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Abstract

Scholars have developed a range of qualitative and quantitative models for
generalizing the dynamics of technological innovation and identifying patterns of
competition between rivals. This thesis compares two predominant approaches in
the quantified modeling of technological innovation and competition. Multi-mode
framework, based on the Lotka-Volterra equation barrowed from biological
ecology, provide a rich setting for assessing the interaction between two or more
technologies. A more recent approach uses System Dynamics to model the
dynamics of innovative industries. A System Dynamics approach enables the
development of very comprehensive models, which can cover multiple
dimensions of innovation, and provides very broad insights for innovative and
competitive landscape of an industry.

As well as comparing these theories in detail, a case study is also performed on
both of them. The phenomenal competition between two technologies in the
consumer photography market; the recent battle between digital and film camera
technology, is used as a test case and simulated by both models. Real market data
is used as inputs to the simulations. Outputs are compared and interpreted with
the realities of the current market conditions and predictions of industry analysts.
Conclusions are derived on the strengths and weaknesses of both approaches.
Directions for future research on model extensions incorporating other forms of
innovation are given, such as collaborative interaction in SME networks.
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1. Introduction

Technological innovation has been the most powerful thrust behind economic growth and rising
standards in our quality of life. In the last century industrial growth and GDP of many nations has been
rising at an unprecedented pace, especially in industrialized and emerging nations, which were
successful in adopting open-market and free-trade policies and practices. In open markets, firms
compete with their products and services depending on their superiority and attributes such as quality,
performance, flexibility, cost, or timing. Innovation activities, both inside and outside of firms, are
significant determinants of these attributes, and the success or failure of firms [Suarez 2003]. Recently,
examining these activities and modeling the dynamics of innovation, both qualitatively and
quantitatively, has received significant attention by many scholars, and institutional researchers. As
research in this area reveals more about the dynamics and determinants of success or failure in open
markets, the findings will have significant impact on developing better policies, and setting the course
for sustainable growth by regulators of established markets and new adopters, and accumulating a
valuable knowledge base for the guidance and betterment of players in the open market arenas [Dosi

1982].

This thesis’ focus is the comparison of two methodologies, Lotka-Volterra and System Dynamics, used in
the quantified modeling of technology industry dynamics. It builds on decades of research and the work
of Abernathy, Clark, Pistorius, Utterback and Weil. The framework for multi-mode interaction among
the technologies of Pistorius and Utterback not only identifies different forms of technological battles
between competing technologies, it also provides a numerical solution model based on differential
Lotka-Volterra equations for n-numbers of technologies [Pisterious and Utterback 1997]. Their unique
framework captures the reality that interaction between technologies is not always confrontational. In
fact this interaction can manifest itself reciprocally when one technology may either enhance or inhibit
another technology’s growth. In their work three possible modes of interaction exist, pure competition
where both technologies inhibit the other’s growth rate, symbiosis where both technologies enhance
the other’s growth rate, and predator-prey interaction where one technology enhances the other’s
growth rate, but the second inhibits the growth rate of the first. The muiti-mode framework with model
formulation for simulation provides one of the richest frameworks for examining the interaction of
technologies. Multiple modes, further account for the transitionary effects as the interaction between

the technologies transgresses from one mode to another, with time.



Recent work of Weil and Utterback captures and analyzes the fundamental dynamics of innovative
industries within a System Dynamics model. System dynamics is an approach used to understand the
behavior of complex systems over time. It deals with internal feedback loops and time delays affecting
the behavior of an entire system. What makes using system dynamics different from other approaches
to study complex systems is the use of feedback loops, stocks and flows. These elements help describe
how even seemingly simple systems display baffling nonlinearity. In their work, Weil and Utterback
selectively reviewed the literature, and identified fundamental dynamics as the sources of innovations
and their impacts on firms, markets, and industries, such as entry exit of firms, experimentation and
innovation, technology evolution, improvements in cost and performance, emergence of standards and
dominant designs, adoption of new technology, network effects, development of a mass market, market
growth, market saturation, intensity of competition and commoditization. They created conceptual
models capturing these dynamics and then converted them into System Dynamics simulation models

representing two competing technologies. The simulation results approximate many actual cases.

