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Abstract

We analyze a stylized game of technology adoption with network
effects and two new technologies. Potential adopters can adopt early,
late, or not at all. We show that one of the reasons for the failure of
new technologies can be the presence of multiple incompatible vari-
ants of that technology. An adopter’s individual incentives to adopt
are lower with two technologies than with one. Turning to aggre-
gate expected welfare, we find that two active technologies may be
welfare-improving. JEL: L1, O8. Keywords: Technology Adoption,
Splintering, Network Effects, Installed Base.

1 Introduction

When a new technology is introduced, potential adopters often face a choice
between different variants of the technology. With network effects, this can
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lead to ‘splintering’ (Farrell and Klemperer, forthcoming) among technolo-
gies. For example, Quadraphonic sound came in two different versions, dis-
crete and matrix, which deterred many adopters from choosing either of them
for fear of ending up with the unsuccessful one (Postrel, 1990). Similarly,
when the DVD faced competition for the digital video market by DivX, con-
sumers and providers of digital video recognized the danger of a fragmented
market with both technologies attracting a number of consumers and con-
tent providers, leading to lower network effects overall (Dranove and Gan-
dal, 2003). In both these cases (and numerous others), there is a tradeoff
between the increased diversity through multiple (differentiated) versions of
a new technology on the one hand and the potential for coordination failure
through splintering among different variants on the other. In this paper,
we explicitly model this tradeoff to study the impact of multiple new tech-
nologies on the likelihood of transition to a new standard and the welfare
implications of multiple new technologies entering.

We analyze a stylized game of technology adoption with network effects
and two new technologies. In a two-period game with two heterogeneous
adopters and imperfect information, we study the emergence of a Bandwagon
Equilibrium, i.e. an equilibrium in which some types of adopters move early
and others mimic the observed behaviour in the second period. This setup
allows us to model a situation where adopters have different inherent (stand-
alone) preferences, but net payoffs are interdependent due to network effects,
creating the possibility of coordination failures. With one new technology,
there is only one coordination problem — old versus new — but this prob-
lem is largely solved dynamically (Farrell and Saloner, 1985) with high-value
adopters initiating a bandwagon and intermediate adopters following. Hav-
ing a second (independently drawn) new technology clearly increases welfare
if adoption can be centrally coordinated, but makes decentralized coordina-
tion more difficult, as there are now two coordination problems — old versus
new (inertia), and new versus new (splintering). The latter coordination
problem can aggravate the former, since high valuation adopters are more
willing to wait to avoid adopting an orphaned technology, thus reducing their
incentives to initiate a bandwagon. Therefore, overall welfare can fall with
two technologies as splintering implies a loss in network effects.

The literature on the ‘old versus new’ coordination problem with network
effects considers either exogenous (Katz and Shapiro, 1986, Choi, 1994, 1997,
Choi and Thum, 1998) or endogenous timing of adoption (Farrell and Saloner,
1985). The former find that early adopters impose their preferences on the
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market, exerting a negative (forward) externality on latecomers. However,
these papers do not capture the possibility that early adopters may be put off
from initiating a bandwagon by the uncertainty over the preferences of later
adopters. Models with endogeneous timing explicitly allow for this possibil-
ity, although only with one new technology (Farrell and Saloner, 1985). In
single-technology models, splintering between different variants is not a risk,
which rules out analysis of some important cases such as different flavours of
Unix (Saloner, 1990), Quadraphonic sound (Postrel, 1990), or 56k modems
(Augereau, Greenstein and Rysman, 2004). The ‘new versus new’ coordina-
tion problem among adopters has been studied in the literature on standard
battles, although mostly with exogenous timing (Arthur, 1989, Cabral and
Kretschmer, 2007). Anecdotal and empirical evidence (Postrel, 1990, Koski,
1999) suggests however that adoption incentives change over the different
stages of a standards battle.

Our paper incorporates the welfare effects of delayed adoption and the
opportunity cost of unrealized network benefits. It is the first to formally
analyze the possibility of splintering and its effect on adoption incentives
and timing by combining the coordination problems of ‘old versus new’ and
‘new versus new’ in a single framework.

