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Abstract

A model of the innovation diffusion process is developed using a process
engineering approach and a fluid dynamic analogy. The fluid dynamic analogy
provides a basis for explaining adoption at the aggregate level and allows an
examination of the factors that influence the diffusion process. The process
engineering approach to the model formulation permits the addition and deletion

of the modei components to best simulate the diffusion circumstances.

Our model has various parameter aptions that require the user to decide if they
should be reduced to constants or increased to functions to aliow better
modelling of the diffusion process given certain characteristics of a population
of potential adopters arnd the innovation being introducad to that population.
As prior modelling of the diffusion process draws upon theories in the physical
sciences {largely epidemiology), we used a physical science analogy to develop
our madel, but from a novel direction. We view the population as a fluid where

the diffusion process obeys fiuid dynamic properties.

We demonstrate that the principles governing ideal fluid dynamics are among
those principles underlying the general diffusion nrocess of the transmission of
ideas. Through a fluid dynamic analogy we demonstrate that fluid dynamic

theory is applicable to the study of a diffusion process.

We study the time dependent aspects of the innovation diffusion process, that
is, the process by which an innovation is communicated through certain

channels over time among members of a social system.
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1. Introduction

A diffusion process is a sequence of events which results in the
transmission of information from one object to another (Mahajan and
Peterson, 1985). These objects need not be human beings but might be
idealized as fluid reservoirs, the idea itself a fluid, and the

transmission of the idea obeying fluid principles.

“The task of a diffusion model is to produce a life-cycle
sales curve based on usually a number of parameters, which may
or may not have behavioral content. The presupposition Is that
these parameters may be estimated either b’ analogy to the
histories of similar new products introduced in the past, by
consumer pretests, or by early sales returns as the new
product enters the market. In the past two decades a great
deal of work on diffusion modelling has been done, which
largely draws on the more well-developed theory of contagious
diseases or the spread of epidemics." (Lilien and Kotler,

1983)

It is our endeavour, through a physical science analogy, to develop a
diffusion model with varying degrees of tractability depending on the
analysis of the situation. Our model can be conceptualized as a vehicle
that can adapt its performance to manoeuvre over varying topographies with
a parameter adjustment, such as changing the drive mechanism of the front
axle from a constant to some function of the torque applied by the drive
train. Similarly, our model has various parameter options that require the
user to decide if they should be reduced to constants or increased to
functions to allow better modelling of the diffusion process given certain
characteristics of a population of potential adopters and the innovation
being introduced to that population. As prior modelling of the diffusion
process draws upon theories in the physical sciences (largely
epidemiology), we thought it appropriate to use a physical science analogy
to develop our model, and as epidemiology has been vast)y cited in
diffusion studies it was our aim to approach the subject from a novel
direction. Early in our research we noticed that frequently the literature
refers to the diffusion process as a flow from a state of non—-adoption to
a state of adoption by a population. It struck us that perhaps we could
view this population as a fluid and that the diffusion process obeys fluid
dynamic properties. What follows is a result of that hypothesis and its

investigation.



Information can be conceptualized as the knowledge of an innovation that
is communicated from an external or internal source to a set of potentijial
adopters within a social system. The difficulty in any scientific
treatment of diffusion processes arises from the fact that the concept of
information, although intuitively clear, can be neither formally defined
nor precisely measured. If, however, we consider that diffusion processes
are physical processes in which information is used to effect a certain
result then the effectiveness of the information can be evaluated in terms
of that result. Based on this consideration we can establish certain
general properties of diffusion processes, i.e. properties possessed by
such processes irrespective of their specific nature.

We shall demonstrate that the principles governing ideal fluid dynamics,
as defined in by Pao (1967), Streeter and Wylie (1981), and others are
among those principles underlying the general diffusion process of the
transmission of ideas. We hypothesize that a diffusion process can be
studied in terms of a fluid dynamic process. Through a fluid dynamic
analogy we intend to demonstrate that fluid dynamic theory seems to be
applicable to the study of a diffusion process rather than being
restricted to the process of transmission of fluids.

In general, our fluid system (adoption system) can be characterized in
terms of a volume V (a population) and a set of reservoirs i (non-adopter,
adopter) or states which effects a partition of V at a given point in
time. The traasition (diffusion) of fluid from one reservoir to another is
dependent upon the elevation differences between the fluid surfaces in the

reservoirs.

A recent review of diffusion modelling by Mahajan, Muller, and Bass (1990)
examines the development of the subject over the last two decades. In this
paper we develop a physical framework for understanding the prccess of
diffusion. As in any model, we do not attempt the difficult task of
explicitly representing all of the factors, rather we focus on those we

consider critical.

We study the time dependent aspects of the innovation diffusion process,
that is, the process by which an innovation is communicated through

certain channels over time among members of a social system.

In this paper we first present basic diffusion models as introduced by
Bass (1969) and others. We then define some fluid characteristics and

properties so the reader has a basic understanding of the principles

2



governing fluid flow. Thirdly, through our fluid analogy of the innovation
diffusion process, we describe the diffusion process and it's internal and
external influences. We then compare the results of our model with
existing flexible diffusion models. Finally we suggest areas of future

research that our model compels.
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2. Literature Review

If N(t) is the cumulative number of adopters who have adopted an
innovation to time t, then most of the innovation growth models give rise
to either linear, concave, or S-shaped N versus t curves (Mahajan and
Peterson, 1985). The curves could start at some initial value of adopters
N(O) (N=N(0) at t=0), and each would have N(t)=N" as an asymptote, so that
N(t)oN" as t-=. N  is the ultimate or finite population level. The models
differ in their respective rates of increase, dN(t)/dt. In some models,
such as the S-shaped logistic curves, the rate of diffusion, dN(t)/dt, may
increase very quickly at the beginning, reach a peak and then decrease
slowly to fall to zero as t-o (Kumar and Kumar, 1992).

In this section we attempt to outline the major ideas of the theory of the

adoption and diffusion of new ideas or new products by a social system.

Independent of others in a social system, some individuals will decide to
adopt an innovation. They are commonly referred to as innovators. Rogers
(1983) specifies the following classes of adopters: 1. Innovators; 2.
Early Adopters; 3. Early Majority; 4. Late Majority; and 5. Laggards. The
timing of the adoption by the various groups defines this classification.
Rogers (1983) aggregates groups 2 through 5 and defines them as imitators.
The imitators are influenced in their timing of adoption by the pressures
of the social system which increases with time as the cumulative number of
adopters increase. This classification of adopters has been referred to by
some as the unbundling of adopters (Mahajan, Muller and Bass, 1990). The
question is; are we able to classify adopters based on their propensity to
adopt or is there simply one group of adopters that are affected by both
the internal and external influences equally over time? This is an issue
which should be addressed with the derivation of any innovation diffusion
model. Another issue is the effectiveness of the model in capturing the
communication structure between two assumed distinct groups of innovators
and imitators. And finally can the model, which investigates innovation
diffusion at the aggregate level, be linked to the adoption decisions at
the individual level? These are =three issues which we intend to

investigate with our fluid model.

Before continuing it 1is important to define the earliest forms of
diffusion modelling; the External-Influence model, and the Internal-

Influence model.



The External-Influence model is mathematically represented by

aN(t) _ ._
——d_E-_—O[N N(t)]l

where o is defined as the coefficient of external influence emanating from
outside the social system, i.e., the effect of mass media communications,
the influence of goverrment agencies, and the impact of salespeople on the
diffusion process. Integration of the rate of diffusion equation results

in a relationship for cumulative adoption to time,

N(E)=N*[1-e7°¢].

Over time the cumulative number of adopters increases, but at a constantly
decreasing rate, (Fig. 2.1). The adopters are thought to be driven only by

sources external to the social system.

The Internal-Influence model has a rate of change mathematically

represented by

dN(eE) _ .
SN () [N -NCO) T,

where the constant ¢ is defined as the coefficient of internal influence
4s it reflects the efficiency of the interaction between prior adopters,
N(t), and potential adopters, (N'-N(t)]. While the External-Influence model
assumes that there is no communication between members of a social system,
the Internal-Influence model is based on the assumption that diffusion
occurs only through communication between prior adopters and potential
adopters in the system. Integration of the rate of change equation results
in the relationship for cumulative adoption,
N(E) = AN ,
14 N*-N(0) ] e [-¢N"[c-c(o)]]
N(0)

where N(0) is the number of cumulative adopters at time z=0, and when N(0)
is 0, N(t) is defined as 0. This correspond to a logistic, or S-shaped,

diffusion curve, (Fig. 2.2).

