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Preface

During the summer of 2005, my friend and intellectual provocateur Lloyd

Nirenberg, an expert in wireless technologies, e-mailed me an article describing

the difficulty HDTV manufacturers were having getting viewers to adopt HDTVs. I

responded by telling him that it was a classic case of the chicken-and-egg problem, and

that I had been following the issue for quite some time. He in turn asked me if I could

model the game.

In essence, a chicken-and-egg problem occurs when system innovators introduce

hardware components of new hardware–software systems into the marketplace, but

adoption is held up, or delayed, by users who refuse to adopt the new system until there

is enough content available to go with the hardware, while software providers refuse to

supply content until enough users have adopted the new system and can access the content.

I refer to the dynamics during the adoption process of new technology systems among

hardware suppliers, software suppliers, and users as the Hardware–Software Game.

I spent about a month or so playing with equations that captured the dynamics of

the Hardware–Software Game, and I discovered some interesting insights, which I

shared with Lloyd. He was very excited and told me that I should write a book. My

reaction to this suggestion was great skepticism, because I figured that economists and

technologists must surely already have studied the issue. I started researching the sub-

ject and, much to my surprise, while I found acknowledgment of the chicken-and-egg

problem, I could find no systematic analysis of it.

I found many discussions of specific case studies, such as the battle between VHS

and Betamax during the 1980s and the progression of the next-generation DVD stan-

dards war being waged at the time (2007–2008) between Blu-ray and HD-DVD. There

was also plenty of analysis by researchers of other issues tangential to the Hardware–

Software Game, such as network effects and product lifecycles. But all I found on the

topic of the chicken-and-egg problem itself were brief descriptions of the issue, with
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only scattered mention of a couple of different potential solutions, which would solve

the problem only under certain situations. 

After I continued to play with my model, it eventually became clear to me that the

holdup problem associated with the successful adoption of new hardware–software

systems depends on three primary factors: the existence of networks and network

effects, the value proposition offered by new systems, and adoption and validation of

new technologies by early adopters.

So then I set about researching these three topics in more detail. I found it inter-

esting that there appeared to be three general approaches to each of these problems:

(1) a social or anthropological approach, which deals with the diffusion of information

through personal interactions; (2) a business and strategy approach, which analyzes

the impacts of advertising, pricing, and validation on the speed of new technology

adoption; and (3) an economic approach, which deals with the dynamics and impli-

cations associated with specific aspects of technologies, such as network effects, stan-

dardization and compatibility, and path dependence. 

Even more interesting was the fact that any given piece of research tended to ana-

lyze the issues using only one of the three approaches. In other words, I could find little

research that combined sociological, strategic, and economic perspectives into a single

analysis. This observation became even more remarkable to me after I realized that

while each of the three approaches has something unique to offer and explains critical

aspects of the Hardware–Software Game, no one discipline alone could fully explain

the problem in general (as opposed to being able to explain specific instances of the

problem). It was only when I integrated ideas from all three disciplines that I was sat-

isfied that my model was able to simultaneously capture all the major issues. Finally,

then, I was able to correctly and systematically examine the dynamics of the general

problem, from which I could discern insights and offer potential solutions.

So what this book offers is a systematic analysis of the holdup problem in the adop-

tion of next-generation hardware–software systems. The analysis combines aspects of

sociology, business strategy, and economics to examine the underlying dynamics of

the adoption process, and it offers methods by which system innovators can provide

incentives for content providers and system users to adopt next-generation systems

sooner than they might otherwise.

The topics covered in the book apply to an entire genre of technology systems,

namely, those that require users to combine hardware and software components to

access the technology’s consumption experience. As technology systems have evolved

and markets have become increasingly global and competitive, these types of systems
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have become more prevalent, and they will continue to play a large role in technology

markets as systems continue to evolve. In particular, the market for consumer elec-

tronics intimately and strongly depends on these dynamics. Those who make and sell

consumer electronics in general, especially during weak economic times, should be

particularly interested in these results and methods. More generally, most communi-

cation and transportation systems are hardware–software systems, so participants in

either of these industries would benefit from the analysis presented in this book. 