The paper is structured as follows. Section 2 introduces the model and
our equilibrium concept. Section 3 discusses equilibrium parameter ranges
and behaviour for two technologies with independent values, and considers a
single new technology and two technologies with common values. We com-
pare the one-technology and two-technology cases in Section 4. We discuss
limitations and possible extensions in Section 5 and conclude in Section 6.

2 The Model

B Setup of the game. Consider two ex-ante symmetric agents ¢, 7 with
private information about their preferences. Two new technologies x and y
are supplied at marginal cost c. Switching can take place in periods t = 1,2
or not at all, which implies remaining with the incumbent technology. Adop-
tion decisions are observed at the end of each period. We ignore discounting
and flow benefits.! Adoption is irreversible and adopters will use at most one

! Discounting and/or flow benefits would generate the standard incentives to hasten
adoption. Omitting these factors is in line with other work on coordination issues between
adopters (see, e.g. Farrell and Saloner, 1985, and Choi, 1997).



of the technologies.

[1 Realized Payoffs. We normalize utility from the incumbent technol-
ogy to 0.2 Net utility for new technology z consists of the standalone value
a®, (common) network benefits b, and adoption cost ¢.® If an adopter adopts
new technology x, her realized utility at the end of the game will be

T T z\ _ x T
u; (ai,b,c,zj) =a; +bzj — ¢,

where z7 = 1if player j has adopted z and 27 = 0 otherwise. The expression
for y is formed analogously. Network benefits only accrue if both adopters
choose the same technology.

[] Valuations and Parameter Restrictions. Standalone valuations for
technology = are a® € {h,l,0}, where h > [ > 0, and analogously for 3.1
The realizations are private information, but it is common knowledge that
they are drawn with probabilities p, ¢, and 1 — p — ¢, respectively. An
adopter’s type is characterized by the valuation pair denoted a = (a"a¥) €
{(hh), (hl),(lR),(RO), (OR),(Il),(10),(0l),(00)}. We write the probability
of an adopter being of a specific type a as ¢,. Denote by amax (Gmin) an
adopter’s weakly highest (lowest) valuation for the technologies. Figure 1
illustrates the valuation pairs and attaches labels to them. A type’s max-
imum valuation a,,., determines whether she is labelled an ‘enthusiast’, a
‘follower’, or an ‘intransigent’. The difference between maximum and min-
imum valuation, @max — @min, on the other hand, indicates whether she is
‘uniform’ (if @max — Gmin = 0), ‘biased’ (if 0 < @max — Gmin < h), or ‘stubborn’
(if Gmax — Gmin = h).?

Assume b — ¢ < 0,9 and [ + b — ¢ > 0, so that an [-type would adopt
a technology that carries the full network benefit (and so would h-types).

2This assumes that adopters switching does not diminish the value of the old technology,
for instance because there is a large installed base beyond the two adopters we model or
there is a wide variety of complementary products for the old technology. Relaxing this
assumption would strengthen the tendency to follow a bandwagon.

3Differences in adoption costs across agents are captured by differences in valuations
for the new technology, and the assumption of common b is standard in the literature.

4We omit the subscript i,j where there is no ambiguity.

5We assume that ‘uniform’ adopters have a weak preference for one of the technologies,
i.e. max = Gmin+€. Uniform adopters have an even chance of weakly preferring technology
x or y.

6Farrell and Saloner (1985) show that a bandwagon will only emerge if some types,
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y—p stubborn biased uniform
a = enthusiast enthusiast enthusiast
y ] biased uniform biased
a = follower follower enthusiast

Y —0 int coent biased stubborn
— ntransigen .
a 8 follower enthusiast

Figure 1: Valuation pairs and adopter characterizations.

We can then focus on coordination issues among adopters and technologies.
Further suppose that A < [ + b, which limits our analysis to the most in-
teresting case where adopters may have a modest preference for one of the
technologies but prefer to be compatible with the other player. Relaxing this
assumption (so that A > [+ b) would in fact make analysis simpler (because
equilibrium strategies of stubborn and biased enthusiasts would coincide),
but less interesting.

[J Actions and Strategies. An adopter’s strategy o, consists of her adop-
tion probabilities at each node in the game. Adopters face a decision node
at t = 1 and in three subgames at t = 2.