The basic Mixed Influence innovation diffusion model was introduced into

marketing by Bass (1969), and has become the standard for further



development and modification. The Bass (1969) .model explicitly combines
the two previous models. Bass (1969) assumed that initial buyers are
persuaded to adopt an innovation by factors out.ide their immediate
environment or social system. These factors referred to external
influences. Of importance to marketing, this external influence could be
the innate value of the innovation or some kind of promotional message.
Buyers are aiso influenced to adopt new products because they see those
withii their immediate environment using them, previously designated the
internal influence.

The mixed influence diffusion model defines a propensity to adopt based on
innovation and imitation,
(2.1)

-
(53

EN.d“:) ={a+dN(E)] [N-N(£) ],

again where o is the external influence and ¢ is the internal influence.
Integration of Bass's (1969) model yjelds the following cumulative
adoption distribution:

o [N'-MN(0) ]_e~(n~®N'l (-t

N -

N{t) = [o+N(O) ]
1+ ¢[N ‘N(O)] e-[0'¢N°) le-¢e4]

[o+¢N(0)]

where

N(t=tr,) =N(0),

Plotting the cumulative adoption distribution results in a generalized
logistic curve, the shape of which is determined by both o and ¢, and
resembles the curve determined in the Internal-Influence model (Fig. 2.2).

In Eq. (2.1) each non-adopter has a probability, p, of adopting the

innovation at time ¢,

p(t) =a+$pN(t)

where o, the external influence, represents the information conveyed to
the innovators relating to the product itself through alternative sources,
¢, the internal influence, represents the effectiveness of expariencé-

based information communication by previous adopters in convincing non-

6



adopters to adopt, and N(t) is the cumulative number of adopters at time
t. As previously stated the finite number of potential adopters is N .

Several assumptions that underlie the fundamental diffusion model must be

recognized (Mahajan and Peterson, 1985):

(i) The diffusion process is binary. Members of the social system eithe?
adopt the innovation or they do not adopt it. Thus, adoption is
treated as a discrete rather than continuous event and therefore the
stages of the adoption process, such as knowledge and awareness, are
not accounted for, i.e., adoption takes place instantaneously upon
the decision to adopt.

(ii) The fundamental diffusion model is based on the assumption that
there is a finite number of potential adopters, N, in the social
system and this number is known or can be estimated. Thus, the
social system is not allowed to increase or decrease in size.

(iii) The fundamental diffusion model only permits one adoption by an
adopting unit which can not be rescinded.

(iv) Market potential of the new product remains constant over time.
Market potential of the product is determined at the time of
introduction and remains unchanged over its entire life.

(v) The innovation does not change over the diffusion process and is
assumed to be independent of other innovations.

(vi) Spatial diffusion, or geographic diffusion, of an innovation is not
considered, i.e., the geographic boundaries of the social system
remain constant throughout the diffusion process.

(vii) The model captures all pertinent information regarding the diffusion

process.

2.1 Flexible Diffusion Models

If a model, such as the mixed influence model (Bass, 1969), has a fixed
point of inflection (where the diffusion rate is at a maximum) and is
symmetrical about that point of inflection, then it may well be limited in
its flexibility to handle a wide variety of diffusion patterns (Mahajan
and Peterson, 1985). Therefore, because of the lack of flexibility of the
fundamental diffusion model, several attempts have been made to develop

more flexible diffusion models.

Flexible diffusion models allow the generalized rate of diffusion, or
dF(t)/dt where F(t)=N(t)/N’, curve to be symmetric as well as nonsymmetric,
with the point of inflection of the cumulative adoption curve responding
to the diffusion pattern instead of being determined a priori. In each of



the following flexible diffusion modelg the addition of extra parameters
allows for increased degrees of freedom.

2.1.1 Floyd Model
Floyd (1962) attempted to empirically fit certain observed diffusicn
patterns using

F(t) 1 -
Iy " Torey et

where ¢ is a constant. Differentiation of this equation reveals a cubic
model

The Floyd (1962) model is nonsymmetric with a point of inflection of
F(t)=0.33 and behaves in a fashion similar to the Internal-Influence model
(Mahajan and Peterson, 1985) with a single parameter, ¢, representing the
effect of the internal influence.

2.1.2 Sharif and Kabir Model

Sharif and Xabir (1976) combined the internal-influence logistic model and
the Floyd model and models the diffusion process using two parameters ¢
and f,

_ F(t) F(e) 1 _
[1-B) Dngmpry VB Un oy * opcer = e e

where f is a constant between 0 and ! and represents a measure of the

market potential of the product. Differentiation reveals

dF _ ¢F[1-F]?

dt  1-F(1-P]

The Sharif and Kabir (1976) model can be either symmetric or nonsymmetric
and has a point of inflection between F(t)=0.33 and F(t)=0.50. When p=0
the model behaves like the Internal-Influence model, and when f=1 it
becomes the Floyd (1962) model (Mahajan and Peterson, 1S85).



2.1.3 Jeuland Model

Jeuland (1981) devised a model based on the following assumptions:

(i) External influence in the diffusion process relates to the potential
adopter's propensity to adopt the innovation.

(ii) The population of potential adopters is heterogeneous with respect
to prootensity to adopt, which differed from Bass who assumed they
were homogeneous.

(iii) Propensity to adopt varies with a gamma distribution, Y. which is
a probability distribution that approximates the normal

distribution,

These assumptions led to the diffusion model

drF(t) _ _ [1+v,]
T_[a+¢p(c)] (1-F(&)]

that uses three parameters o, ¢ and y,.

The Jeuland (1981) model can be symmetric or nonsymmetric with a point of
inflection ranging from F(t)=0 to F(t)=0.50. When y,=0 the model reduces
to the Bass model, and when o=0 and y,=1 the Jeuland model reduces to the

Floyd model (Mahajan and Peterson, 1985).

2.1.4 Easingwood, Mahajan and Muller Model

Easingwood, Mahajan and Muller (1983) proposed two flexible versions of
the fundamental diffusion model. They are respectively termed the
Nonsymmetric Responding Logistic (NSRL) model and the Nonuniform Influence
(NUI) model. These models represent the diffusion process by incorporating
the use of four parameters o, ¢, T and a. The purpose of these models was
to overcome an inherent limitation of the fundamental diffusion model
which was the assumption that the impact of the internal influence between
adopters and potential adopters remain constant over time (i.e., the
coefficient of internal influence, ¢, is a time~invariant constant). For
most innovations the impact of the internal influence is likely to change,
either increasing or decreasing, as the diffusion process unfolds. The

NUI model is
df;i(tc) ={a+¢F ()] [1-F(E)]

and the impact of internal influence as a function of adoption level is

represented through the relationship



w(t) =¢pF(t)"

where w(t) is the time varying effect of the internal influence, a is a
constant, and from the previous expression r=(l+a) and is referred to as
the nonuniform influence factor. When rt=] (or a=0), the model assumes a
constant or uniform internal influence.The presence of a nonuniform
influence effect in the diffusion process is indicated by r#]l. When o=0,
the NUI model reduces to the NSRL model (Easingwood, Mahajan and Muller,
1981);

dF(t) _ trq_
3 dF(E)T[1-F(¢t)]

Both the NUI and NSRL model can be either symmetric or nonsymmetric with
their point of inflection varying between F(t)=0 and F(t)=1 (Mahajan and
Peterson, 1985).

2.1.5 Von Bertalanffy Model
Von Bertalanffy (1957), through work in metabolic analysis and biological
growth, hypothesized that the diffusion rate behaves according to a two

parameter model in ¢ and v;

dF(t) _ ¢ 074 _ 1-6
S PP (-0

By examining various values of 0, the model can be shown to be flexible.
When 6=0 the model reduces to the External-Influence model, and when #=I
the model reduces to the Internal-Influence model (Mahajan and Peterson,
1985). The Von Bertalanffy (1957) model can be either symmetric or

nonsymmetric, and has a point of inflection ranging from F(t}=0 to F(t)=1.
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Figure 2.1 External-Influence, cumulative adoption vs. time curve..
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Figure 2.2 /Internal and Mixed Influence, cumulative adoption vs. time

curve.
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3. Development of Physical Model .

If we were to draw a physical comparison to a diffusion process, it may be
analogous to a fluid system where the adopters and non-adopters constitute
the fluid volume and their movement from a non-adoption to adoption state
is the flow. There may be many good analogies, but we found this one
intuitive due to the ability to tangibly visualize the process at work.
The use of a physical science model to analyze the diffusion of
innovations is not unique to this paper, as discussed previously the
science of epidemiology has been largely drawn upon for much of the prior
literature. The use of fluid mechanics for such an analysis, te our
knowledge, is novel. Applying fluid flow characteristics and principles,
which will be detailed in later sections, we will specify a physical
science model that behaves in a similar fashion to the innovation
diffusion models. The first step is to build a simple model so we can
easily relate the market actions to the fluid flow and then examine the

dynamics of the system.