In order to provide a common base for comparison, in this thesis we chose two distinct technologies in
the photography market, which have been in competition since early 1990s. Digital and film camera
technologies excluding camera phones are our choice for this particular case. When Kodak’s first digital
camera appeared on the market more than a decade ago, it was perceived as more novel than practical
for both professional and amateur photographers. Prices were well above the thousands, image
resolution and quality was poor, and the cameras were bulky and inconvenient to use. Over time as key
performance metrics drastically improved, and many new entrants rushed into emerging market, each
year hundreds of new models flooded the mass market, rapidly melting the dominance of film based
cameras. After a two decades transition period, many industry analysts agree that the technology
transition is over, and the only question remaining is whether film cameras can stay forever in with, may

be one or two niches, or will they only be staged in technology museums.

Outline
In the second chapter we summarize key concepts and models in technological innovation. We reviewed

the literature and major contributions to the field. Focus areas include, technological innovation,
emergence of dominant design, patterns of emergence in disruptive innovations. We overview
predominant examples in technology history, such as the evolution of the printing business, and hard

disk drive industry. Then we highlight marketing frameworks such as technology diffusion and lead user
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innovation. We also examine product architecture by relating it to industry structure, and reviewed

essential frameworks, developed by world renowned scholars.

In chapter three, we dive into the details of the Lotka-Volterra model, and its formulation. We drive its
numerical solution and explain in detail its use in the multi-mode framework of technology competition.
Similarly in chapter four we explain the details of the System Dynamics model which is developed for
simulating the dynamics of innovative industries. Although we go through the conceptual models in this

chapter, the details of simulation model are placed in the Appendix for user’s review.

in chapter five, we compare the outputs of both models in detail. First the outputs of System Dynamic
model are presented. System dynamics model provides us with a rich portfolio of results in several
attributes of technology competition. For the simulation of the Lotka-Volterra model, we go step by step
through how the numerical solution of the model is implemented in a spreadsheet and its linear
optimization package is used to generate optimal parameters in order to do best curve fitting on the
actual data. Later, the model with optimized parameters is used for predicting future dynamics of

competition between two technologies.

In chapter six, we discuss two models, and the results of camera market case study. We not only
compare the simulation outputs, but also incorporate the findings and research of media, industry
articles, and analysis reports of market research companies in order to reflect on real market conditions,

in each compared dimension.

In the last chapter, we drive conclusions out of this study and suggest future areas of research.
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2. Overview of key concepts and models in technological innovation

Innovation and industrial evolution
The model proposed by Abernathy and Utterback captures the dynamics of the rate of major innovation

over time within an industry. This model cuts through two dimensions: 1) the components of product
innovation, process innovation, competitive environment and organizations; and 2) the life cycle of the

industry, itself.

The model characterizes the evolution of an innovative industry in three phases; fluid, transitional, and
specific. These three phases are associated both with rate of innovation and the underlying dimensions
of the product, process, competition, and organization. The dynamic model of the rate of innovation and
the significant characteristics of each phase, as they apply to product, process, competition and

organization, are presented in figure 1.

Fluid Phase
In the fluid phase of a technology’s evolution, the rate of innovation is very high and rapid. The

technologies in the market are usually, crude, expensive, and unreliable. Uncertainty defines user needs
and new technologies worked on. Functional product performance is the main basis for competition
among competitors in the industry, which usually has an entrepreneurial character. Importance of
Intellectual Property is very high as propriety technologies are firms’ core resource for capturing and

improving market share.

Process innovation takes secondary attention at this stage. Frequent changes in product design, features
and characteristic, uncertainty in technologies and market conditions, relatively small and fragmented
market sizes, high profit margins caused by proprietary technologies do not provide enough motives for
investing in process innovation. Manufacturing requires high flexibility, which can be best attained by a
skilled labor force, conducted in small scale plants, and generally located close to the source of the

technology.

