion model [1],
our development is inspired by the pioneering works of Norton and Bass [18, 19] and
Wilson and Norton [25]. Using a repeat-purchase framework for integrated circuit tech-
nologies, Norton and Bass [18] have proposed a model that relies on a substitution
framework [e.g., 6] and diffusion model. The normative implications for the timing
decisions of such a substitution model have been reported by Wilson and Norton [25].
Their analytical findings suggest that, for a monopolist, operating under a long planning
horizon, a bang-bang or “now or never” is the optimal timing strategy. That is, a monopo-
list should either introduce a successive generation of a product as soon as it is available
or else delay its introduction indefinitely.

The model proposed in this study is specifically developed for durable technological
innovations. The normative implications for the timing decisions derived from this model
suggest that, for a monopolist, a “now or at maturity” rule is the optimal timing strategy.
That is, a firm should introduce a new generation as soon as it is available or else delay
its introduction to a much later date at the maturity stage of the preceding generation.
This date depends on a number of factors including the relative size of the market poten-
tials, gross profit margins, the diffusion and substitution parameters and the discount
factor of the firm. This “now or at maturity” rule is thus an extension and generalization
of the “now or never” rule of Wilson and Norton [25]. The application of the model
and the associated derived normative timing guidelines are illustrated for four generations
of IBM mainframe computers: first generation (vacuum tubes), second generation (tran-
sistors), 360 family (integrated circuits), and 370 family (silicon chips).

The organization of this article is as follows. The next section proposes a model
that incorporates the diffusion and substitution effects and depicts the overall growth
of a durable technological innovation and the growth and the decline of its successive
generations. Section 3 compares our approach with the two notable contributions of
Norton and Bass [18] and Wilson and Norton [25]. We then derive the necessary analytics
to recommend optimal introductory timing strategies for successive generations in section
4. Applications of the model and the introductory timing guidelines to the IBM data are
reported in section 5. Finally, the article concludes with extensions of the model and the
application, and the limitations of the model including the assumed monopoly market
structure.

Substitution and Diffusion

MODEL DEVELOPMENT
To motivate the development of the model, consider the growth patterns for the
four successive generations of IBM mainframe computers depicted in Figure 1 and Ta-
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ble 1. These figures are based on data reported in Phister [20]. (For more information
about IBM in these decades and later and an extensive history of the U.S. computer
industry, see [3-5, 9, 17].) In addition to the total number, these patterns show the number
of IBM mainframe systems in use per year, (and not current sales), for each of the four
generations. These patterns capture the growth and decline of each generation and are
amenable to substitution effects across generations and diffusion effects within each gener-
ation. Given these patterns, questions now relate to the development of a model that
can describe and predict these patterns and the overall total growth of IBM mainframe
systems, and assist in analyzing optimal introductory timing decisions.

To capture the diffusion and substitution dynamics shown in Figure 1, we propose
here a model that is an extension of the classical diffusion model suggested by Bass [1].
The Bass model captures the diffusion dynamics among potential adopters by considering
adoptions due to the external sources of information and the word-of-mouth communica-
tion (for a review of diffusion models, see [15]).

From Figure 1 and Table 1 we abstract the following definitions:

1. Let xi(t) be the number of systems-in-use of the i-th generation. Note from Figure
1 that this number, unlike cumulative number of adopters, can and does decrease
in time when a new generation (i + 1) is present.

2. Let x(t) be the total number of systems-in-use of all generations available at time t.
Thus x(t) = xi(t) + x(t) + ... + x(t) where the i-th generation is the latest
generation available at time t. Note from Figure 1 that unlike cumulative number
of adopters, this number can decrease.

3. Let T, be the introduction time of the i-th generation. In the IBM case, T, =
1959, T; = 1965 and T, = 1971.

4. Each generation of the product creates its own market potential N;. Thus N; is
the eventual number of systems-in-use of the i-th generationif thei + 1 generation
is not introduced. Formally,

N;i = lim x,(t) given T, = oo,
t=00

5. Let dx/dt denote the change over time in the total number of systems in use and
likewise dx;/dt is the change in the number of systems in use of the i-th generation
(at time t).

Note that we assume a monopoly market structure and that each adopter adopts
one unit of the product independently of its computing power. We elaborate on these
assumptions later on. In addition, note that as long as there is only one generation
available, x;(t) will also be the number of cumulative adopters, and dx;/dt will denote
unit sales. This interpretation, however, does not hold in the multi-generation case. In
the latter case, the number of systems-in-use at time t is equal to the number of adopters
that use this generation of the product at time t. The number of systems-in-use will usually
be less than the cumulative number of adopters, as some of them may switch to the new
generation when it is available for adoption. Similarly, dx;/dt can be thought of as unit
sales only if generation i + 1 has not yet appeared on the market. After its appearance,
dx;/dt is the change in the number of systems-in-use of the i-th generation. The definition
of N;, however, presumes that no further generation is introduced. Thus it is the total
number of systems-in-use, and also the total cumulative number of adopters of the i-th
generation over its life time. In practice, of course, we do not come to see the realization
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TABLE 1
IBM Systems in Use, by Generation
T: xi(t) X2(t)
Time of 1st 2nd x(t) x4(t) x(t)

introduction Year Generation Generation 360 Family 370 Family Total
1955 190 190
1956 560 560
1957 1000 1000
1958 1680 1680
T, 1959 2542 3 2545
1960 2640 880 3520
1961 2350 2510 4860
1962 1820 4725 6545
1963 1170 7720 8890
1964 750 10,940 11,690
T, 1965 455 13,090 625 14,170
1966 303 13,330 3881 17,514
1967 203 9977 8125 18,305
1968 170 6896 13,110 20,176
1969 49 4646 17,687 22,382
1970 29 3297 19,412 22,738
T, 1971 14 2916 17,529 806 21,265
1972 6 2384 14,909 2922 20,221
1973 4 2079 10,475 5887 18,445
1974 4 1676 8060 8440 18,180
1975 3 1397 6450 9335 17,185
1976 1107 5919 9046 16,072
1977 894 5118 10,450 16,462
1978 829 4641 11,348 16,818

The introduction times T; are defined unambiguously, except T,. Note that only 3 units were sold in 1959,
and thus the introduction was probably in late 1959. In the true sense of the word “introduction,” 1960 seems
the better choice. Indeed the empirical estimation is slightly better with T, = 1960.

of N; because the growth of x; is reduced and later might altogether stop once the i + 1
generation is introduced.