Start of the game: At ¢ = 1, adopt (weakly) preferred technology with
probability a,.

Subgame 1 (S1): At ¢ = 2 if there has been no adoption in 1, adopt
(weakly) preferred technology with probability f3,.

Subgame 2 (S2): At ¢ = 2 if there has been adoption of one’s preferred

intransigents in their terminology, would never adopt. Assuming that b — ¢ < 0 and the
possibility of zero valuation ensures this in our model.



technology in 1, adopt preferred technology with probability v,.

Subgame 3 (S3): At ¢ = 2 if there has been adoption of one’s less preferred
technology in 1, adopt less preferred technology with probability d.,.

An adopter’s strategy for the entire game is denoted 0, = {a, Ba; Vas 0a -’
Note that if ay > 0, an adopter may start a bandwagon, and if v, = 1, the
adopter is a ‘bandwagon’ adopter.®
(] Equilibrium. Every valuation pair a maps into an equilibrium strat-
egy ox. We solve for Perfect Bayesian Nash Equilibria in mixed strategies
(PBNE). In other words, at every node, player ¢’s action maximizes expected
payoffs given current beliefs about j’s valuations. We are interested in set-
tings where transition to the new technology is not guaranteed, but possible,
and where some (types of) adopters need to be induced to switch by ob-
serving prior adoption. We therefore concentrate on the parameter ranges in
which there exist Bandwagon Equilibria:

Definition: A Bandwagon Equilibrium (BE) is a Perfect Bayesian
Nash Equilibrium with a positive probability of adoption at t = 1 and types
that would only adopt at t = 2 if there has been adoption at t = 1.

This definition imposes restrictions on the values of A, [, b and ¢ to ob-
tain valuation vectors a such that some types of adopters have equilibrium
strategies o = 85 = 0, 75 = 1, and some have o > 0. The former requires
that some types have a valuation high enough to adopt if they are guaran-
teed network effects and low enough to keep them from adopting on their
own. The latter restriction states that some types value a new technology
highly enough to consider switching early to get a bandwagon started. We
now derive conditions for a BE to obtain.

"Adopting one’s preferred technology in S 8 implies @max > Gmin + b. In this case,
the equilibrium strategy would then be to adopt at t = 1 (af = 1), so we ignore this
theoretical possibility for notational convenience.

8 A ”Bandwagon Strategy”, in Farrell and Saloner’s (1985) terminology, involves delay-
ing adoption at ¢ = 1 and mimicking the other adopter’s ¢ = 1 action at ¢t = 2. In our
model, this need not occur because an early adopter may adopt the less preferred technol-
ogy and will consequently not be followed (if 6, = 0). We stick to Farrell and Saloner’s
terminology however to describe the readiness to imitate adoption of one’s own preferred
technology.



3 Derivation of Equilibria

B Equilibrium analysis. We are interested in defining the parameter space
(h, 1, p, q) that supports a BE.” Three forces determine an adopter’s incen-
tives to adopt early in a BE — the likelihood of starting a bandwagon, the
risk of splintering through simultaneous adoption, and the value of adopt-
ing the less preferred technology. To gain an intuitive understanding of our
equilibrium consider the types with a,.. = h: stubborn, biased, and uniform
enthusiasts. For all enthusiasts, adopting early may result in orphaning (i.e.
adopting without obtaining the network benefit) for two reasons — either no
bandwagon emerges or the market has splintered.

The difference in adoption incentives across types comes from the value
of subgame §3 at t = 2 — adopting the less preferred technology if adop-
tion has taken place at ¢ = 1. A stubborn enthusiast derives zero utility
from adopting her less preferred technology, while a biased enthusiast de-
rives some,'® and a uniform enthusiast is indifferent between either of the
technologies, as long as one of them gets adopted. The incentive to delay
adoption is increasing in the valuation of the less preferred technology. For a
stubborn enthusiast, waiting is never profitable — if standalone valuation and
expected network benefits outweigh adoption costs, early adoption is always
more likely to trigger bandwagon behaviour than waiting until ¢ = 2. Will
a uniform enthusiast ever adopt early? A uniform enthusiast will weigh up
the potential of starting a bandwagon by adopting at ¢ = 1 and the risk of
splintering. If starting a bandwagon is important (if, for example, there is
a high likelihood of the other adopter having ay.x = ), a uniform enthusi-
ast may still want to adopt early. The tendency to adopt early or late will
also be governed by expectations about the adoption times of other potential
adopters to minimize the risk of splintering. Proposition la summarizes the
properties of a BE with two independent new technologies.!!