In this section we describe the properties of a fluid, which we later
determine is a suitable medium for the description of the diffusion
process, and the physical framework with which we shall model the
diffusion of an innovation from a finite populition of potential adoption
to an adoption state. Our framework is developed in a piece-wise fashion
so as to describe each component of the model and draw its analogy to a

market situation at each step.

3.1 Fluid Properties and Characteristics

A fluid may be either a liquid or a gas. A gas is very compressible, and
when all external pressure is removed, it tends to expand indefinitely. A
liquid is relatively incompressible, and if all pressure, except that of
its own vapour pressure, is removed, the cohesion between particles will
hold them together so that the liquid will not expand indefinitely.
Therefore a liquid may have a free surface, i.e., a surface from which all
pressure is removed, except that of its own vapour. The notion of a free
surface, i.e., river surface, lake surface, allows us to easily visualize
the volume changes in the reservoirs and thus will also aid in the
conceptual resemblance to the innovation diffusion process. The free
surface, coupled with the flow characteristics described in the following
section, make it apparent that our medium is in actuality a liquid, 1i.e.,

water, even though we refer to it as a fluid.
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3.1.1 Continuum Theory

Mahajan, Muller and Bass (1990, pp. 6) state;
“A key aspect of the Bass model is that it addresses the
market in the aggregate...The emphasis is on the total market
response rather than an individual customer.”

This is a key aspect of not only the Bass (1969) model but the other

flexible diffusion models which we have examined.

Similarly the study of fluid dynamics also addresses its medium in the
aggregate. In spite of the molecular structure of matter, we consider
fluids to be continuous and without voids. For our model to be an accurate
representation of the diffusion of innovations this assumption must also
apply to the market situation. The assumption is justified by the fact
that we are not primarily interested in the behaviour of the individual
fluid molecules, or adopters, and that under ordinary conditions the
results of analysis of a continuocus fluid, or population of adopters,
agree fairly well with the observed behaviours of fluid motion, or
innovation diffusion. This notion is often referred to as the concept of
a continuum and is merely an idealization that simplifies the analysis of
the precblem. When we deal with engineering problems at the macroscopic
level in which the dimensjons are very large compared with molecular
distances, we are concerned with volumes that are considerably larger than
molecular dimensions, and therefore, contain many molecules. We are
interested in the statistical average properties and behaviours of a large
number of molecules and not in the properties and behaviours of the
individual molecules. Because we disregard the action of individual
molecules we can consider the fluid to be a continuous substance and adopt
a continuum model of fluid. Similarly when evaluating the adoption
behaviours of a finite population of potential adopters we are concerned,
in our studies, with the patterns of adoptions of the aggregate not with

the patterns of the individual.

3.1.2 Definitions
Before describing our physical model we define some of the characteristics
and properties of any simple fluid system tc facilitate an understanding

of the concepts affecting fluid flow.

Acceleration of gravity, g, or the local gravity constant varies slightly
from one part of the earth to another depending on elevation relative to
sea level (Streeter and Wylie, 1981) and is a necessary component in

describing the forces and velocities acting in a fluid system. For the
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purpose of this analysis g will be a constant, however, in future research
it may be necessary to examine a functional form of g that depends on
elevation. We intend to show that g is analogous to the coefficient of
external inf..wnce, o, described by Bass (1969) and others as the
influence of char ;» agents on the diffusion process or any influence other
than a prior adoption. Any analogy will be detailed further when we have
established a simple physical framework to which we can refer.

Density of a fluid, p, is defined as its mass per unit volume.

p:

<lz

The density of a given fluid is a function of temperature and pressure
which act to expand or compress the volume of the given fluid. However,
the density of liquids is only slightly affected by pressure. Frequently
the density of a liquid may be assumed to be constant. We then speak of an
incompressible fluid, and accept this to be the case with our analogy. The
density of a fluid can be thought of as a characteristic of how "tightly
packed" the fluid is. Similarly, a market will also have a density which
describes, either tangibly or intangibly, the dispersion of the
population. We could refer to the ease, or difficulty, with which
communication takes place in the social systems as its density, i.e., if
the population is tightly packed, information is conveyed much more
easily, either through the mass media or through word of mouth. The
density of a social system could also refer to the degree that technology
speeds the communication process. In this case the population is not
tightly packed in a physical sense, but technology can be thought of as a
tool for increasing the density. In any case, p is a measure of the
efficiency of the communication channels, either external or internal, or
more specifically the acceptance of information by a characteristic

population.

Unit gravity force, ¥y, is the force due to gravity per unit volume, or the
force with which a gravitational body such as the earth attracts a unit
volume of the fluid. The unit gravity force can be obtained by multiplying

density by the local gravitational constant.

Y=P9g

The unit gravity force varies with elevation, from sea level, and

temperature, depending upcn density and gravity.
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Area, A, and cross-sectional area, will, unless stated otherwise, refer to
the area normal or perpendicular to the direction of the velocity and/or
force beinq considered. For example, in the case of the round orifice
(i.e., a hole), or conveyance, A is a function of the orifice or

conveyance diameter,

_®d?
A 4

where d is the diameter and 7 is a constant of circumference. We defer
drawing an analogy for A4 until we have developed our framework, as cross-—
sectional area will refer to more than one characteristic of our model.

The depth of fluid in reservoir i, hit), is measured from the fluid
surface to the centre of an exit or entrance orifice. The distance from
the respective fluid surface to an arbitrary datum line is referred to as-
the elevation head, Z,(t). This term is convenient when we deal with two
or more reservoirs at different elevations and allows us to analyze their
dynamics relative to a fixed reference point. In this case the elevation
head difference is described by 2,(t). The term 'head' is recurrently used
as a reference to the height of fluid from the datum 1line in the
'emptying’' reservoir. The depth of the reservoir is a characteristic of
the size of the social system, or more specifically the size of a

population of adopters or non-adopters.

A force, W(t), represents the action of one body on another. It is
crharacterized by its point of application, its magnitude, and its
direction; a force is represented by & vector (Beer and Johnston, 1984).
In the next section we illustrate W,(t) as the force acting vertirally on
the bottom of reservoir i due to the mass of fluid in that reservoir (Fig.
3.1). We can idealize this force, in the market situation, to be analogous
to the inertia of an increasing population of adopters, and a decreasing
population of non-adopters, having an effect on the social system as a
whole. In other words the force, W,/(t), is a component of the internal

influence of the diffusion process.

3.2 Single Reservoir System
We now establish a physical framework on which we can build a model of
increasing complexity to aid in the analysis of the diffusion process. In

Fig. (3.1) we illustrate a component of the system.

Reservoir I contains a fluid of volume V,(t) which is akin to a finite

17



population of potential adopters of an innovation, N'. The volume V. (t) is
characterized by a depth h(t) and a cross-sectional area A(h(t)), i.e.,
the area of the fluid surface. The volume in the reservoir is akin to the
population size which is defined by the cross-sectional area and depth.
The cross-sectional area is a characteristic of the population, i.e., is
it constant over its depth (a cylinder or a cube), or does it vary over
its depth (a funnel or a cone). We assume that A (h(t)) is constant over
h;(e), A, which simplifies the analysis, i.e., the population
characteristics invariant over time or the population is considared
homogeneocus. V,(t) exerts a force W,(t) on the reservoir bottom which is a
function of fluid depth h;(t), the fluid density p, the local gravity
constant g, and the area, A, upon which the force is acting. W,(t) is a
force acting downwards on the bottom of the entire reservoir, therefore,
the area with which we are concerned is the entire cross-section of the
reservoir, A,. Since y=gp, W.(t}) = yh(t)A = yV.(t).

In Fig. (3.1) v,(t) represents the velocity of the fluid surface which is
proportional to the exit velocity of the fluid given constant cross-
sectional reservoir and orifice areas;

A

Vlv(C)=Vj(t)Tj
1

When the orifice, j, of cross-sectional area A, in reservoir i is opened
at time t+&t, Fig. (3.1), the fluid begins to exit the reservoir with a
velocity v, (t). Where

v, (t)=/2gh; (t)

and the depth of the fluid in the reservoir, hy(t), is equal to the

reservoir volume, V,(t), divided by its cross-sectional area, 4.