Although the book is based on economic and mathematical modeling, it has been

specifically written to appeal to an audience without a strong technical background in

economics or mathematics. In particular, the book provides numerical examples and

uses real-world case studies (for example, adoption of cell phone systems, computers

and printers, PDAs, CDs and DVDs, HDTV, and so forth) to illustrate the more theo-

retical concepts, so that even less technical readers can obtain a good understanding

of the book’s basic message. At the same time, however, more technical readers have

access to the mathematical model, which is presented in Appendix A. Additionally,

Appendix B provides readers who are interested in further pursuing its ideas with a

list of resources, and Chapter 7 discusses specific tools for applying to their own tech-

nology systems the ideas presented throughout the book.

The book is organized as follows. The first two chapters provide readers with a brief

discussion of the fundamentals they need to understand the analysis of the Hardware–

Software Game. Chapter 1 provides a brief discussion of networks and network effects,

switching costs, and technology compatibility and ends with a brief discussion of the

role network effects play in the Hardware–Software Game. Chapter 2 provides a brief

description of technology adoption lifecycles and ends with a brief discussion of the

role technology adoption lifecycles play in the Hardware–Software Game. 

The next two chapters provide descriptions of each of the players in the Hardware–

Software Game. Chapter 3 builds upon the basics discussed in Chapters 1 and 2 to

describe the nature of user demand for system hardware and software. The chapter

also provides numerical examples to give readers a more tangible understanding of

how the demand functions work. Again building upon the basics from Chapters 1 and

2, Chapter 4 discusses the particular issues that affect the supply of system hardware

and software, together with the choices each type of provider must make when new

technology systems enter the market.

Chapter 5 presents the main analysis. It describes a simulation model of the

Hardware–Software Game, which is then utilized to characterize the game’s dynamics.
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More specifically, the chapter provides a systematic analysis of the Hardware–Software

Game and describes the outcomes for each of the players associated with different sce-

narios. Chapter 6 uses the analysis of the Hardware–Software Game from Chapter 5

to provide methods that system innovators can use to modify market environments

so that software providers and users will be led to adopt new technology systems sooner

than they would otherwise.

The last chapter of the book, Chapter 7, provides a summary of the key concepts pre-

sented in the book, tools that readers can use to apply the concepts discussed in the book

to their own technology systems, and a brief description of further areas of research.
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Introduction

Have you ever had a piece of recorded music and no music player on which to play

it? There you were, with your favorite Bob Dylan CD, and not a CD player in

sight. Or maybe you have an old cell phone sitting in a drawer. It never rings because

nobody knows it is there but you. 

In both of these examples, you need both hardware and software or content or

connection services (jointly referred to as software) to make the thing work. With only

a CD and no hardware on which to play it, there is no music. With no connection serv-

ices from a phone company, the phone doesn’t work either. In each example, either the

hardware (the CD player) or the software (the phone service) is missing.

Different platforms such as the cell phone or disc player use different types of tech-

nologies to work. A cell phone needs a service provider, whereas a CD is a media source.

In both cases, the hardware won’t work without this missing piece, what I call software.

As technologies evolve and become ever more complex, these hardware–software

technology systems are popping up in ever more locations. These systems require con-

sumers to simultaneously use both a hardware platform together with a software or

content component to enjoy the consumption experience provided by the complete

technology system. More examples of technology systems include

• Audio/video systems, including CDs, DVDs, TVs, and iPods

• Gaming systems, including Sony PlayStation; Microsoft Xbox; and Nintendo

GameCube, Wii, and Game Boy

• Automobiles, which require fuel and maintenance

• Computer systems

• Communication systems, including facsimile machines, cell phones, and PDAs

• Transportation systems, which require vehicles (planes, trains, and automobiles,

for example) and roadways (routes, tracks, and roads)
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• Automatic teller machines