Note that in general we do expect the market to grow from one generation to the
next, i.e., that N; will be monotonic in i. This, however, does not necessarily hold in all
cases. There might be circumstances under which the market potential of the i + 1
generation will be smaller than the market potential of the i-th generation. The model
will still be valid as long as the drop in the market potential is not too drastic as to force
the term N; — x to be negative.

The model is based on the flow dynamics of Figure 2: in addition to mainframe
system adoptions from potential adopters who have not yet adopted any of the product
generations, adoptions for each generation i may also come from adopters of earlier
generations who either switch to it (i.e., adopters of (i — 1)th generation) or leapfrog
other intermediate generations to adopt it. Consider, for example, in Figure 2D for the
fourth generation. Mainframe system adoptions for generation 4 may arise from: (1)
adopters of generation 1 who leapfrog generations 2 and 3, (2) adopters of generation
2 who leap-frog generation 3, and (3) adopters of generation 3 who switch to it, and (4)
first-time adopters who have not yet adopted any of the preceding generations.

With these definitions, the rate equations can be specified now to depict the growth
and decline of each generation and the overall total growth of IBM mainframe systems.
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(a) Period of First Generation (T2t <Tp)
Potential Market

(b) Period of Second Generation (To=t < T3)
Potential Market

(d) Period of Fourth Generation (t2T4)

Fig. 2. Adopter flow dynamics across the various generations of a durable technological innovation.
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Period of First Generation (T; < t < T,)
Given that there is only one generation in the market place, the growth of generation
1 can be represented by the Bass model:

dx,/dt = (al + blxl/Nl)(Nl - X) (1)
(recall that x = X" ;x; where n is the latest available generation. In this case x = x,).

Period of Second Generation (T: < t < T;)

In this period, when there are two competing generations, non-adopters (i.€., N, — x)
interact with previous adopters (i.e., x). As a result of these interactions a fraction o,
of those who decided to adopt the base technology will purchase the new generation and
afraction 1 — o, will adopt the earlier generation. In addition there is a flow of consumers
from the current adopters x; who upgrade (with presumably different parameters) by
interacting with adopters of the new generation x,. The two resulting equations are
the following:

dXz/dt Gz(az + (b1X| + bzXz)/Nz)(Nz - X) + (12(3'2 + b'zXz/Nz)X] (2)

dX]/dt = (1 - (12)(3.2 + (b1X1 + bzXz)/Nz)(Nz - X) — az(alz + b’zXz/Nz)Xl (3)

Equations 2 and 3 are explained as follows: first, the market potential now becomes N,
to take into account the fact that the introduction of a new generation has an effect on
primary demand. However, whereas the introduction of the new generation increases
the primary demand by N, — N, some of these new consumers may nonetheless buy
the first generation. The first term in equations 2 and 3 is due to adoptions from the
untapped market potential i.e., N» — x. Out of these adoptions, a fraction, a, adopt
the second generation and the remainder (1 — a;) still purchase the first generation. The
second term in these two equations is due to adoptions from upgraders, who adopt with
a different innovation and imitation parameters. For example, in our empirical analysis
we estimate o to be about 0.9, and thus 1 — «; is about 0.1. Thus there is a sharp drop
in the sales of the first generation when the second generation is introduced. How sharp
this drop is will be determined empirically by the parameter a. Note that in the transition
from the first to the second generation, the coefficient of external influence (a) changes
from a; to a, because this coefficient, as its name suggests, is directly related to the
advertising efforts of the firm. Thus, if the firm introduces the new generation with
an advertising campaign of the same intensity and efficiency as the previous generation,
then this coefficient will remain unchanged. If however the new campaign is better or
larger, then this coefficient will become larger. In addition, we assume that each generation
of adopters has its own word-of-mouth coefficient, so that the introduction of the second
generation of the product results in the new generation of adopters with its own word-of-
mouth coefficient of b,.

Period of Third Generation (T; < t < Ty)

In the three-generation world, a leapfrogging phenomenon could, in principle, exist.
This incident occurs when adopters of generation 1 skip generation 2 altogether and
adopt the latest technology instead. The additional leapfrogging parameter B should be
given the following interpretation: The proportion of customers (firms or consumers)
who own a first generation model of the product and who decide to upgrade is given by
the parameter a;. Given that they have made the decision to upgrade, then the proportion



116 V. MAHAJAN AND E. MULLER

who upgrade to the next available generation (generation 2) is 1 — B3, and the proportion
who leapfrogs to the latest available generation (generation 3) is B;. The equations for
the three-generation stage are therefore as follows:

dx;/dx = (13(33 -+ EbiXi/N3)(N3 - X) + a;B;(a’a + b’gX;/N;)X]

+ os(a; + bixs/N3)x, )
dx./dt = (1 — a3)Bs(as + Tbxi/N3)(N; — x) — 0s(a) + bixs/N3)x;

+ as(1 — Bs)(@s + bixs/Nax, ')
dx;/dt = (1 — a;)(1 — Bs)(as + Zbixi/N3)(N; — x) — as(as + bixs/Ny)x, )

In the same way, mutatis mutandis, one can construct the equations for the fourth
generation (t 2 T,). This is a straightforward extension of the three generation case, and
therefore it is omitted from our discussion.