This is a decelerating system,

A, adv,(e)
2gv,(r) de

dv, (t) 1  ah

= <0
dr \ 2gh,(0) At

L
2

as the depth h,(t) is decreasing over time so is the fluid velocity v,(t)
through the orifice. The velocity for this and other cases of this nature

is determined using Bernoulli's equation (Eq. 3.2.1) which is derived in
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Streeter and Wylie (1981, pp. 98-103),
(3.2.1)

- 2_.,2
Z,-Z,+ AP + V1TV =0.
Y 2g

Where P is pressure which we have not modelled, but discuss in section
5.3.

Having established our simple physical model, we are now able to better
establish our analogy for gravity, g, as the coefficient of external
influence, o. If we examine Fig. (3.1) at time t=0, the reservoir is full
of fluid and the orifice j has just been opened. Using our previous
analogies for the market situation we are presented with a population of
potential adopters, or non-adopters, to which a new product or innovation
is introduced at time t=0. What causes the fluid to flow, or members of
the population to adopt given no prior adoption or flow? According to Bass
(1969) and others, the impetus to adopt is caused by the influence of
change agents external to the social system which we have previously
referred to as the coefficient of external influence, o. In the case of
the fluid, the only force acting upon the fluid volume to force it to flow
is gravity, g. If we removed gravity no flow would occur. The single
reservoir system is akin to the External-Influence model where the
communication between members of the social system has no affect on the
rate of adoption. Only the influence of the external change agents, i.e.,
mass media, or in the fluid case gravity, affects the rate of diffusion.

3.3 Two Reservoir System
Fig. (3.2) illustrates the addition of a second reservoir to the system.
The two reservoirs are connected by a round conveyance, or pipe, of

constant diameter over its length.

Examining reservoir 2 independently, as it is being filled with fluid it
begins tc develop the same conditions, forces and depth of fluid, as in
the previous case. It is now important to discuss the depth of fluid being
relative to a datum line. When the two reservoirs are joined, combined
effects begin to occur. In this case where the reservoirs are on the same
elevation, reservoir I will not be able to completely empty. The system
will reach a point of equilibrium when Z, is equal to Z,, at the same point
in time where velocity ‘n the conveyance will be equal to zero (Fig. 3.3).
The question is; How are we be able to remove more fluid from reservoir 1

to reservoir 2?
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One solution is to reduce the elevation of reservoir 2, Fig. (3.3), so
that when 2, equals 2,, or the elevation head difference is equal to zero
(2,#0), and there is more fluid in 2 than in I. If we do not lower
reservoir 2 the system will not allow all of the fluid to flow from
reservoir ! to reservoir 2, i.e., a proportion of the population of non-
adopters will never adopt. This may be a valid situation, however, we
suggest that the potential for the process to reach completion should not
be a boundary condition, but should be captured in the parameters of the
model with regards to communication efficiencies and population
characteristics. We observe that the system potential is defined by the
relative position of reservoir 2 to reservoir ! or 2,(t), i.e., the final
cumulative number of adopters will occur where Z,(t)=2Z,(t) or where Z2,(t)=0,

regardless of the size of N'. N will only affect the rate of diffusion.

To this point we have developed a decelerating system that models the
external influences. The system, to include the internal influences,
requires a modification of the parameters to include a feedback system.
Ideally we prefer a system where reservoir 2 has some influence on the
rate of flow, thus, modelling the internal communication function that
Mansfield (1961), Bass (1969) and Gray (1973) examined. As addressed
earlier, the way to achieve this is by changing the elevation head
difference, 2, over time through a dynamic, time and space variant,
component which depends on the fluid volume in reservoir 2. Reservoir 2
must, therefore, be moveable so as to increase the elevation head

difference, 2, as the volume of reservoir 2 increases.

Fig. (3.4) shows the dynamic system. Reservoir 2 is placed on a spring.
The spring, in turn, is not restricted from moving in the horizontal
direction to avoid the added complication of lengthening the conveyance as

the spring compresses downwards.

3.3.1 Spring Characteristics

The magnitude of a force W required to deflect (compress) a spring (Fig.
3.5) is proportional, in the linear case, to the deflection §, of the
spring, W=kS, or the deflection of the spring is the quotient of the
force exerted on it and the spring constant, S,=W/k, in the linear case,

where k is the constant of proportionality.

The spring deflection may be a linear, Fig. (3.6a) or nonlinear function,
Fig. (3.6b) and 3.6c) of force W. This spring function, S,(W(t)), is

significant in our analysis as it will control the diffusion rate of the
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innovation due to the intefnal influence (¢ as illustrated in the Bass
{1969) model) and k, is a measure of the efficiency of the internal
influence or the effectiveness of the word of mouth communication upon the
characteristic population, i.e., the ability of the previous adopters to
convince the non-adopters to adopt. It is therefore essential that the
spring function be chosen to best represent the market situation.
Intuitively, we may choose a spring function that is concave, Fig. (3.6b).
This results in a spring that deflects substantially with initial loading
and increasingly stiffens with further loading. Or, we may choose a spring
function that is convex, Fig. (3.6c). This results in a spring that
regists deflection initially with applied incremental force, then deflects
at an increasing rate toward an asymptote. For the remainder of this
thesis we examine the linear spring case, so that S, (W(t)) = W(t)/k,

leaving the nonlinear instance for future research.

3.3.2 System Equations

Examining the forces at work in Fig. (3.4), at time t=0; reservoir [ is
full, W,(t) is at its maximum, reservoir 2 is empty, W.(t) is zerc, the
spring at 2 is completely uncompressed S,(W.(t))=0, where S5/(W.(t)) is the
deflection that the spring has undergone from its original uncompressed
state, i.e., how far reservoir 2 has moved vertically from its relative
position at time t=0. We model the conveyance diameter, at this level of
analysis, as constant over its length, therefore A, = A, which means that
the velocity in the conveyance, v,(t), is uniform with respect to its
length. Due to the uniform and frictionless nature of the flow, the
conveyance can be neglected analytically altogether. It is required, for
our purposes, as a boundary condition that only allows the fluid to flow
from reservoir ] to reservoir 2, i.e., for our purposes the conveyance's
only function is to ensure that fluid leaving reservoir 1 goes directly
and instantaneously to reservoir 2. This is analogous to assuming the
adoption process is instantaneous in accordance with the same assumption
underlying Bass's (1969) and the other models. Ideally, we can
conceptualize our system as two reservoirs without a conveyance and with
the condition that all fluid outflowing reservoir 1 at a velocity v,(t) and
with a volumetric rate of flow Q,(t) (which is the volume of fluid per time
period discharging through the orifice) through an orifice j of cross-
sectional area A, inflows into reservoir 2 with the same velocity and

discharge through an orifice of the same area.

At the instant that flow is allowed from reservoir 1 to reservoir 2 the

velocity in the conveyance becomes

21



v(£=0) =/2gh, (€=07=/29Z,(£=0) .

This condition only holds at time t=0 because this is the only time at
which 2,(t)} equals h,(t).

At time t+&t, Fig. (3.7), a certain amount of fluid has been transferred
from reservoir ! to reservoir 2 through the conveyance. The mass of this
fluid has caused the spring at reservoir 2 to compress and change the
elevation head difference an order of magnitude dependent on the spring

stiffness constant k.

As reservoir 2 fills or as h.,(t) increases, 2,(t) is falling and Z.(t) is
dependent on the spring function as to whether it is decreasing or
increasing. As the fluid depth hy(t) in reservoir 2 increases, the vertical
force W,(t) in reservoir 2 also increases, thus increasing the spring
deflection S,(W,(t)) in a downward direction. We then can determine a
number of equations for the system at any instant. The vertical force in

reservoir 2 is
(3.3.1)

W,(t)=yAh,(E) =yV, ().

The velocity in the conveyance and entering reservoir 2, assuming

frictionless conditions, is

(3.3.2)
and the volumetric rate of flow, or discharge, is
(3.3.3)

0,(6)=1J2gZ,(ET 1A,

where the discharge is eqguivalent to the product of the velocity through
the section and its cross-sectional area. And based on the conservation of
mass the discharge remains constant between any two sections in a system.

The spring deflection is assumed to be a linear function of force
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(3.3.4)

Sq(W, (£)) =k W, (E) .

The elevation difference can be expressed as
(3.3.5)

Z,(t)-Z,(E) =Z,(t) =h, (£) +S (W, (£)) ~h, (£) .