• Data collection and storage systems, including radio-frequency identification

(RFID) systems, scanners, and smart cards

• The NYSE, NASDAQ, eBay, and any other system that requires system infra-

structure and equities or products to trade or sell within them

In most cases of technology systems, users buy hardware from one company and

software from other companies. For example, RCA, Sony, and Magnavox sell TVs, and

various broadcast, cable, and satellite companies sell programming services. Sony,

Panasonic, Emerson, and Philips sell CD players, whereas EMI, Warner Brothers, and

Columbia sell music CDs. And Motorola, Qualcomm, and Samsung sell cell phones,

and Verizon, Sprint, and T-Mobile sell local and long-distance services.

In these examples, in which separate companies provide the hardware and software

components, the marketplace will adopt new or updated system technologies only

when the actions of three different groups synchronize: hardware manufacturers; soft-

ware, service, and media suppliers; and potential adopters. More specifically, hardware

manufacturers are suppliers of the new system hardware, which includes any system

software needed for the basic functioning of the hardware. In contrast, software

providers are suppliers of new system software, accessories, services, or other content

whose products enhance the value of the new system hardware, thereby attracting new

users to the system. Both of these groups sell to the potential adopters, such as large

companies, governmental agencies, or regular people like you and me. 

When a new technology system is introduced into the marketplace, these three

groups will act independently of one another and do whatever is in their own best

interest. Hardware manufacturers will set prices to encourage potential adopters to

upgrade to their new systems in a way that will maximize the manufacturers’ profits,

regardless of what may maximize profits for software providers or optimize value for

users. Similarly, software providers will continue to supply content for already existing

systems, or they will switch over to providing content for newly introduced technology

systems, whichever will earn them the most profits, regardless of what may be best for

hardware manufacturers or users. And potential adopters will continue to use installed

technology systems, or they will upgrade to newly introduced systems, whichever will

give them the most value, regardless of what may generate the most profits for hardware

manufacturers or software providers.

The adoption of high-definition television, or HDTV, is a good example. The adop-

tion of HDTV by Americans has been remarkably slow, because the interests of the

xx Introduction



three sets of players—manufacturers of HDTVs, providers of program broadcasting,

and viewers like you and me—have been at odds with one another. The manufacturers

of HDTV sets would have liked to sell their TVs to viewers much more quickly than

they have been able to, because they would have generated more profits with a speedier

pace of adoption. The U.S. government wanted U.S. television viewers to adopt HDTV

more quickly than they have, because it wanted to free up the spectrum currently being

used for analog television broadcasting for other purposes. In other words, HDTV

manufacturers and the U.S. government wanted the adoption curve for HDTV to fol-

low the path of the curve on the left in Figure 0-1. Unfortunately for them, however,

the reluctance of U.S. viewers and television broadcasters to upgrade to HDTV means

the adoption curve for HDTV in the U.S. market looks more like the curve on the right

in Figure 0-1. As it happened, though, it was in the broadcasters’ best interest to con-

tinue to supply old TV programming instead of upgrading to HDTV. Similarly, TV

viewers decided that they would rather continue to watch their current analog (or non-

HDTV-compatible) TVs instead of spending money to buy a new HDTV. The con-

flicting interests of the three groups have caused the new technology of HDTV to be

adopted at a snail’s pace.

Digital television, of which HDTV is a particular type, was introduced into the

previously all-analog U.S. marketplace during the 1990s. “In 1997, Congress set a

December 31, 2006, deadline for the transition to all-digital broadcasts.”1 Certainly,
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this deadline whooshed past before everyone adopted HDTV. Consumers have been

slow to upgrade their hardware from the traditional analog technology because prices

of HDTVs have been too high to justify buying them because of the minimal amount

of digital programming available. The hassle and cost of upgrading to HDTV, including

getting rid of the old set, outweigh the sparse benefits for most people. For their part, TV

stations have been slow to provide digital broadcasts because of the high cost of chang-

ing from analog to digital, especially to supply only a few viewers who have HDTVs.