PROPERTIES OF THE MULTIPLE GENERATION SUBSTITUTION MODEL

We have based our model formulation on the well-known Bass diffusion model,
taking into account both substitution and diffusion effects of multiple generations of the
same base technology. Because equations 1 through 6 appear to differ markedly from
the Bass equation, it is of interest to find out their true relationship to the latter.

We make the distinction between diffusion of the base technology and the substitution
among the different generations (see Figure 1).

Whereas substitution is depicted in Figure 1 by system in use of each generation,
the diffusion of the base technology is the total number of systems in use, regardless of
the specific generation. In terms of our notation the diffusion of the base technology is
given by x = I x;. Summing equations 2 and 3 for the second generation we obtain:

dx/dt = (a; + (bixi + byx:)/Np)(N; — X) M
In the same way, summing up the relevant equations for each generation we obtain:
dx/dt = (a + Zbixi/N)(N; — x) T €<t<Tiyy 8)

If the diffusion parameters and the market potentials do not change across genera-
tions, equation 8 is precisely the Bass formulation. If some parameters do change, then
equation 8 describes the diffusion of the base technology, whereas equations 1 through
6 describe the substitution between the different generations of this technology.

The general model presented earlier, however, contains more than 30 different param-
eters. This poses an empirical difficulty when estimating these parameters with the IBM
data set that has about 60 data points. Thus we make some simplifying assumptions
that reduce the number of parameters considerably. First, consistent with the previous
discussion, we assume that the diffusion parameters basically represent the diffusion of
the base technology and thus do not change from one generation to the next. This is
also consistent with previous literature such as Norton and Bass (sce the next section).
Thus we assume that for all generations a; = a, b; = b, a/ = a/, and b/ = b’. Note that
for this assumption to be valid, the base technology has to change gradually from one
generation to the next as is the case, for example, in the diffusion of the different genera-
tions of PCs. In case of a discontinuous jump, this assumption will probably not carry
through. In addition we found that when upgrading occurred firms usually upgraded to the
latest available generation, and not to some intermediate generation, (i.e., we empirically
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verified that the parameters B are not significantly different from 1). Thus, without much
loss in generality, we assume that for all generations p; = 1

Thus our model is logically consistent with previous models, and its main contribu-
tions lie in its ability to: (1) distinguish between the two processes of diffusion and substitu-
tion and (2) empirically and theoretically find optimal introduction times of the new
generations of the base technology.

Relationship with Previous Research

As the development of our model was mainly inspired by the works of Norton and
Bass [18] and Wilson and Norton [25], we discuss in this section the relationship between
their works and the proposed model.

To appreciate the linkage between the model proposed in this study and the model
presented by Norton and Bass [18], let N; = market potential of generation i in terms
of number of adopters; r; = the average repeat purchase rate of an adopter; m; = current
potential for generation i (m; = r; Nj); T, = introduction time for generation 2; Fi(t) =
xi(t)/N; = the fraction of the total market potential that adopts generation i by time t;
and Si(t) = shipments (or sales) of the i-th generation.

Given these definitions, consider the rate equations for two generations. According
to Norton and Bass, the sales of the first generation are given by:

Si(t) = Fi)my(1 — Faft — T2)) ®

where Fo(t — Ty) = 0 fort < To,.
Sales of generation 2 start from time T, and are given by:

Sa(t) = Fat — To)(m; + Fi(t)my) (10)

Assuming the same model coefficients for both generations, Fi(t) in equations 9 and 10
are assumed to be depicted by the Bass diffusion model. That is,

Fi(t) = (1 — e @*™)/(1 + (b/aje @) (11)

Equations 9-11 describe the multiple generation diffusion and substitution model
proposed by Norton and Bass [18]. Note that these equations describe sales of a frequently
purchased (industrial) good. The sales in any period are the number of cumulative adopters
multiplied by the quantity they purchase. Thus sales, Si(t), equals cumulative adoption,
multiplied by the repeat rate. Whereas the model proposed by Norton and Bass is appro-
priate for repeat-purchase technological innovations, the model proposed in this article
complements their work by suggesting an extension of the Bass model to study multiple
generations of durable technological innovations that allows for partial leapfrogging,
partial cannibalization, and clearly distinguishes between the two processes of diffusion
and substitution.

Wilson and Norton [25] proposed an extension of Kalish’s [8] diffusion model to
study the optimal timing decision for the second generation of a product (see also [7]).
In order to demonstrate why our normative guidelines for timing decisions are different
from theirs, let x,(t) and x,(t) be the cumulative (percentage) adoption of the two genera-
tions of the product up to time t. Let I(t) denote the fraction of the population that is
aware of the first generation up t = T, (when the second generation is introduced) and
of both first and second generations after time T,. Following Kalish [8], Wilson and
Norton [25] propose the following rate equations for the two generations (for convenience,
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we will drop the subscript t). Before the introduction of the second generation at time
T,, awareness and adoption are given for the first generation by:

dlzdt = (a; + bx))(1 = D) (12)
dx,/dt = m,dl/dt, x(0)=0 (13)

After the introduction of the second generation, information is spread by adopters of
both generations,

dl/dt = (a2 + ba(x; + %2))(1 — 1) (14)
and adoption is proportional to the awareness level, i.e.,

dx;/dt = m,dl/dt, x1(T2) = ml(T>) (15)

dx,/dt = msdl/dt, %(T2) =0 (16)

where m, is the fraction of the population that would eventually have adopted the first
generation had the second generation not been introduced. Similarly, m, and m; are the
fractions of the population that would eventually have adopted the first and second
generations, respectively, had they been introduced simultaneously.

One of the main findings of Wilson and Norton is that, if the planning horizon is
sufficiently long, it is optimal for a monopolist to introduce the two generations simultane-
ously, or not to introduce the second generation at all. They aptly called this the “now
or never” rule.