9There are two other types of equilibria, coordination game and no-adoption equilibria.
A coordination game equilibrium arises if all types with amax = h,l adopt early (and 0-
types never adopt). This occurs for high standalone valuations (1) and network benefits (b)
for low-valuation adopters. Conversely, an equilibrium with no adoption at all results from
a low probability of being followed (p,q), low standalone benefits (h), and low network
benefits (b) for potential early adopters.

10Tn fact, a biased enthusiast still derives higher utility from adopting her less preferred
technology than from adopting her preferred technology on her own since I + b > h.

11 All proofs are in the Appendix.



Proposition 1la: If valuations for two technologies are independently
drawn, then for sufficiently high valuations for enthusiasts and sufficiently
low valuations for followers, two BE may exist, a high-adoption and a low-
adoption BE. For h > hpign = ¢ — (p+q —pq — %pQ) b and | < lpigh1 =

c— (M> b, a high-adoption BE exists where stubborn and biased

2(1-2p(1-8))
enthusiasts adopt early with certainty, and uniform enthusiasts adopt their

302 pota
weakly preferred technology early with probability oj, = w. For

P>
2
2pq+g 4;;(?23)(1(113 q ) b, a
low-adoption BE exists where stubborn enthusiasts adopt early with certainty,
p(1—p—q)(I+b—h)— (ﬁw) b
biased enthusiasts adopt early with probability oj;, = =TT

and uniform enthusiasts delay with certainty. In both BE, followers play a
bandwagon strategy.

The mixing probabilities o, and o}, are non-degenerate (i.e. 0 < a < 1)
only for certain parameter ranges, as illustrated by Figure 2. If there is a high
probability of the other adopter playing a bandwagon strategy, i.e. Gmax = [,
even a uniform enthusiast will adopt early with certainty in order to start
a bandwagon. This is the top left corner in the figure. As the ratio %
increases, the danger of splintering increases and an indifferent adopter will
delay with positive probability. If ¢ decreases further, this effect increases
and the likelihood of being followed by a bandwagon adopter decreases, thus
resulting in mixing behaviour even by biased enthusiasts (a = (hl)).

We now study two special cases of our basic model, first, a single new

technology, and second two technologies with common values.

h>ﬁlow:c—(p+q—ozhlpq)b cmdl<lAlow:c—<

B Special case 1: Single new technology. This case resembles Far-
rell and Saloner (1985) with discrete valuations and is a special case of our
model where ¥ =0 Va. We use it as a benchmark to assess the effect of
splintering, which does not exist in the single-technology case.

Proposition 1b: A BE in the one-technology case consists of enthusiasts
adopting early with certainty and followers playing a bandwagon strategy.

The intuition behind this BE is straightforward: If an adopter has a suffi-
ciently high expectation of being followed given her standalone valuation, she
will adopt at ¢ = 1. There is no incentive for an enthusiast to mix adoption
times — if early adoption is profitable, it never pays to delay.
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Figure 2: p, ¢ ranges for non-degenerate mixed strategies. (Note: For aj,, the
following parameter values were used (in relation to h): [ = .875h,b = .5h)

B Special case 2: Perfect Substitutes. It is often argued that new
technologies are more or less identical, i.e. they appeal to the same con-
sumers. This can be modelled as amax = Gmin Va. Suppose further that
there is no focal point, i.e. adopters do not automatically coordinate on x or
y if they are indifferent between the two.!? The BE can then be characterized
as follows.

Proposition 1c: The unique BE in the case of two common value tech-
nologies involves enthusiasts adopting early with probability of = % + % and
followers plaing a bandwagon strategy.

This result emphasizes the effects of splintering. In the one-technology
scenario there is only the risk of the other adopter being an intransigent
(with valuation ay., = 0), but there is now the risk of both moving simulta-

12 Assuming a focal point has been shown to alleviate at least some coordination failures
in Katz and Shapiro (1986). In our model, within-generation coordination would render
the perfect substitutes case equivalent to the single-technology case.



neously, but choosing incompatible technologies. For some parameter values,
an enthusiast will delay adoption with positive probability (o < 1).