Was there any way HDTV manufacturers could have sped up the pace of adoption

of HDTV in the U.S. marketplace? That is precisely the question this book seeks to

answer.

0.1 Game Theory and the Chicken-and-Egg Problem 

I use game theory to figure out how to speed up the pace of adoption of new system

technologies like HDTV. To do this, I need to better understand the incentives each

entity (hardware manufacturers, software providers, and users) faces when a new tech-

nology system is introduced into the marketplace. This leads me to turn to game theory

in search of some answers. Game theory examines situations in which entities 

1. Act with, and react to, each other, independently from and strategically with

one another, doing what is in their own best self-interest

2. Receive payoffs that are dependent upon the actions of the other players

The concepts underlying game theory have been used since time immemorial:

The ideas underlying game theory have appeared throughout history, apparent in the

bible, the Talmud, the works of Descartes and Sun Tzu, and the writings of Charles

Darwin … While many other contributors hold a place in the history of game theory, it

is widely accepted that modern analysis began with John von Neumann and Oskar

Morgenstern’s book, Theory of Games and Economic Behavior [1944] and was given

its modern methodological framework by John Nash building on von Neumann and

Morgenstern’s results.2

Since von Neumann and Morgenstern’s work in the 1940s, the game theory frame-

work has become more widely and deeply applied to the point that “game theory is a

2. Shor 2006.



sort of umbrella or ‘unified field’ theory for the rational side of social science, where

‘social’ is interpreted broadly, to include human as well as non-human players (com-

puters, animals, plants).”3 More recently, game theory has been used to understand

behavior in biology, economics, politics, computer science, philosophy, sociology, and

psychology,4 to such an extent that

since at least the late 1970s it has been possible to say with confidence that game theory

is the most important and useful tool in the analyst’s kit whenever she confronts situa-

tions in which what counts as one agent’s best action (for her) depends on expectations

about what one or more other agents will do, and what counts as their best actions (for

them) similarly depend on expectations about her.5

In the HDTV game, hardware manufacturers act by manufacturing specific num-

bers of television sets and setting their prices. They react to software providers and

viewers by providing fewer sets and/or charging lower prices when there is not a lot of

HDTV programming available and/or viewers are not buying HDTV sets. Software

providers act by choosing to provide none, some, or a lot of HDTV programming.

They react to viewers by increasing the amount of HDTV programming available as

more users adopt HDTV or by charging more for HDTV programming. Viewers act

by choosing either to stay with their analog systems or to upgrade to HDTV. They react

to hardware manufacturers by upgrading faster when the price of HDTV sets is lower,

and they react to software providers by upgrading faster when there is more digital

programming and when the price of digital programming is lower.

These three sets of players do what is in their own self-interest—that is, what will

maximize their own profits or value—regardless of what might be best for either of

the other two sets of players. Ultimately, though, the amount of profits HDTV manu-

facturers and television broadcasters generate and the amount of value viewers receive

will depend on the actions the other two sets of players take, that is, the prices hardware

manufacturers charge, the amount of programming broadcasters make available, and

the timing of users’ adoption.
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In essence, then, this problem of trying to coordinate the actions of independent

(1) providers of system hardware and (2) providers of system software with (3) poten-

tial users is actually a strategic game that plays out when the new Xbox hits the market,

Apple introduces a new gadget, or more generally, anytime new system technologies

are introduced into the marketplace.

The problem that often appears in these hardware–software games is the classic

chicken-and-egg problem: Software and media providers are reluctant to supply content

early on because too few users have adopted the technology systems to make the new

markets profitable for software providers to enter, and users are reluctant to adopt the

new systems early on because there is not enough content to make their consumption

experiences worthwhile. The chicken-and-egg problem can result in long delays before

technology systems are successfully adopted, if adoption is not completely stymied

altogether.