Although in our model development, we also assume a long planning horizon (it is
in fact, infinite), our optimal rule derived in the next section is a modification of their
rule. We propose a “now or at maturity” policy, suggesting that the firm should either
introduce the second generation as soon as it is available or delay its introduction to the
maturity stage of the preceding generation. This introduction date depends on factors
such as the relative size of the market potentials of the various generations, gross profit
margins, the diffusion and substitution parameters, and the discount factor of the firm.

The reasons for this difference in recommended policies are as follows: first, in
deriving their timing results, Wilson and Norton did not consider discounting of profits.
That is, the firm in their setting did not maximize net present value but rather profits at
T, the introduction time of the second generation. The discount factor in our analysis,
however, plays a major role. In our setting, the firm maximizes net present value.

Second, Wilson and Norton assume that the unit contribution margin of the second
generation (g;) is lower than that of the first generation (g;) i.e., g < g;. If the reverse
occurs, simultaneous introduction is found to be optimal {25, p. 7]. The case of nondis-
counting and g, > g: is a degenerate case in their model development (i.e., all their analyses
are done under the reverse assumption that g; < g;). The data reported for IBM in column
5 of Table 2 (average gross profit margin), however, are as follows: g, = 0.6, g, = 0.78,
g; = 0.84, and g, = 0.85. These numbers suggest that in the case of IBM, g > g for
all generations, i.e., the gross profit margin of IBM is increasing over time. Thus, the
results developed by Wilson and Norton are not applicable for the IBM data and hence,
there is a need for the model proposed in this article.

Finally, the variable I(t), the fraction of informed potential adopters, is central to
the results of Wilson and Norton. Such data may be difficult to obtain. Hence, there is
a need to develop a parsimonious model based on sales history, such as the one proposed
in this article, which is amenable to empirical testing.
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TABLE 2
Average Gross Profit Margins for IBM Systems

Gross profit margins

Systems Systems, rental,

Year Generation only Average and services Average
1956 1 0.56 0.47

1957 1 0.55 0.46

1958 1 0.62 g =0.6 0.46 g = 0.48
1959 1 0.68 0.49

1960 2 0.73 0.51

1961 2 0.72 0.56

1962 2 0.77 g = 0.78 0.56 g = 0.59
1963 2 0.83 g/g1=13 0.57 g/g = 1.21
1964 2 0.85 0.61

1965 3 (360) 0.84 0.62

1966 3 0.81 0.62

1967 3 0.83 0.59

1968 3 0.83 g:=0.84 0.58 g = 0.61
1969 3 0.84 0.61

1970 3 0.86 gi/g = 1.07 0.63 g1/g = 1.04
1971 4 (370) 0.86 0.62

1972 4 0.85 0.61

1973 4 0.86 g4 = 0.85 0.61 24 = 0.62
1974 4 0.86 g4/g3 = 1.02 0.62 g/8 = 1.02

Source: Phister [20, Table 2.1.311].

Optimal Introductory Timing Strategy

The problem of optimal introduction time for each generation is best described by
a two-generation case. Consider a firm that has introduced a generation of its product
at time T, and it is currently being adopted in the marketplace. In the meantime, it has
developed a second generation of the product, and this generation is available at time
T.. The firm has to decide about the introduction time T, of the new generation. Thus:

T,<T.<T; )]

The left-hand side of inequality (17), i.e., T: < T, holds by assumption. We assume that
the second generation becomes available after the release time of the first generation.
The right-hand side of inequality equation 17, i.e., T, < T, holds because of obvious
technological constraint — the product must be made available before consumers are able
to adopt and use it. Note the possibility of equality between T, and T,. Indeed this is
the issue addressed in this section. Time T is a choice variable of the firm. Should the
firm introduce the product as soon as it is available (set T, = T;) thereby foregoing sales
and profits of the old model, or should it wait, delay receipt of cash flows from sales of
the new generation, but prolong the flow of profits from the old generation?
Let u(t) be defined as follows:

for 0<t<T,

for T, <t (18)

0

u(t) = jl

Thus u(t) is a dummy variable that can be used to summarize equations 1-3 by the
following two equations (with the simplifying assumptions made earlier):

dx./dt = uoa(a + bx/N)(N; — x) + uoa(a’ + b'x/Ny)x, 19

dx,/dt = (1 — u)(@ + bx/N)(N, — x) + u(l — az)(@a + bx/N)(N; — x)
— uaz(a’ + b'Xz/Nz)Xl (20)
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Let g; be the gross profit margin of generation i. The net present value of the venture,
denoted by 7 is given by:

7 = [ I8l - w(@ + bx/N)(N; - x)

+ u(ga: + (1 — az)gi)(a + bx/Ny)(N; — x)
+ guo(a’ + b'xy/Np)x Je "dt (21)

Let A(t) and p(t) be the current multipliers of x, and x; respectively. The equations
for the current Hamiltonian (H) and the current multipliers are as follows:

H = (1 - u)(g + A)a + bx/N)(N, — x)

+ uog: + p) + (I — (g + M) + bx/N)(N; — x)

+ uox(g: + 1 — A)@ + b'x/Np)xy (22)
—3H/ax,

—uoxg + 1 — A)@ + b'x2/Nz) — u(oa(g: + 1)

+ (1 — ax)(g + A))b —a — 2bx/Ny)

— (g + A)( — u)(b — a — 2bx/N)) (23)

di/dt — rA

du/dt — ru = —9H/0x,
= —buoxg + p — Mxi/N; — u(az(g: + ) + (1 — as)(g + )
x(b — a — 2bx/Ny) 24)

Performing the differentiation of the Hamiltonian with respect to u, and evaluating
the expression at time t = 0 we have the following proposition:

Proposition 1: If either the market potential of the second generation is large as
compared to that of the first generation or the (current and future) profits gained from
the second generation are larger than that of the first generation, the firm introduces the
second generation as soon as possible (“now”). Otherwise the firm should shelve the new
generation and introduce it at a later date.