Organizations are usually smaller in size, informal, and entrepreneurial. Competitors are few but
growing in number and size as the market grows. Entry barriers into industry are low and the number of

firms rapidly increases as the market signals prospects of growth and profit.
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Product innovation

Process innovation

Fluid phase Transitional Specific phase
phase
Product From high variety, to dominant design, to incremental
innovation on standardized products
Process Manufacturing progresses from heavy reliance on skilled

labor and general purpose equipment to specialized

equipment tended by low-skilled labor

Organization

From entrepreneurial organic firm to hierarchical
mechanistic firm with defined tasks and procedures and

few rewards for radical innovation

Market From fragmented and unstable with diverse products and
rapid feedback to commodity-like with largely
undifferentiated products

Competition From many small firms with unique products to an

oligopoly of firms with similar products

Figure 1 The dynamics of innovation®

! Utterback, J.M., “Mastering the dynamics of innovation”, HBS, p. 91, 1994
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Transitional Phase
As the market grows, acceptance of a dominant design by the market will take place. As market

characteristics and user needs are better understood, products and innovation start to converge into

certain areas, which become more certain.
Concept of dominant design

The term dominant design was first coined by the work of Utterback and Abernathy, to signify

the emergence of a dominant technology in an industry.

A dominant design in a product class is the one that wins the allegiance of the marketplace, the
one that competitors and innovators must adhere to if they hope to gain significant market
share [Utterback 1994]. Usually, the dominant design takes the form of a new product by the
fusion of individually technological innovations introduced interdependently during the fluid

form of an industry.

During the recent history of computing, the emergence and dominance of the IBM PC is a
predominant example of dominant design among all other alternative PC designs manufactured
by competitors such as Apple, Tandy, etc. This landmark event in PC industry happened in 1981
by the introduction of IBM PC with a list price of $3000. Although this product did not offer any
technological breakthroughs, it was equipped with innovative components, such as Intel 8088
microprocessor, floppy disk, CRT monitor, standard QWERTY keyboard, and fused by open
architecture and standards. By betting on an open architecture strategy, IBM leveraged many
suppliers such as Intel and Microsoft, which helped the development of the IBM PC in less than
18 months. It also became the center of gravity for many hardware and software manufacturers
in the industry who wanted to be “IBM compatible” and command a market share in the

industry.

In this phase the product and process innovations are more tightly linked. Designs require more
consideration from manufacturing technologies and the cost efficiency of production. Expensive
equipment brought into manufacturing and islands of automation began to appear the in shop floor.
The growing rigidity in manufacturing and operations mean that design changes slows down and

becomes more costly.

14



Specific Phase
In specific phase, the objective of the firms remaining in the industry is to produce specific products at a

very high level of efficiency. At this time, basis of competition turns from innovative products and new
features to the value ratio of quality to cost. The link between product and process are very close.
Manufacturing equipment used is highly specialized, automated, expensive, and geared towards highly
efficient, low unit cost production of highly specified products. Therefore the cost of changing designs
and implementing radical innovations in products are extremely high and disruptive to manufacturing

systems of the organizations.

Organizationally, firms are more structured, managed by rigid rules and goals. Inventors are replaced by
managers who monitor and control the smooth working of production systems. Competitors are few,
with stable market shares. Entry barriers into industry are high, caused by saturated markets and high

capital and technology investments of the existing firms.

Dominant design and industry landscape
James Utterback studied the business of printing covering four major innovation cycles in the industry.