For system technologies, the trick, then, is to get all three sets of players to play the

game at the same time. The hardware manufacturers must provide the new technology,

and at the same time the content providers must find it profitable to supply content

for the new technology, and at the same time users must find it worthwhile to adopt

the new technology. Only when all three players are simultaneously on the same page

will the technology become adopted at a reasonable pace.

There has been a variety of previous studies of the adoption paths of hardware–

software system technologies, but the studies tend to examine adoption paths of specific

technology systems on a case-by-case basis, providing insights about the particular cases

studied. For example, it has been established that new systems that are compatible with

existing systems tend to get adopted much more easily, as do new systems that provide

a new “killer app.” However, there is scant research either on the economic structure

of the general dynamics between hardware and software suppliers itself during the

early stages of adoption of new technology systems, or on methodical or systematic

analyses of how hardware providers might speed up adoption of their new systems

under various situations and/or market scenarios.

And that is where this book comes into play. Specifically, this book examines the

holdup problem encountered during the adoption process of a particular class of new

technology systems. The class consists of systems in which (1) both hardware and soft-

ware components are required to produce the consumption experience for users of the

technology systems, (2) the hardware and software components for the technology sys-

tems are supplied by providers who act independently from one another, and (3) the
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technology systems exhibit network effects. I refer to the interactions of these inde-

pendent suppliers of hardware and software components during the course of intro-

duction of new technology systems as the Hardware–Software Game.

This book proposes to provide a systematic analysis of the structure of the

Hardware–Software Game. From this comprehensive analysis, I generate insights for

different systems and market scenarios. I use a simulation model based on game theory

to examine the economic structure of the Hardware–Software Game, to see what is in

the best interest of each set of players, to determine if and when they will be led to adopt

a new technology system on their own, and to see what the hardware manufacturers

can do to get their systems adopted sooner rather than later. Once the structure of the

game has been examined, it will be easier to understand such issues as the  following: 

• Why do some great systems get adopted, whereas others do not?

• Which forces drive adoption by users and content providers?

• How can system innovators speed up the pace of adoption of their new

 technology systems?

After analyzing the structure of the game and better understanding the underlying

dynamics, I am then able to propose means by which new system innovators can help

speed up the pace of market adoption of their new systems.

0.2 Organization of the Book

Without a clear and connected understanding of some basic concepts, readers will have

a more difficult time grasping the dynamics of the game. As such, the first part of the

book provides the building blocks for the analyses presented in the second part of the

book; that is, the earlier chapters, Chapters 1 though 4, provide readers with the infor-

mation they need to know about the basic elements of technology systems, technology

adoption, and the players themselves that characterize the venue in which the

Hardware–Software Game is played. 

Network systems and network effects are central features of the technology plat-

forms within which the Hardware–Software Game is played. Network effects play a

crucial role in deterring software providers and users from immediately adopting new

technology systems. As such, it is crucial for readers to have a comprehensive, well-

connected understanding of the basics of networks and network effects in order to
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grasp all the implications of the analysis. In fact, before coming to this project, I myself

thought I had a good understanding of networks and network effects. However,

throughout my modeling and analysis of the Hardware–Software Game, I found myself

continually researching the basics so as to understand what my analyses were telling

me. What’s more, much to my chagrin, I discovered that the resources available seemed

to discuss the concepts surrounding networks and network effects in only a discon-

nected and disjointed manner. For these reasons, I provide a discussion in Chapter 1

of the features of networks, network effects, switching costs, and technology compat-

ibility as they relate to the Hardware–Software Game. Readers who already have a good

understanding of these concepts might want to skip to the last paragraphs of sections

1.1, 1.2, and 1.3 for a summary of the information discussed within each of these sec-

tions, or just read the summary at the beginning of section 1.4, which discusses the

general role of network effects in the Hardware–Software Game.