Substituting Eq. (3.3.1) into Eg. (3.3.4) we can determine the linear

spring deflection from the volume of fluid in reservoir 2.
(3.3.6)

Se(W, (£)) =k, yV, (£)

Substituting Eq. (3.3.6) into Eq. (3.3.5) results in
(3.3.7)

h (£)=2,(t) +h, (£) -k YV, ()

and rearranging Eqg. (3.3.2) to solve for the elevation head difference

(3.3.8)
v, (£)?
Z(t :..J_—.,
att) 25
then using Eq. (3.3.8) in Eq. (3.3.7)
(3.3.9)
v (t)?
hy(€) =L b, (£) ~k Y V; (£)
and solving for velocity,
(3.3.10)

v.(t)=/2gTh () -h, () +k yV,(E)T.
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3.4 Analysis of Two Reservoir System
3.4.1 Assumptions

We have made a number of assumptions in this model to simply the analysis;
1. There are no head losses due to friction, entrances and exits,
bends, etc.

2. There are no temperature effects.
3. Fluids are incompressible.
4. Inherent in this system is a period of conveyance between

reservoirs. In keeping with the assumption (i) (Section 2)
underlying the fundamental diffusion model which partially states
that in this and other analyses the adoption process is considered
to be instantaneous. In the future directions research we will
discuss how ocur model has the ability to supersede this assumption
as there are many cases in the market system where the validity of
the assumption is questionable. By reducing the system to a series
of free body diagrams we dispose of the conveyance altogether and
conceptualizing a velocity head that enters or exits a given
reservoir instantaneously. This is only possible in the frictionless
case where entrance and exit diameters were equivalent as was
discussed in a previous section.

S. The concept of a continuum holds.

3.4.2 Model Solution and Properties
In section 3.3 we determined an equation for the velocity of the fluid
influx into reservoir 2 using reservoir depths and a spring function.
Ideally we want to determine an expression for the volume in reservoir 2
at time ¢, V,(t), and how it behaves over time, dV,(t)/dt. To do so we are
required to convert the depths into volumes and the influx velocity into
the velocity of the free surface in reservoir 2. The depth in reservoir 2
is

(3.4.1)

A

h, (r) A,

We define the volume in the system to be V', where the volume in reservoir
1 at time t=0 is V'. Therefore at any time t the volume in reservoir ! can

be determined by
(3.4.2)

V() =V -V, (t) .
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Using the same logic and defining that the cross-sectional area of

reservoir ! is equal to the cross-sectional area of reservoir 2,
(3.4.3)

we can determine the depth of reservoir I at any time t to be
(3.4.4)

h (&) =h*-h ().

The velocity of the free surface in reservoir 2, v,(t), is the ratioc of the
orifice area to the reservoir area times the influx velocity, vi(t), into

reservoir 2, or
(3.4.5)

v, (£) =v,( t)-fil

A

Rearranging Eq (3.4.5) to solve for v,(t) and substituting it into Egqg.
(3.3.10)

(3.4.6)
, A,
vi(e)*=[v, () A 1#=2g(h, (&) +k W, () -h, ()] .
7
Use Eq (3.4.4) in Eg. (3.4.6)
(3.4.7)
Al . .
[v,(£) $21#=2g[h"-h, (£) vk (W, (£) ~h, (£)]=2g[h"+k ¥V, (£) ~2h, (£) ]

7

Knowing that any depth is determined by the volume divided by the cross-

sectional area we can state,
(3.4.8)

V‘
ht=——
A,
and using the relationship in Eq. (3.4.3) we can restate Eg. (3.4.8) as
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(3.4.9)

Substituting Equations (3.4.1) and (3.4.9) into Eq. (3.4.7) results in

(3.4.10)
.V ve v, (&)
£): £y2= —+k YV =2[—=—11.
v, (£) [Aj] 2g[A2+k5y (&) -2 A 1]
Rearranging Eq. (3.4.10)
(3.4.11)
i, Ajer v 2
In Eq. (3.4.11) let
- A 2
a—ZgIAzl (k.y Az]
and
A .
b=2glilyz[L—].
9[A2] [A2]
Therefore Egq. (3.4.11) becones
(3.4.12)

v,(t)=/aV,(£) +b.

The derivative with respect to time of the volume, V.(t), is the volumetric

rate of flow in reservoir 2,

dav, (t)
_______‘ ={J. = - CA—
gy (B =i (DA,
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hence,

1, av, (&) -

Vz(t)=[_AT, at aV2 t) +

<

and rearranging to solve for dt
av, (&)

A, /av,(e) +b

dt=

to prepare to integrate

1 1 1 o
=t+C= _— 4 = v.(t av. (t) .
[dt=t+c Azf TAGE dav, (t) Azf[,/‘—"(—S_'Ba ~{E) +B] ~1av, (t)

Solving the integral results in

and if we isolate V.(t) on the left hand side

al’ b

V, (€)= [t+Cl2-=,
= a

Using our initial conditions, at time t=0, V.(t=0)=0, we can determine the
constant of integration C to be

2
al

15

C=

2
Consequently our equation for V.(t) becomes

al,
4

t+/btl .

V. () =A, [

Substituting for a and b results in

A . .
=A. g - 7 <4 L
Vo (0) =A; [ [kvA, 2][A2]t: .lngzt],
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which is a gquadratijc in time whose results are plotted in Figs. (3.8},
(3.9) and (3.10).

Fig. (3.8) is concave and occurs when kyA<2. Fig. (3.9) is linear and

occurs when kyA.,=2. Fig. (3.10) is convex and occurs when k yA,>2.

Differentiating EqQ. (3.4.13) with respect to time results in a relation

of volumetric rate of flow and time,

dv, (¢t) A v
—_czjc—=02(t) =A;[glk,yA,-2] [T;] t+,l29A2] .

Dividing both sides by A. results in a relation of the velocity of increase

of the free surface of reservoir 2, v,(t), with respect to time,

v, ()= 2"' [glksyA,-2] [%—j] t+, ng.l '
2 2 e

which is a linear function of time and is plotted in Figs. (3.11), (3.12)
and (3.13).

(3.4.14)

The point of inflection of the V.(t) vs. t curve occurs where v.(t) reaches
its maximum, or analogously where the maximum rate of diffusion occurs.
The model is considered symmetric if the V.(t) vs. t curve after the point
of inflection is the mirror image of the curve before the point of
inflection. To determine the maximum value of v.(t) we take the derivative
of Eq. (3.4.14) with respect to time and set it equal to zero and solve
for t. The derivative of Eqg. (3.4.14) is
av,(t) A

Y S I I A -
——jgz——'-g[ Am] [kyA,-2],

which is a constant. With this knowledge and by examining Figures (3.8)
through (3.13) it is apparent that our model, in its present form, neither
kas a point of inflection nor is symmetric. It appears that the model has
some of the same properties as the external-influence model and behaves in
a like fashion from an output perspective. This is due to the
simplification of the model components to either constants or monotonic

+inear functions. Adding a more complicated internal-influence function to
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our model would result in curves more characteristic of the flexible
diffusion models that we outlined previously. We address the addition of
a4 non-linear internal-influence function further in the section § on
future directions and present a simulation analysis of the case in

Appendix A.

In order to facilitate a comparison of the fluid model to existing
flexible diffusion models we convert Eqs. (3.4.11) and (3.4.13) to the
generalized form frequently utilised in the flexible diffusion model
literature. Previously we defined F(t)=N(t)/N, in the fluid situation the
cumulative population of adopters, N(t), is represented by the volume of
fluid in reservoir 2, V,(t), and the finite population of the system, N,
is embodied by the fluid volume in reservoir ] at time t=0, V..

Therefore, using F(t)=V,(t)/V', we determinc the generalized diffusion
model, where the proportion of adopters is

(3.4.15)

F(t)z/at—lgktz,

and the diffusion rate is

arF(e) _ -
——EE—-—Jofi QF(t)].

Where the external influence is

A,

A{] [7§*
2

o=[2g—<
7 |4

and, in the case of a linear spring function, the internal influence is

d=[2-k_vA,] .

At this point we shall again examine the fluid-market analogies of the
parameters in the above equations and more importantly their

characteristics when used in combination.

Parameters:
1. g In a physical system it represents the acceleration due to
gravity, i.e., the rate at which any falling object
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accelerates due to the action of the force of gravity. In our
analogy we consider it to be the efficiency and/or
effectiveness with which the forms of external communication
( mass-media, salespersons, etc.) actually induce individuals
within a population of potential adopters to purchase an
innovation. In its present form, the fluid model has assumed
g is constant, however, in future research we may determine it
to vary over the diffusion process.