Mechanical typewriters, electrical typewriters, word processors, and personal computers have one
fundamental objective: to put words on paper neatly and efficiently. The reader should refer to Prof.
Utterback’s Mastering the Dynamics of Innovation for the breathtaking story of this industry and its
evolution over a period of more than a century. Figure 2 presents the ecology of business succession by
graphing the total number of firms in this industry. [t must be noted that each time technology shifted,
new dominant firms emerged and their predecessors usually exited the industry if they failed to adopt
the new technology and standards. During 1900 Underwood, Remington, Royal, and L.C. Smith &
Brothers were supposed to dominate the American market. During the electric typewriter era, IBM
controlled 60 percent of the market. During early 1970s, dedicated word processors began to appear
and replace typewriters. New companies emerged such as Wang, Olivetti, Xerox and led the market
along with IBM. In the age of PCs, Apple, Tandy, Commodore emerged as the innovators, until IBM
entered the market and changed the industry structure from vertical to horizontal by its open-
architecture and aggressive outsourcing strategy. During this structural shift in the PC industry, new
players such as Compaq and Dell emerged where the old leaders Tandy and Commodore struggled and

finally exited the industry.
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Figure 2 Ecology of business succession’

If chapters in the printing industry are examined in more detail, the common pattern of number of firms
and its relation with dominant design would become clearer. Figure 3 depicts the number of entries,
exits, and total number of firms in U.S. market of typewriter industry over a course of six decades.
Initially the growth was rather slow and the peak level in the industry took almost three decades. In
early 19" century there were over 30 firms in U.S. market and until that time typewriter manufacturers
offered products with few standardized characteristics. Underwood introduced its Model 5 in 1899. This
was the first typewriter allowing the typist to see what he or she actually typed as the keys struck the
page. It was also the first to have a tabulator which makes columnar presentations much simpler, and it
was able to cut stencils and make good copies. These features helped the Model 5 to grasp the
dominant share of the market quickly, and it formed users expectations of what an ideal typewriter
should look like.

2 Utterback, J.M., Disruptive Technologies lecture notes, Sloan school of management, MIT, 2006
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Figure 3 Number of firms in the U.S. typewriter industry3

After Underwood’s Model 5 became the dominant design, the irreversible decline in the industry started
in 1907. By 1940, only five manufacturers had a share in the market; Remington, Royal, Smith and
Underwood, each having 20% market share and IBM with 10% share. After its peak time, more than 90%

of the firms entered the industry either bankrupted or exited the industry [Utterback 1994].

Many scholars studied a variety of industries; automobiles, televisions, transistors, integrated circuits,
etc. The pattern presented in figure 3, can be similarly recognized in all of these industries, although not

always as close to a bell shape curve as in typewriter industry.

Patterns in the emergence of disruptive innovations

S-curve
The recurring phenomenon in every industry is the dynamics between an established product and an

invading product having a radical technological innovation. This generalized pattern, also known as an $-

3
Utterback, J.M., “Mastering the dynamics of innovation”, HBS, p.33, 1994
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curve model, can be seen in many product markets as periods of continuity, when the rate of innovation
is incremental and infrequent, and periods of discontinuity when product or process changes occur.
Radical innovation creates new businesses and destroys existing ones, just as ice maker machines
destroyed the New England ice-harvesting industry, personal computers killed mini computers, and
digital cameras conquered almost all of the photography market analog cameras once had [Utterback

1994].

An invading technology has the potential for delivering radically better product performance or lower
production costs, or both. In the fluid phase of an industry, the performance of a particular product
improves rapidly as many different design approaches are tried. After a dominant design emerges and
major advances have been made, a period of incremental innovation and infrequent change sets in. At
this stage, when invading technology appears, the established technology offers better performance or
cost than its challenger. However if invading technology has real merit, it typically enters a period of
rapid development, as mature technology enters a stage of slow improvements with descending speed

(Figure 4).

Invading
product

Established
product

* e os s aveseas

t, t, Time

Figure 4 Performance dynamics of an established and an invading product‘

4 Utterback, J.M., “Mastering the dynamics of innovation”, HBS,p.159, 1994
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In such scenarios, the established players do not always sit back and relax. Most of them fight back. The
burst of improvement from the established player in figure 5, symbolizes this behavior. The established
player briefly enjoys this burst of improvement, however eventually performance of invading products

surpass the established product, which has the improvement becoming marginal over time.
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3 :rir'l‘provemen \
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t | technology £
ks :
0 : :
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Figure 5 Burst of improvement in challenged product®

Manager’s dilemma: to listen or not to listen to the customer?
Among many patterns identified by scholars in technology industries, Clayton Christensen’s framework

on Disruptive Technologies is one of the most stunning. Christensen investigates why many successful
companies in their industries fail suddenly, and defeated by a small and entrepreneurial, new entrant to

the industry, which they ignored.