Differentiating the Hamiltonian with respect to u and equating to zero, results in
the following equation for the optimal introduction time (when it is not zero):

(g + M@ + bx/N)(N; — x) = (02(g: + 1) + (I — )& + A)
X (a + bx/N)(N; — x)
+ o2z + 1 — M@ + bx/Nx (25)

The interpretation of this optimality condition is as follows: the left-hand side of
equation 25 represents the unit sales of generation 1 multiplied by the (current and future)
profits per unit. These revenues have to be compared with the revenues from releasing
the second generation (the right-hand side of equation 25) that consists of the unit sales
from new adopters multiplied by the average margin per unit, as some of these adoptions
are of the older generation, plus the sales that are due to upgraders. Because an upgrader
is lost as a future customer of the previous generation, these sales are multiplied by the
net gain in unit margin. As long as the profits from the first generation are greater, i.e.,
the left-hand side of equation 25 is larger than the right-hand side, the firm shelves the
new generation. It releases the new generation at the time of equality in equation 25.

An easier interpretation of the condition, and a clue to when the second generation
should be introduced (if not “now”) can be found in the following numerical analysis.

We took a specific set of parameters to act as a “base case” for the analysis; then
we systematically changed the value of the parameters, one at a time, and observed the
resultant profits (net present value) as a function of the entry time of the second generation.



121

DIFFUSION OF TECHNOLOGICAL INNOVATIONS

‘a[nJ J3)8| Yonw 1o mou,, Suisn sygoid uo amm £nud jo yedury ‘¢ S

331 YONJA,, 3dUPOLU] :UCISIII(]

00081 =°N

UONEBIAUSL) PUOIAS JO Jur], Anug

 MON,, 3INPOLIU] :UOISIIA]
(aseo aseq)
00061 =°N
UONEIAUAN Puo33S Jo At Anug

auy], Anjug Jo uenduUNg se SHJoIJ

W MON, INPOIN] :UOISA

00581 = °N

UONEISUSL) PUoag o swi] Anug

88.6

+ 8€8S

r 8885

r 8E6S

r 8865

sunL], AUy Jo uopdUN] SE syjoid

. MON, 3INPOIIU] :UOISI3d(
00007 =°N
uoneIauan) puodag jo swry, Anug

——t—————————+—+—+ 812'S

T 8€L's
+ 8se's
T 822's
T 86L's

\- } 818's

8€8's

N\

I 858'S

818'S

auxg), LUy Jo uonsuny Se SHYOIJ

$265
5465
§209
§209
SzZi9
SZ19
5229
S.429
§2¢9
S.€£9

aun ], Anjuy Jo uondunyg se S)yosq




122 V. MAHAJAN AND E. MULLER

In addition, in order to minimize the possibility that the results depended on the specific
base case, we have performed large number of runs in which the parameters were chosen
with a random number generator (with some specific restrictions). The complete descrip-
tionis given in Appendix 1. The base case is as follows (recall that a and a’ are the coefficient
of external influence of the nonadopters and adopters, b and b’ are the coefficients of
internal influence of the nonadopters and adopters, respectively, g, and g, are the gross
margins of the first and second generations, N, and N, are the market potential of the
first and second generations, a, is the cannibalization parameter, and r is the cost of
capital of the firm):

a = 0.02 b = 0.30 g = 0.75 N, = 15,000 o, = 0.80
a' = 0.04 b’ = 0.45 g = 0.80 N; = 19,000 r=0.12

Figure 3 reveals the general pattern found. In Figure 3, the market potential of the
second generation (N;) is gradually decreased from 20,000 to 18,000. The profit function
changes continuously with these changes in N,. The optimal entry time, however, does
not change in a continuous manner. As can be observed in Figure 3, as the market
potential decreases, a local maximum begins to develop around the ninth period. As long
as the profits of entering in the first period (period “zero” of the discrete analogue of
the differential equation model) are larger than this local “hump,” the optimal decision
is to introduce the second generation right away. As soon as this local maximum surpasses
the profits of entering right away, (i.e., it becomes a global maximum), the optimal entry
time makes a quantum leap to the ninth period. The intuitive reason for this pattern of
behavior is that the adoption pattern of technology follows an S-shaped growth, which
is usually relatively slow. Profits in the first few years are very low, if not negative. Thus
in order to justify the loss of profits caused by delaying the introduction of the second
generation, the firm has to generate sufficient profits from the first generation. It can do
so only if it remains long enough on the market. This pattern was revealed throughout
the numerical analysis, and in addition we found that in most cases, the time of the
release of the new product was in the maturity stage of the preceding generation. We
therefore can summarize these findings in the following observation (an analytical proof is
available from the authors for a special case with additional limitations on the parameters):

Now or at Maturity Rule: The optimal decision rule for a firm introducing a new generation of a technologi-
cal durable product is either to introduce the product as soon as possible or delay its introduction to the
maturity stage in the life-cycle of the first generation.

The interpretation of the proposition is that if it is not optimal to introduce the
product as soon as it is technically available, then it is optimal to introduce it much later,
in most cases in the maturity stage of the first generation. The introduction time in the
late stage depends on a number of factors including the relative size of the market poten-
tials, the number and type of competitors, gross profit margins, the diffusion and substitu-
tion parameters, and the discount factor of the firm.

In an actual case the firm may wish to determine the optimal introductory time of
anew generation of a technology (see for example the case of Digital Equipment Corpora-
tion discussed in [17]). Given some history of the technology, the firm will have enough
data to estimate the diffusion parameters; the gross profit margins estimates could be
obtained internally. Thus in order to implement the decision rule, the firm should obtain
(by means of marketing research) two important parameter estimates: market potential
and cannibalization. Given these estimates, the optimal timing can be obtained analytically
or numerically. If one has limited or no data, in many cases one can estimate the sales
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curve, including the maturity point by developing reasonable estimates of the diffusion
parameters (see [16]).