Represents the cross-sectional area of the fluid
exit/entrance/conveyance. To simplify this analysis we have
held A, constant, when in fact it could be varied over the
length of the conveyance, in either a smooth or abrupt manner,
in the real fluid condition. We presented A, as an attribute
of the product or innovation which is being introduced to the
social system which either entices or discourages adoption. A
fluid system with a conveyance of larger cross-sectional area
will have a faster rate of flow than the same system with a
conveyance of smaller cross-sectional area. Similarly, an
innovation, introduced to a social system, that is inherently
more desirable will have a greater rate of diffusion than an
innovation of less desirability introduced to the same social
system, all other things being equal. A, can be envisioned as
the coefficient of "product fit"” for a specific social system.
As the coefficient of product fit increases so does the rate
of diffusion. In the future research section we discuss the
modification of A from a constant to a function as controls
are introduced into the process. These controls may encompass;
supply and demand restrictions, product pricing, incentives,
distribution, and the like.

The volume in reservoir ] at time t=0, or the finite
population of the social system. Fundamental diffusion model
assumption (ii) (section 2) states that there is a fixed
ceiling on the number of potential adopters, thus V' is finite
and constant. In reality potential adopters frequently enter
and exit the social system. Therefore, it may be valuable, in
future analyses, to make V' a function of time.

The cross-sectional area of reservoir 2. We have specified
that the cross-sectional areas are equal, A4,z4,, and are
currently constant. Intuitively we can compare the cross-
sectional areas of the reservoirs to the characteristics of
the population of the social system. When the crogs-gsectional
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area is constant the population may be considered homogenous,
and when A, and A, are functions of time or adoption level,
i.e., cross-sectional area varies with depth, the population
is heterogeneous. Whether the heterogeneity of the population
has a positive or negative effect on the rate of diffusion

depends on the function of the area. This was an area of

research in diffusion theory that was examined by Chatterjee
and Eliashberg (1990) who postulated that individual adoption
times are an explicit function of the characteristics of
potential adopters. Their resulting aggregate model
consequently incorporated a micro-level behavioral basis to
describe the innovation diffusion process in a heterogeneous
population.

The spring coefficient describes the spring stiffness, or it
converts an imposed load to a magnitude of spring deflection.
In a market sense, k can be visualized as the effectiveness
and/or efficiency of internal or word-of-mouth communication
in convincing a potential adopter to adopt a new product or
innovation.

The unit gravity force is the product of the density of the
fluid and the acceleration due to gravity, y=pg. In a physical
system it represents the force per unit volume that a fluid
imparts on its surroundings. Previously, we deduced that the
density of a fluid was analogous to the "packing” of a social
system, either from a physical or technological perspective.
If the social system is loosely packed the communication of
word-of-mouth information, regardless of the effectiveness of
the message, is more difficult. Conversely, if the social
system is more densely packed the interaction of potential and
prior adopters takes place more frequently and thus internal

communication occurs more readily.

Products and Ratios:

Given the preceding analogies of the individual properties of the physical

system, we proceed to rationalize their combined effects.

1. k.yA,

2. A/A,

The internal factor is the product of the effectiveness of
word-of-mouth/internal communication, packing/density of the
population, and the characteristics/homocgeneity of the
population.

The product fit ratio is the quotient of the innovation

properties to population characteristics. 4 could also include
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some function representing market controls.

3. gA,/V’ The potential energy of the physical system is akin the
effectiveness of the mass media message multiplied by the
ratio of innovation characteristic (combined with market
controls) to finite population size.

Mahajan, Muller and Bass (1990) raise three questions regarding the Bass
(1969) diffusion model which we described in a previous section as the
three key issues. Does our model represent the three key issues of a
diffusion process; unbundling of adopters, communication channels, and
individual adoption decision?

The fluid model represents the unbundling of adopters through its
structure. It was developed in a way such that its components were
conceived with the primary adopter categories in mind. When we formulated
the model in this paper we did so in a step-wise manner to illustrate that
the system on its own was insufficient to adequately represent the
characteristics of the diffusion process. To satisfactorily model the
diffusion process we had to impose a specific set of boundary conditions
coupled with a number of assumptions, i.e., a spring, frictionless flow,
etc. We could not develop the paradigm without otherwise reverting to a
probabilistic system. This is the reason that we chose fluid dynamics as
the medium with which we investigated the innovation diffusion process,
accepting Rogers' (1983) assertion of adopter categories as valid, fluid
dynamics allows us to assemble an array of components to model a solution
just as it does in the field of hydraulics. So to answer the question
regarding the unbundling of adopters we return to the development of the
fluid model in section 3. At the beginning of section 3.3 we described a
two reservoir model without a spring. The flow from reservoir [l to
reservoir 2 was due to an elevation head difference, Z,, upon which the
force of gravity, g, acted. This system had a constantly decelerating rate
of flow to a point where the elevation head difference was equal to zero.
This system behaves in a fashion very similar to that of the External
Influence model. The fluid model without the spring does not permit
reservoir 2 to move vertically. We state that the volume in reservoir 2,
when 2,=0, is analogous to the adoptions due only to external influence or
innovation. In section 3.3, we added the spring, enabling the prior
adopters to have an effect upon the system. Thus, modelling communication
between prior and potential adopters, or imitation. The fluid model by the
nature of its construction unbundles the adopters into innovators and
imitators, perhaps not to the same degree as did Rogers (1983) but with
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the addition of a more complicated spring function and controls to the
system the potential to do so is possible.

The next issue Mahajan, Muller and Bass (1990) considered was the
communication between adopter categories, i.e., the communication between
innovators and imitators. Tanny and Derzko (1988) proposed that both
Innovators and Imitators are influenced by mass-media communications. The
fluid model makes the same proposition, we could visualize the system
composed of pure innovators, pure imitators, and a group of imitators that
require both the internal and external influence to adopt. This suggests
a multiplicative effect of the external and internal influence which is
demonstrated by the fluid model. In Eqg. (3.4.15) the first term is the
pure innovation effect and the second term is the combined internal and
external imitator effect. This second term varies from combined internal-
external to a pure internal term as the spring function fluctuates.
Therefore, the fluid model represents the similar communication channels
to the Bass (1969) model and other flexible diffusion models with the

addition of the combined external-internal influence.

The final issue is that of the individual adoption decision. Like the Bass
(1969) model, the fluid model does not explicitly demonstrate the adoption
patterns of the individual at the present level of analysis. To do so
would require a molecular level analysis of the pa*tterns of flow within
the system, which is possible but beyond the scope of this thesis.
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Figure 3.2 Two reservoirs connected by a conveyance.
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Figure 3.4 Addition of a spring to system, time t = 0.

35



w
8,
[ ——counnl
——— ]
[ ——eenl
Figure 3.5 Spring deflection.
sd Bd S,
‘ k,
w w
(a) linear ({b) nonlinear, concave
84
/

w
(¢) nonlinear, convex

Figure 3.6 Selected spring functions.
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Figure 3.8 Vo/lume vs. time, concave.
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Figure 3.9 Volume vs. time, linear.
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Figure 3.10 Vo/lume vs. time, convex.
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V:(t)

Figure 3.11 Velocity vs. time, accelerating.

v.(t)

Figure 3.12 Velocity vs. time, constant.
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V.

v.(t)

Figure 3.13 Velocity vs. time, decelerating.
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4. Flexible Diffusion Model Comparison

Flexible diffusion models have the advantage of capturing penetration
patterns that are symmetric as well as nonsymmetric with no restrictions
on the point of inflection. However, among all the models reviewed briefly
in section 2.1; Floyd (1962), Sharif and Kabir (1976), Jeuland (1981),
Easingwood et al. (1983), and Von Bertalanffy (1957), only the Von
Bertalanffy (1957) model expresses the number of adopters as an explicit
function of time, which is desirable for long-term forecasting.

Flexible diffusion models allow the generalized S-shaped, or logistic,
diffusion curve to be symmetric as well as nonsymmetric, with the point of
inflection responding to the diffusion pattern instead of being determined
a priori. Although these models can be calibrated, they require the
estimation of additional parameters. Hence, all flexible diffusion models
achieve their flexibility by requiring estimation of additional
parameters. As a consequence of their flexible nature, though, it 1is
pessible to develop a taxonomy of diffusion patterns because the models
produce diffusion curves that mirror, rather than force, the shape of the
underlying diffusion data. Despite the increased flexibility for capturing
diffusion patterns, flexible diffusion models are also characterized by

the same seven assumptions underlying the fundamental diffusion model.

Similarly, our model involves the estimation of a larger set of parameters
than the fundamental diffusion model. The parameters at the highest level
only involve the estimation of the external and internal influences, but
in turn these parameters require the estimation of market and product
characteristics that at present involve only constants. In the future the
characteristics may be functional in form. We see a comparable form in the
Easingwocd et al. (1983) NSRL and NUI models in their treatment of the

impact of the internal influence as a function of adoption level.