4 Results

B From one to two technologies: Individual incentives. We now com-
pare the adoption behaviour for one and two new technologies. Note first
that if technology adoption can be coordinated by a social planner who ob-
serves the types of adopters, the second technology would clearly add more
value. Any reduction in welfare is therefore due to the risk of splintering.

Proposition 2: In the two-technology case, a) the critical values for a
BE to obtain are higher for enthusiasts; and b) in a BE, the probability of
adopting early is weakly lower for enthusiasts.

Proposition 2a states that an enthusiast will require h to be higher in
the two-technology case for her to adopt at ¢ = 1 compared to the one-
technology case. Hence, adding a second technology may kill off the market
entirely. Consider a simple illustrative example: Suppose af .. = h = h + ¢,
which is sufficient to trigger adoption of x in the one-technology case. In
the presence of two technologies however, h is below the critical value, i.e.
h < h < h, so that no adoption takes place at all.!*4 Proposition 2b states
that even within the range of a BE, an adopter’s incentive to adopt early is
weakly lower. The reason is that for some parameter ranges, o} is a non-
degenerate mixed strategy (i.e. 0 < af < 1) in the two-technology case,
whereas adopting early is a dominant strategy with one technology if a,.y
exceeds the critical value for early adoption. With two technologies there
may be an option value of waiting for biased and uniform enthusiasts, as we
show in Proposition la. This means that the probability of early adoption is
weakly decreasing with amin for amax = h, i.e. af = a5y > af; > .

B From one to two technologies: Aggregate behaviour. We now

13We can construct an intermediate case with four types to obtain a more moderate
decrease in expected adoption: Very high (amax > h) high (amax = h+ e), [ and 0. High
types would drop out and overall expected adoption decreases.

1In a setting with no option to delay, this effect would not arise, although splintering
may still occur.
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consider aggregate outcomes. First, we derive the probabilities of adoption
outcomes in a BE, and we then calculate expected welfare.

(] Unconditional Adoption Probabilities.

Proposition 3: In a BE, introducing a second uncorrelated technology
will imply: a) an increased likelihood of any adoption; b) a risk of splintering;
¢) a higher likelihood of single adopters of a technology for sufficiently high
q and low p; d) a higher likelihood of early adoption for sufficiently low p.

Proposition 3 outlines the effects of two new technologies if the timing of
adoption is endogenous and adopters have the option not to switch.!> With
more choice, some adoption is more likely (P3a) because there are more
high-valuation adopters. However, in some instances adoption may result
in splintering (P3b), a risk that does not exist with one new technology.
In fact, for most parameter combinations (except for low ¢ and high p),
the likelihood of single adopters adopting a technology is higher with two
technologies (P3c). That is, higher adoption overall is not automatically a
good sign as adopters may be orphaned and forego potential network effects.
Regarding adoption timing, in the high-adoption BE where o, = o, =
aj, = 1, early adoption is more likely with two technologies as a result
of increased variety. This result is more nuanced for parameter ranges with
relatively high ¢ and p — in this case early adoption may be more likely in the
one-technology case because the game resembles a coordination game (since
there are hardly any intransigents) and adopters will try and mix adoption
probabilities to avoid coordination failures, which would not be an issue in
the one-technology case (P3d). We now examine how this affects aggregate
expected welfare.

(] Aggregate welfare.

We focus on ex-ante aggregate expected welfare; that is, we consider
the likelihood that two adopters of types a; and a; meet and calculate the

15Under exogenous timing and/or no option to remain with the incumbent technology,
the risk of splintering remains, and may be exacerbated if timing is endogenous and all
adopters switch eventually, as adopters may preempt each other by adopting early.
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resulting welfare from playing the game. For example, consider two adopters,
one a stubborn enthusiast (a = (h0)), the other a uniform follower (a = (I1)).
The likelihood of this occurring is ¢,,6,; = p (1 — p — ¢q)-¢%, and the aggregate
utility is (b +b—c) + (I + b —¢).'5 Expected aggregate welfare is then the
weighted sum of aggregate payoffs of all possible outcomes of the game. We
generically write aggregate expected welfare as follows:!”