IBM Mainframe Computers: Empirical Evidence

PARAMETER ESTIMATION

The process to be estimated is described by the equations in Appendix 2. These
equations are a result of the restrictions on the parameters of our initial model. The
process was estimated using the discrete regression analogy for these equations, and the
nonlinear regression package of SPSS, PC version. This procedure yielded the following
values (asymptotic standard errors are in parenthesis, * denotes significance at the 95%
level, and ** denotes significance at the 90% level):

a= —0.023 b = 0.600 a’ = 0.319 b = 0.425
(0.075) (0.196)* (0.129)* (0.187)*
N, = 3150 N, = 17,641 N; = 21,419 N, = 17,646
(2010)** (4343)* (956)* (709)*
a; = 0.904 s = 0.598 s = 0.345
(0.139)* (0.166)* (0.144)*

and R?is 0.82.

Note that all the parameters are significant except the coefficient of external influence
of the nonadopters (a). Also note that the market potentials are increasing, except for
the fourth one, which declines by about 18% as compared to the market potential of
the third generation. In addition, the cannibalization parameter (a) is declining with each
generation. The parameter measures, in each generation, the percentage of new buyers
who adopt the newest generation, as opposed to buying an older generation. Thus, as
the years and generations progressed, more and more adopters were adopting an older
generation when a new one was already available. Lastly note that b > b’ which implies
that the internal influence is more effective in convincing new adopters to purchase the
latest generation than it is in convincing adopters of previous generations to upgrade.

As mentioned in the introduction, there are two processes that work simultaneously:
diffusion of the base technology and substitution between successive generations of this
technology. The first process is captured by equation 8, whereas the latter by the equations
in Appendix 2.

Diffusion

Once the parameters a, b, and N, are estimated, equation 8 can be used to generate
the estimate of the diffusion of the base technology.

The actual and fitted values are plotted in Figure 4. Note that the decline in the total
number of IBM systems-in-use is well captured by the model. It should be pointed out
that such a decline cannot be captured by an aggregate diffusion model such as the Bass
model, because the Bass model always predicts an increase in the cumulative number of
adopters. As the multiple generation model explicitly takes into consideration substitution
across generations, it can capture such a phenomenon in the cumulative adoption pattern
of the product. As is clear from Figure 4, the model describes the growth of IBM main-
frame systems well.
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Substitution

Because the parameters a’, b’, and a; are given, the equations in Appendix 2 are used
to estimate the substitution between the different generations of IBM mainframes. The
actual and fitted values for the four generations are plotted in Figure 5. These charts
indicate that the model equations describe the growth and decline across generations well.

PREDICTIONS

One of the criticisms raised in using a Bass-type diffusion model is that it requires
several data points to estimate the model parameters. In many cases, including ours, the
product in question is a new version or generation of the same base technology. Data
for previous generations of this technology, however, exist and can compensate for the
lack of data points. In effect we use previous generation’s data in order to impute the
parameters of future generations’ diffusion. This can be thought of as a special case of
Lawrence and Lawton [20], who suggest using analogy as a way of determining diffu-
sion parameters.

To demonstrate this point we estimated the Bass model (equation 1) using 6 years
of data of the 370 family (1971 to 1976). The results are:

a, = 0.17 bs = 0.97 N, = 9161 R? = 0.99

(all parameters are significant at the 95% level).

We then used the parameters to predict sales of the 370 family for 1977 and 1978.
Note that since the 370 family at that time was the most advanced generation, sales and
change in systems-in-use coincide. These figures are reported in Table 3, second column.
Next we performed our previous analyses twice: (1) we used data points for the previous
three generations and only 4 years of the 370 family (1971-1973), (2) we used data points
for the previous 3 generations and 6 years of the 370 family (1971-1976). These results
are reported in Table 3, columns 3 and 4, respectively. All parameters were significant
and closely approximated the parameter values obtained from the full data set reported
earlier (of the differences in the parameter values between the full data set and the current
ones, only a; and a4 were significant at the 95% level). As compared to the actual data, our
model’s predictions were better when based on 6 years of data, as expected. Furthermore, it
also did better than the benchmark Bass model when it was based on 4 years of the 370
family. Both sales and market potential are closer to the actual data. We therefore con-
clude that our approach can somewhat alleviate the problem of lack of the sufficient
data points.

ANALYSIS OF TIMING DECISIONS

In this section we use the parameter estimates reported earlier for the IBM mainframes
to assess the optimality of the new generation timing decisions for IBM.

From the earlier section, it is clear that in addition to the parameters reported, two
more sets of parameters have to be estimated: gross profit margin and the cost of capital
of IBM.

Let g; denote the gross profit margin of the i-th generation. Two proxies for this
parameter are shown in Table 2. The estimates based on sales (without rental and services)
yield the following values: g, = 0.6, g, = 0.78, g; = 0.84, and g4 = 0.85. The fact that
the gross profit margin is increasing over time is very noticeable, and is probably due to
increasing returns to scale, economies of scope, and experience effects (see [3, chapter
3; 4, chapters 3, 4]). Although both use the same source (Phister [20, Table 2.1.311]),
the first profit margin is calculated for systems only, whereas the second combines systems
sales, systems rental, and services. Although the gross profit margins are evidently not
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TABLE 3
Prediction of Market Potential and Sales of 370 Family
Predictions based Predictions based
Predictions based on the proposed on the proposed
on the Bass model model using first 3 model using first 3
using 6 years of generations and 4 generations and 6
data of the 370 years of data of years of data of
family the 370 family the 370 family Actual data
1977 Sales 130 1873 1768 1404
1978 Sales NA“ 1153 1507 898
Market potential 9161 18,936 17,879 16,344
Mean absolute
deviations (MAD) 3118 1105 836 -

7 The Bass model yields a negative entry. The MAD computation for this model assumes a value of zero. The
relatively poor performance of the Bass model is due to the fact that it yields an estimate for the market potential
that is far too low.

the same in the two calculations, the ratios of gi/g; - , seem very similar. We report here
the figures calculated on the basis of systems only. We also derived results based on the
second method of calculating the gross profit margins (sales, rental, and services). The
two methods yielded very similar results.