The major criticism of the fundamental and flexible diffusion models is
that they are of little use to agencies interested 1n diffusing an
innovation because thzy consider diffusion as a function of time only. The
strategies employed by an agency to diffuse an innovation are not
explicitly included in the models, thus inhibiting the evaluation of the
effect of different strategies on innovation diffusion. Our model, through
the nature of its development, has the capability of simulating many
diverse influences through the addition of components to the physical
model as we briefly discuss in the following section on future directions.
For example the influence of diffusion strategies could be modelled as an
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external pressure function which could either "push” or "pull" €£luid
through the system varying with adoption level or time.

Compariscns of the fundamental and flexible diffusion models to this
initial fluid paradigm reveal that the physical model, at this level of
investigation, does not exhibit the degree of flexibility of the
archetypes. Regarding the unbundling of adopters, the flexible diffusion
models exhibit the normal distribution shape of the non-cumulative
adoption curve as suggested Ly Rogers (1983) as a criterion for the
indication of unbundling. However, as our model is unable to generate this
form it does not meet the criterion. We could argue that the physical and
component nature of our model allows us to describe the adopters in terms
of those affected by only the external influence and those affected by the
combined impetus of the external and internal influence, as we detailed in
a previous section. Nonetheless, if we can not describe the unbundling of
adopters neither mathematically nor numerically we can not support an
assertion that our model represents such a claim. This is a serious and
fundamental limitation of our model in its present form. To demonstrate
the fluid model we present the following comparison of our physical
paradigm to the Bass (1969) model. Sultan, Farley and Lehmann (1990)
performed a meta-analysis of 213 applications of diffusion models from 15
articles and determined coefficients of innovation averaged .03 and
coefficients of imitation averaged .38. For the purposes of this example
we will assume that o0=.03 and ¢=.38 for the following equations;

1. Fluid Model

F(t) =\/6c—"T¢’ £,

and

- = 1-9F(t) ;.
31 g )

2. Bass (1969) Model

l_e-(a'tblt

F(t) = .

1 +._@.e‘[°’¢]f
ag
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and

arF(t)

—=[o+F() ] [1-F(e) ],

In the above equations F(t) represents the proportion of cumulative
adoptions and can not be greater than 1. Table 4.1 is a compilation of the
results of the equations when applied to a certain period of time using
the influence coefficients determined by Sultan et al. (1990). Figures
(4.7; and (4.2) are plots of the function of proportion of cumulative
adoption over time for the fluid and Bass (1969) models respectively.
Figure (4.3) is a plot of the function of the generalized diffusion rate
over time for both the Bass (1969) and fluid models. It is clear from even
a cursory inspection of Table 4.1 and Figures (4.1), (4.2) and (4.3) that
the fluid model does not demonstrate the degree of flexibility of even the

fundamental diffusion model.

With respect to the decision of the individual adopter versus that of the
aggregate market, our model makes no claim as to a further understanding
or explanation of this area or research. To do so would require an
analysis of the model at the molecular level, violating our assumption of
the fluid continuum. An analysis which is beyond the scope of this thesis.
It is important to note that neither the fundamental nor the flexible
diffusion models address the individual adoption decision process but

emphasize the total market response.
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Figure 4.1 Graph of fluid model, proportion vs. time, F(t) vs. t.
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Figure 4.2 Graph of Bass model, proportion vs. time, F(t) vs. t.
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Model Comparison
Diffusion Rate vs. Time
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$. Puture Directions
We briefly discuss four possibilities for further refinement and extension
of our model.

$.1 Nonlinear 8pring Function

As our research has indicated the degree of flexibility of our model in
its present form is limited due to the monotonic form of the internal
influence or, in the physical model, the spring function. Further analysis
of this model with a nonlinear spring function is required to develop a
model with a greater degree of flexibility. Appendix A uses a spreadsheet
simulation model that replaces the spring with a mechanism that behaves

according to the function;

Sy, (£)) =k [ [yV W, (£)] -w, (£)=]
For a more detailed examination see Appendix A.

The results of the analysis of this more complicated internal influence
indicate that we can obtain a logistic shaped cumulative adoption curve
and a diffusion rate curve that resembles a normal distribution. The
difficulty rests in the complicated mathematical determination of the
cumulative adoption and diffusion rate equations, so we created a
spreadsheet simulation that models the diffusion process.

§.2 Substitution Model

Future research may include a model of the release of the next generation
of an innovation, where we would have a three population model; non-
adopters, incumbents and entrants. In this case the entrant innovation
would be defined as a substitution of the incumbent innovation as
investigated by Nault (1993). We would simulate this substitution model by
adding a third reservoir to our physical representation. Due to analytical
tractability, results of higher order differential equations, and
difficulty in making comparisons between general solutions, Nault (1993)
suggested an opening for numerical analysis or simulation using a physical

science model.

5.3 Modelling Controls
A more in depth analysis of the physical representation would include the
introduction of controls to the system. These controls would involve the

introduction to the system of:
1. Pressure. As an external control, an induced pressure would enable
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us to study the effect of attempting toc push or pull more fluid
through the system. We could accomplish this by sealing both
reservoirs and imparting a positive or negative pressure head to the
space between the seal and the fluid surface. This would allow us to
push or pull fluid through the system from either, or both,
reservoirs depending on the desired effect. We could use pressure to
model a variety of pricing policies.

2. Valves, reducers, and expanders. These controls would allow us to
vary the orifice/conveyance diameter by some function determined by
the innovation and population characteristics. With these controls
we could model supply and demand restrictions and innovation
enticement or doubt characteristics,

3. Variance of the reservoir cross-sectional area with depth. Rather
than utilising reservoirs of a constant cross-sectional area we
suggest that future research could model the changing
characteristics of a population over the duration of the diffusion
process as a reservoir of a varying cross-sectional area over its
depth such as a funnel or a cone. This control may allow us to
examine the effect of the varying characteristics of the individuals
adoption decision on the diffusion process for a given new product

or innovation.

5.4 Real 8ystem

An ideal fluid is both incompressible and inviscid. No such fluid actually
exists., An ideal fluid is a conceptual model which is adopted to simplify
the mathematical treatment of fluid flow. In our model we have
conceptualized the diffusion process as an ideal fluid system,
frictionless and incompressible. Future research may involve developing a
real fluid system by introducing head losses due to friction and
compression. The introduction of friction to the model can be used to
simulate a time interval for an adoption to transpire, i.e., a time to
implementation. Friction forces would slow the rate of fluid transfer
similar to the time to implement slowing the diffusion rate. Friction
would manifest jitself as a head loss term in the initial mathematical
formulation of the model. The head loss term would include a coefficient
of roughness for the various conveyance materials. The coefficient of
roughness is analogous to the relative ease, or difficulty, with which an
innovation is implemented.

5.5 References

Nault, B. R. (1993), "Release of the Next Generation of an Industry I10S”,

Working Paper, University of Alberta.
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6. Summary

In this thesis a model representing the time pattern of durable purchases
is developed which incorporates not only the internal and external
influences but the components that constitute the influences. The basis
for this model is that the innovation diffusion process behaves similar to
a physical science system. In particular, we hypothesized that the
innovation diffusion process is analogous to a fluid flow system. More
important to the analysis is the nature of the model development which is
rooted in process engineering. First, we assume that the population of the
social system functions akin to a fluid, i.e., the behaviour of the
aggregate population, in regards to its adoption patterns, exhibit
properties coinciding with fluid characteristics. Second, given the
previous research in the field that asserts that the diffusion process is
composed of both an internal and external influence, we .assembled a
"process train” or model that exhibits these influences and allows us to
study the relative effects of each influence and their components. This
research, albeit based on literature that has been thoroughly investigated
by others, is a departure from previous examinations of the subject and is

in its initial stages of development.

The results of this research indicate that our model does not demonstrate
the degree flexibility as the other diffusion models discussed earlier in
this thesis. Our fluid model, in its present form with a linear feedback
function, only has the ability to manifest the diffusion process as a
convex to concave function. This is due to the simplified nature of the
components of the fluid system which enabled us to develop the
mathematical model with relative ease. As we demonstrate in Appendix A,
the addition of a nonlinear feedback function allows the model to exhibit
the various forms of the diffusion curves, from linear to logistic, like
the other flexible diffusion models. While this model may not have
realized the initial success we anticipated, it does motivate avenues of
future research, discussed in the previous section. The research, through
the physical analogies, demonstrates the components of the diffusion
process. The use of the process train as a means of developing a physical
model allows us to identify the components of the system through their
interaction in the fluid model, i.e., we identified the influence of the
product and market characteristics in the diffusion process through the

analogy.
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APPENDIX A

In this section we present the results of a fluid model with a spring that

behaves in a nonlinear fashion. The spring function we have selected is
(A.1)

Sy(W, (&) =k [yV'W,(£) -W, (t)*],

The results of which are plotted in Fig. (A.4) for the simulation which is

detailed in this appendix.