As with networks and network effects, lifecycles play a crucial role in the Hardware–

Software Game. Technology adoption lifecycles and lifecycles of network effects are

both cause and effect, in that they both determine and are determined by the timing

of new technology introduction by hardware providers and new technology adoption

by software providers and users. As with the discussion of networks and network

effects, readers who are familiar with the topics might want to skip to the summary

paragraphs at the end of sections 2.1, 2.2, and 2.3 or just read the summary at the

beginning of section 2.5, which discusses the general role of technology adoption life-

cycles in the Hardware–Software Game.

Technology adoption lifecycles include the point of critical mass, known less for-

mally as the tipping point. Readers familiar with technology adoption lifecycles will

know that having new technologies achieve critical mass, in and of themselves, can be

considered the definition of successful adoption. Given that the point of critical mass

plays such an important role in technology adoption lifecycles, one would think that

there would be much information in the literature about achieving critical mass. What

I found during my research turned into the prototypical joke often told about econo-

mists assuming away any problems; that is, when discussing equilibrium points in the

technology adoption process, economists note that there are two stable equilibria, the

first corresponding to no adoption and the second to successful adoption, the latter of

which entails achieving critical mass. Frustratingly enough, the economists then go on

to say, “Assume the technology has reached critical mass . . .” and continue with the

discussion. This handling of the adoption issue very conveniently skips right over one
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of the most essential aspects of the analysis, namely, how do you get your new tech-

nology to reach critical mass? Section 2.4 provides a discussion of critical mass dynam-

ics, so readers unfamiliar with the subject can better understand its role in the analyses

presented later in the book. Again, readers familiar with the subject might want to skip

to the summary at the end of section 2.4 or at the beginning of section 2.5.

Chapter 2 ends with section 2.5, which discusses the general role of technology

adoption lifecycles in the Hardware–Software Game.

The next two chapters, Chapter 3 and Chapter 4, discuss each of the players in the

Hardware–Software Game, technology system users in Chapter 3 and hardware and

software providers in Chapter 4. These chapters provide a discussion of what factors

affect players’ decisions to provide new technologies (in the case of hardware providers)

or to adopt new technologies (in the cases of users and software providers) and how

these factors change over time and in response to actions taken by the other players. I

discuss the factors affecting users’ decisions relating to new technology adoption in

rather meticulous detail in Chapter 3, because it is the users who are the primary deter-

minants of if and when hardware and software providers will end up being successful

in the marketplace. Readers who are more familiar with user demand functions and

how the size of the installed base, the stock of content, and hardware/software prices

affect user demand for new system hardware might want to skim through sections

3.1.1, 3.1.2, and 3.1.3 quickly and/or skip to the summary paragraphs at the end of

each of these sections. Likewise with user demand for new system content, users may

want to skim through sections 3.2.1 and 3.2.2 quickly and/or skip to read the summary

paragraphs at the end of each of these sections. However, even readers familiar with

the topics should find the numerical examples in sections 3.1.4 and 3.2.3 useful for

understanding how I apply my simulation model to specific scenarios. 

Once the users’ motivations are clearly understood, the hardware and software

providers’ motivations follow relatively easily and quickly in Chapter 4.

Chapter 5 gets into the meat of the book. It defines the structure of the Hardware–

Software Game and analyzes its dynamics and outcomes. The analysis shows how the

structure of the incentives faced by users and software providers (the chicken-and-egg

problem) often leads to delays in adoption of new technology systems introduced by

hardware innovators. 

Chapter 6 provides readers with methods for addressing the delays in new tech-

nology adoption that result in many of the games. The chapter discusses general

responses by hardware providers, together with scenario-specific means of speeding

up the pace of adoption of their new systems. 
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Finally, Chapter 7 provides readers with a summary of key points from the analysis,

tools to help readers apply the model to their own technology systems, and further

areas of research that stem from the analysis.

For those who are interested, the underlying mathematical model I developed and

used in the analysis is presented in Appendix A, and there is a list of further readings

organized by topic in Appendix B.
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