With respect to the estimation of the cost of capital of IBM at the introduction time,
we use the standard tax-adjusted cost of capital that depends on the risk-free rate, the
average market risk premium, the volatility coefficient, and the debt-to-equity ratio of
IBM. Different estimates would be obtained, however, depending on the method used
to estimate the previous parameters (e.g., the use of 3 months vs. 1 year T-bills to estimate
the risk free rate, or the use of market value of IBM’s debt to find the debt-to-equity
ratio). Therefore, a rough estimate for the possible range of the cost of capital was
obtained and was found to be 12% to 20%. A strong support for our calculation can
be found in Levy and Sarnat [11, chapter 18] who calculated the cost of capital of IBM
to be 15.4% in 1972 and 16.0% in 1973. We, therefore, computed the optimal time using
different costs of capital covering this range.

We used the parameter estimates together with the estimates of the gross profit
margins and the cost of capital to obtain introductory times T, Ti, and T, that yielded
the greatest net present value, given these parameters.

Proposition 1 established the fact that there are only two categories of introduction
times: either a “corner solution” where the new generation is introduced as soon as it is
available or an “interior solution” where the new generation is introduced in a later stage
of the preceding generation.

The figures in Table 1 are systems in use, and from these figures the sales patterns
of the various generations can be obtained. From these patterns one can observe that
the introduction time of the second generation T, occurred at the peak of sales of the
first generation whereas T; and T, occurred after the peak of their respective generations.
What we observe from our analysis, however, are the following three points:

1. T,, the introduction time of the second generation falls into the category of “intro-
duce now.”

2. Introduction times T; and T, fall into the category of “introduce at maturity.”

3. IBM introduced the 360 and 370 families too late.
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TABLE 4
Actual and Optimal Introduction Dates

Optimal time of introduction

Cost of capital T, (360 family) T4 (370 family)
12<r< 18 1964 1970
19<r<20 1963 1969
Actual introduction date 1965 1971

Specifically from our empirical and numerical analysis, it follows that the optimal
introductory times, as functions of the cost of capital are as follows (recall that the actual
times of introduction are T; = 1965 and T, = 1971) (Table 4).

Thus for most values for cost of capital considered in the analysis, based on our
estimates and empirical analysis, IBM was late in its introduction of the 360 and 370
families.

Time to market is defined as the time elapsed between making the decision to start
product development and introduction of the product into the market place [2, 12, 21].
From a marketing point of view, we can thus conclude that the time to market of the
360 and 370 families of mainframe computers was too long, i.e., IBM should have short-
ened the product development time and introduced the 360 and 370 families sooner.

1t is difficult to show direct empirical evidence that IBM was delaying product intro-
duction deliberately. Nonetheless some indirect evidence exists. First, as we implied ear-
lier, IBM should have shortened the product development time on its 360 and 370 families.
In the case of the 360 family of mainframes, the following information is brought by
Brock [3, pp. 192-193] in order to demonstrate the slow innovative pace of IBM: “The
first version of the integrated circuit was developed without government funds by Texas
Instruments and demonstrated to the Air Force in 1958. . . . Texas Instruments continued
work on integrated circuits and built a small demonstration computer out of them in
late 1961. . . . In April 1964, IBM announced the System 360 with hybrid circuits, an
intermediate step between discrete components and integrated circuits. . . . IBM delivered
the first hybrid System 360 in April 1965.” Indeed, several more examples such as this
are given in the same chapter, and Brock concludes that “IBM’s contribution to technical
progress has not been as large relative to industry advances as its market share would
lead one to expect.”

Furthermore, with respect to intentioral delaying of new products, Brock gives the
following examples [3, p. 103]: “In 1969, the management committee determined that a
delay of announcement of NS (the System 370) from 3 to 6 months could yield as much
as $30 to $50 million of additional Revenue. . . .” In discussion of IBM’s “System Q”
software plans to build a comprehensive new operating system for announcements in
1974 and delivery in 1975, it was determined that the system would be postponed if “the
current generation systems are doing so well in the field that there is no compelling business
reason for revealing our intentions.”

Discussion and Conclusions

This article has proposed a model that simultaneously captures the adoption and
substitution pattern for each successive generation of a durable technological innovation.
Normative guidelines based on the model suggest that a firm should either introduce a
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new generation as soon as it is available or else delay its introduction until the maturity
stage in the life-cycle of the current generation. The application of the model and of the
associated normative results to the four generations of the IBM mainframe systems sug-
gests that IBM introduced the two successive generations, 360 family and 370 family,
too late, i.e., their time to market should have been shorter.

In applying the proposed model to the IBM data we assumed that (1) each potential
adopter adopted exactly one unit of a given generation and (2) the various generations
were introduced in a monopolistic market structure.

The first assumption (i.e., adoption of one unit per adopter) also implies that when
an IBM system was replaced by a more advanced IBM generation, the adopter again
bought one unit. However, we only partially considered the fact that generations were
different in their computing power. It could be argued that because each successive genera-
tion of mainframe computers could solve more problems at a greater speed, and could
store and retrieve information faster and more efficiently, the adopters of two or more
units could replace them with a single unit of the new generation. That is, in order to
examine diffusion over time we need to develop “equivalent” units of IBM systems adjusted
for their computing power and for other characteristics.