Depending on the value of k this functional form of the feedback apparatus
results in a final diffusion rate that behaves similar in form to the Bass
and other flexible diffusion models. As k, approaches 0, the feedback
system has a decreasing effect on the system, and the model will behave
similar to the External Influence model. As k positively diverges from 0
the feedback system has an increasing influence on the model which
generates the logistic or S curve which we have seen in the other flexible
diffusion models. The ability to demonstrate various forms of diffusion
patterns is an indication of the increased degree of flexibility that the
addition of the nonlinear feedback system has achieved. We have referred
to the spring function as the feedback system because of the complexity of
the mathematical form does not in fact exist in the physical spring realm.
Therefore, some more complicated physical feedback system would be
required, i.e., a hydraulic cylinder with a computer actuator.

The mathematical development of our model now with a nonlinear feedback

function follows, reiterating Eq. (3.4.6) ]
(A.2)
) A, . ‘ .
vi(e)i=[v, () A_J=2g[h1(t)+sd(wz(zt))-hz(t)J,
7
and substituting Eg. (A.l}) into Eq. (A.2) results in
(A.3)
v <= 12202 Lag) kv v ()8 (22 —kyi vl v, (6) -
: A, st Ve A, s 2 A,

5
7 pos <
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Rearranging Eg. (A.3) results in

(A.4)
. . 2-k y:A V! .
v, (€)= (-ﬁld[-zgksyd][vz<c>~'+[_.5$_*,&_.1vg(c)——-‘—’,,—1.
A, koy4A, ' k.Y A,
Let
A ]
b=\J [R21°(-29k.y°] .
Rearranging Eg. (A.4) in anticipation of integrating
(A.S)
2-k YAV . . 2-k_y:A V" .
v, (&) =[b] | (v, (0) - 225s¥ 2a? ge (VI 2TEYBaT ey
: 2k YA, kYA, 2k YA,
Set
-k viA V"
11-‘:[{/2([7)4»_2.__3!_&_‘/_]‘1
ZR¥7A,
and

Ve 2=k YAV
k.y"A, 2k, y°A,

Therefore,

Since
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Consequently
dv, (t)
dc=____;_7__7,
A.bjus-a*
and

1
e =1 2_427 Z
fcc-uC-Azbf[u a?]l <dadv,(t).

Integrating results in

£+C=—2 [In|u+yu?-a*

ALb

1.

Substituting back in for b, u, and a results in

2-k ¥EA VT
C+C=._____l____[lrl|‘/2(t)+—sYﬂ_“__.
Ay \/-29K, 2k YA,
2-k Y¥*A. V' . . 2-k YAV
AT Rt A ) S /AR Y 227 gz,
2k YA, k. v A, 2k YA,

The isolation of V.(t) involves some complex mathematical manipulations
beyond the scope of this thesis. We therefore developed a spreadsheet
simulation that allows us to model the diffusion process with the specific
nonlinear feedback function of Eq. (A.l). The program was created using
the internal macro functions of LOTUS 1-2-3 version 2.2. The following
pages contain; the program, a simulation run, and the graphs of cumulative
adoption vs. time and the diffusion rate vs. time. The results indicate
that future research in this area will result in a model with an increased
degree of flexibility as demonstrated by the S-shaped curve of Fig. (A.2),
and the bell-shaped diffusion rate curve of Fig. (A.3). Fig. (A.4) is the
graph of ¢the feedback function, Eq. (A. 1), for this particular

circumstance.
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The equations used in the simulation are listed below:
Time,

t:uz Cn-l"A t

Velocity in the conveyance,

V5,=\29Za,

Reservoir ] datum height,

Zln=zln-1- [hln-l-hln]
Depth of fluid in reservoir I,
c
h. =h -2t A ]
1, 1, A?.
Volume of fluid in reservoir 1,
v, =h, A

Elevation head difference,

Reservoir 2 datum height,

Downward force in reservoir 2,

W, =h, YA,
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Spring deflection,

Sa, =k Llyviw,]-[w,*]]

system discharge,

Qn:vj,,AJ
Resgservoir 2 surface velocity,
v, = ©n
= —
n A2
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PROGRAM [{VAR}
8

{TM.E
{INTT}
{FOR CNTR.1,200.1,MAIN}

VAR {HOME}
MWGFF2~
{GETLABEL "ENTER SIMULATION TITLE: * A1 }{D 2}{R}
/GROF?NES(GETNUMBER *ENTER GAMMA VALUE: *,C3}/RNCGAM ~ C3~ (D}
a~ -~
Lambde 2~ {GETNUMBER "ENTER LAMBDA 2 VALUE: *.C4}/RNCLAM2 ~ C4 ~ {D}
g;(GEGT;JUMBER *ENTER ks VALUE: *,C8)}/RNCK8 ~ C5§ ~ {D}
' -~ -~
oa‘;'(:GETNUMIER *ENTER g VALUE: *.C6}/RNCG ~ C8~ {D}
/RFF3~C8~
Lambds |~ (GETNUMBER *ENTER LAMBDA j VALUE: *.C7}/RNCLAMJ~ C7 ~ {O}
Deits t~ {GETNUMBER "ENTER TIME STEP VALUE: *,C8)/RNCDELT~ C8~ (D 2}{L}

{RETURN}

TIVLES [{GOTOJAIA™~

Time ~ {R)'lgv. ~ {R}Depth ~ {R}Vel. ~ {R)Elev. ~ {D}DIN. ~ {R}{U}Elev. ~ {R}Depth~ (R}

Vol.~ {R}Foree ~ {R}8pring ~ {D}Def. ~ {R}{U}Vel.~ {R}Disch. ~ {R}Vel.~ {R}Prptn. ~ {D 2H{END){L}

t~ {R}Z1 ~ {R}h1 ~ {R)V1 ~ {R)2d ~ {R}Z2 ~ (R}h2~ (R}V2~ {R)W2 ~ {R}8d ~ {R}vj~ {R}Q~ {R}va~ {R}F ~
{U 2){END}{L)}/RLC{D 2){END}{R}~

[{RETURN}

INIT [{GOTOYATS~

0~ {R}{GETNUMBER *ENTER INITIAL Z1 VALUE: *813}{R}+D13/LAM2 ~ {R}

{GETNUMBER "ENTER INITIAL V1 VALUE *,D13}{R}+C13-G13~ (R}

+B13-C13~ {R}+H13LAM2~ {R}{GETNUMBER "ENTER INITIAL V2 VALUE: *H13}{R}
+G13°GAMPLAM2 ~ {R}+K8*((GAM*$0$13°113) - (113 ~ 2)) ~ (R}

@SQRT(E13927G) ~ (R} +K13*LAMJ~ {R}+K13*(LAMULAMZ) ~ {R} +H13/8D813~ (GOTO}A14~
| (RETURN}

MAIN +{U}+$DELT~ (R} + {U}-({UHR} - (R} ~ {R}+ {U} - (({U} {R 9}/SLAM2)*SDELT)~ (R} + {L}*SLAM2~ {R)
+{L2)+{RS8}-{R 2} ~/RNCZD~ ~ {R}+{L 4} ~{L}~ {R}+ {U}+ (U}{L 4}-{L 4}~ {R}

+{L}*'SLAM2 ™~ {R}+{L 2) *SGAM*SLAM2 ~ {R}+$KS*((§GAM*SD$13* (L)) - ({L} ~ 2)) ~ {R}

@SQRT({L 6)}*2°$G) ~ {R}+{L)}*SLAMJ~ (R} + {L}/SLAM2 ~ {R} +{L 6)/8D8$13~ {D}{END}{L}

{IF 2D <=0}{U}/RE(END}{R) ~ (FORBREAK)

/ANDZD~

{RETURN)

Figure A.1 Simulation program.
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Nonlinear Simulation
Proportion of Cum. Adopters vs. Time
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Figure A.2 Graph of proportion vs. time, F(t) vs. t.
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Diffusion Rate v2

Nonlinear Simulation Arrenoxa
Diffusion Rate vs. Time
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Figure A.3 Graph of diffusion rate vs. time, v,(t) vs. .
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Nonlinear Simulation
Feedback Function vs. Force
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Figure A.4 Graph of spring deflec. vs. force, S, vs. W,.
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