Many established and well managed companies try to solve rationale questions in order to stay
competitive and increase their market performance. When they are working on a new technology
product, they ask whether their mainstream customers will want it? Is the market big enough that, their

investments for the technology are justifiable? In answering all these questions, they unknowingly find

3 Utterback, J.M., “Mastering the dynamics of innovation”, HBS, p.160, 1994
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themselves in the heart of a management paradox. For many established companies staying close only

listening to mainstream customers and being ignorant to emerging markets were lethal.

Research proves that most well managed companies consistently deliver new technologies and
products, as long as those technologies address the next generation performance needs of their
mainstream customers. However, these very same companies rarely show interest in technology
appealing to only a small or emerging market, having no affiliation with their mainstream customers.
Christensen identified this pattern repeatedly in many industries that confronted technological change.
In each instance, the companies listened to their prime customers, delivered them the products they

needed, and in the end disrupted by those technologies their customers led them to ignore.

The history of the hard disk drive industry reflects this disruptive pattern multiple times. The managers
of established hard disk companies stumbled at each instance of technology change, when the diameter
of disk drives shrank from 14 inches to 8 inches to 5.25 inches then to 3.5 inches and finally to 1.8
inches. Each new architecture, which essentially had dimensional and weight merit, initially offered the
market substantially less storage capacity than its predecessor. As an example, the first 8 inch drives
offered 20 MB when it was first introduced, while 14 inch drives were offering about 200 MB at the
time. The leading mainframe manufacturers rejected 8 inch architecture at first. As a result hard disk
manufacturers shelved their projects for developing 8 inch architectures and focused all their best
resources to improve the capacity of 14 inch drives. The pattern was repeated with 5.25, 3.5, and 1.8
inch disk drives; established computer manufacturers rejected the new drives as their capacity was

inadequate for their customers and so did disk-drive suppliers.
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Figure 6 Capacity demanded vs. capacity supplied in Hard Disks®

To explain the reasons behind these events, the concept of performance trajectories, the rate which the
performance of a product has improved, and is expected to improve, can be used. It is possible to
identify a critical performance metric in almost every industry. In digital photography, it is the resolution
of pictures (measured in Mega Pixels), in microprocessor industry it is speed of execution of
mathematical operations (nowadays measured in Giga Hertz range), or in the hard disk industry it is the
storage capacity (which reached Giga Byte levels early 90s). Figure 6 portrays the performance
trajectories of each disk drive architecture, from 14 inch to 2.5 inch over approximately two decades.
Two observations can be made from this figure. First, sustaining technologies tend to maintain a rate of
improvement and give customers better performance in the attributes they already have. For instance,
thin-film components in drives, which replaced conventional ferrite heads and oxide disks between 1982
and 1990, enabled capacity increase. Second, disruptive technologies introduce a very different package
of attributes from the one mainstream customers have and they usually perform a lot worse in the

attributes that mainstream customer value. When the first 8 inch drive was introduced its capacity was

6 Bower, J.L, Christensen, C.M., “Disruptive Technologies: Catching the Wave”, Harvard Business Review, Jan-Feb, p. 46, 1995
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less than the average capacity of 14 inch disks by 1/50. However in physical dimensions and weight, it
was considerably smaller than 14 inch. Unfortunately, these were attributes mainframe users did not
value much, and nor did manufacturers. Indeed, while offering less capacity, the disruptive architectures
created other new attributes as well as smaller sizes; internal power suppliers(8 inch drives), low cost
stepper motors(5.25 inch drives), ruggedness, light weight, and low power consumption (3.5 inch
drives). The disruptive architectures in disk drives made possible the emergence of new markets which

created minicomputers, desk top PCs, and portable computers, respectively [Christensen 2002].

How to identify a disruptive technology?
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