This certainly is a valid criticism. Our contention, however, is that advanced and
improved characteristics of a new generation affect the timing decisions of potential
adopters. That is, adopters’ expectations about the performance of a new generation
affect their decisions of when and if to adopt it. For example, in buying a new model
of a CD player with advanced features, one does not replace the old CD with one-half
of the new one. That is, consistent with the diffusion research, the replacement of the
old model by a single unit of the new model should be counted as one unit of adoption
irrespective of the differences in features of the two generations. The availability of
advanced features certainly may affect a potential adopter’s decision of when and whether
to adopt the new model. But when adopted, it counted as a single adoption regardless
of its advanced features.

With respect to the second assumption underlying our application to the IBM data,
we have assumed that the various generations were introduced in a monopolistic market
structure. Whereas in many markets optimal timing may well be a function of competition
and order of entry effects, these aspects were not considered in this study. IBM’s share
of the mainframe market during the years of analysis ranged from about 60% to 80%.
Although there was a decline in IBM’s market share in the 1950’s, IBM maintained a
consistent and high market share during the 1960s and 1970s. In the last 10 years of our
analysis, IBM’s share of the number of mainframe systems-in-use rose from 61% in 1968
to more than 66% in 1978. IBM dominated the market during the years included in our
analysis. We, however, have neither formulated nor tested a model under an oligopolistic
market structure. Although certainly a very fruitful opportunity for further research, we
believe that this limitation does not undermine the major findings of our application.
Our analyses reported indicate that IBM was late in introducing the 360 and 370 families.
Because pressure from competitorsin an oligopolistic market clearly results in new product
introductions earlier than in a monopolistic market, our timing results are only strength-
ened by the fact that we considered IBM as operating in a monopolistic market. If the
firm is deemed late under this scenario, it will certainly be deemed late as an oligopolist.
In fact, marketing, production, and managerial problems associated with the introduction
of the 360 family are highlighted in a recent book by Thomas J. Watson Jr. [24]. He
called overcoming these introductory problems and introducing the 360 family “the great-
est triumph of my business career.”
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Appendix 1
In this appendix we describe the details of our numerical analysis. The base case
we used was as follows:

a=002 b=030 g =075 N,
a=004 b=045 g =080 N,

15,000 o, = 0.80
19,000 tr = 0.12

The analysis was performed in two stages: In both stages we set the following restric-
tions on the parameter values:

001<a<0.4 0.1<b<0.6 0<g<l
001<a'<04 0.1<b<06 01l<a<1
10,000 < N; < 30,000 5% <r<15%

In the first stage, we divided the previous restrictions for each parameter into 10 (or
11) equal intervals except for N; (21 intervals) and r (26 intervals). We then systematically
changed the value of the parameters of the base case, one parameter at a time. For every
value of each parameter, we ran the numerical analysis to discover the optimal time and
the shape of the NPV as a funcition of the time of entry. Altogether 140 runs were
performed. In every run and for every parameter (except for the parameter “a”) we found
the phenomenon reported in the text, namely that as we changed one of the parameters
continuously, a local maximum began to develop around the eighth, ninth, or tenth
period. As long as the profits of entering in the first period exceeded this local “hump,”
the optimal decision was to introduce the second generation as soon as possible. As soon
as this local maximum surpassed the profits of entering right away, i.e., it became a
global maximum, the optimal entry time made a quantum leap to the eighth, ninth, or
tenth period. The one exception was the parameter “a” that when increased continuously
tolarge values (such as 0.3 or 0.4), it caused the optimal entry time to decrease continuously
(to T, = 3). However, we know of no empirical study that has reported such large values
of this parameter (see, for example, [14, 22]).

In the second stage of this empirical study, in order to minimize dependence on the
values of the base case, we performed 100 runs in which the parameters were chosen at
random, using the @RAND function of the Lotus 123 spreadsheet (on each of the parame-
ters separately). In order to incorporate the fact that the new generation is perceived as
an improvement by the consumers (or at least not seen as a regression), we added the
restriction that the second market potential is at least as large as the first one. The results
of the 100 runs lend support to our “now or at maturity” proposition:

Strategy Frequency
Introduce now (T, = 1) 34
Somewhat delay 2 < T, £ 7) 9
Introduce at maturity (8 < T,) 57

Therefore, based on these results we conclude that the optimal policy of the firm is either
to introduce the new generation as soon as possibie or delay its introduction to a much
later phase in the life-cycle of the first generation.

Appendix 2
In this appendix we specify the equations we used in the empirical analysis. All
variables and parameters conform to the definitions given in the second section.
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Period of First Generation (T, € t < T)):
dx,;/dt = (a + bx/Ny) (N; — x)
Period of Second Generation (T, < t < T3):
dxy/dt = az2(a + bx/Ny) (N; — x) + a2 (2" + b'xe/Ny)x,
dx,/dt = (1 — az) (@ + bx/Ny) (N2 — X) — ax (@' + b'xo/No)x,
Period of Third Generation (T; < t < Ty):
dx;/dt = a3 (a + bx/N3) (N; — x) + a3 (2" + b'x3/N3) (X1 + Xp)
dx./dt = (1 — a3} (@ + bx/N3) (N3 — X) — a;3(a" + b'x3/N3y)x,
dx;/dt = —a; (@ + b'x3/Nj) x,
Period of Fourth Generation (T, < ):
dxy/dt = 04(a + bx/Ng) (Ns — x) + as(@" + b'xe/Ny) X1 + X2 + X3)

1

an/dt
dXz/dt = -0y (a’ + bIX4/N4)X2

(1 - (14) (a + bX/Na) (N4 - X) — 04 (a’ + b’X4/N4)X3

dX]/dt = —04 (a’ + b,X4/N4) Xi