W= Z d)ai ¢aj (uai + uaj)

2
For the case with two perfect substitutes, we can show the following:

Proposition 4: Introducing an incompatible, perfectly substitutable tech-
nology is welfare-decreasing.

Here we find the intuition of our findings on individual adoption incentives
confirmed: A second, undifferentiated technology is socially harmful. As we
have shown previously, adoption may break down completely, and even if
it does not, expected welfare is lower. In other words, having two similar
versions of a technology can act as a ‘spoiler’. These costs of incompatibility
from splintering and the consequent loss in network benefits would exist
in any situation with two new technologies, i.e. regardless of there being an
option to remain with the old technology. Policymakers wanting to maximize
expected welfare of a new technological generation will thus try to ensure that
incompatible, but similar versions of the same product are not introduced
in the market — policymakers could either mandate compatibility between
the two variants (to eliminate the risk of splintering), or require a sufficient
degree of heterogeneity between the technologies (to counteract the harmful
‘coordination’ effect).

We now turn to the case of two independently drawn technologies. The
negative effect of a coordination failure with two incompatible technologies
may be offset by a higher likelihood of an adopter being an enthusiast for one
of the technologies. Since we are studying bandwagon equilibria, being an
enthusiast implies that there is at least some probability of adopting early (see

16 A stubborn enthusiast adopts at t = 1 with certainty and a uniform follower adopts
the previously adopted technology at ¢ = 2. This results in both adopters gaining network
benefits b on top of their net standalone benefits h — ¢ resp. [ — c.

1"The full expressions for expected aggregate welfare for the three cases (two uncorre-
lated technologies, single technology, two perfect substitutes) are in the Appendix.
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Proposition 1a). Proposition 5, illustrated in Figure 3, gives the conditions
for the ‘variety effect’ to outweigh the ‘coordination effect’.

Proposition 5: If p is sufficiently high, two independent new technologies
will lead to lower expected aggregate welfare than a single one. Conversely,
if p is sufficiently low, two technologies may be welfare superior.

An intuitive reading of this result goes as follows; in a situation where
a single new technology is likely to generate a bandwagon anyway, offering
potential adopters a second choice is harmful. This occurs when p, the like-
lihood of an adopter having a high valuation for any given new technology,
is sufficiently high. Introducing a second new technology then increases the
risk of orphaning a la Proposition 4. Conversely, if the likelihood of adopters
being enthusiasts for any new technology is small (i.e. p small) and the
likelihood of being a follower is high (i.e. ¢ large), offering more variety is
beneficial. That is, in cases where excess inertia is most prevalent (due to the
high likelihood of adopters being followers), adding another new technology
will improve expected welfare.

1_
0.3
0E
0.4

0.24

Figure 3: Parameter ranges for which adding an uncorrelated technology in-
creases (decreases) aggregate welfare. (Note: Parameter values used (relative
to h) were [ = .875h,b = .5h, c = 1.35h).

As we show in the Appendix, the parameter space in which adding a sec-
ond technology increases expected welfare expands as b, h, [ rise and ¢ falls.
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This seems intuitive: Since the likelihood of a high valuation being drawn
increases with two technologies, welfare increases if valuations are higher.
Similarly, for high network effects, having a higher chance of starting a band-
wagon (i.e. have two technologies on the market) is beneficial. Conversely, if
an (unsuccessful) switch is more costly due to higher adoption cost, a higher
risk of ‘orphaned adoption’ implies lower expected welfare.

5 Limitations and Possible Extensions

Although we believe that our model captures some interesting features of
emerging network technologies, some limitations and suggestions for future
work need to be addressed.

[1 A-priori symmetry. Both new technologies are ex-ante symmetrical.
That is, high, low, and zero valuations are identical for both technologies,
as are network benefits and adoption costs. Changing any of these assump-
tions would obviously tip the game in the better technology’s favour. If one
technology was unanimously preferred by all adopters so that [, > h,, the
coordination problem would not arise. If technologies are only ordered within
the high and low valuations, i.e. h, > h, and [, > [,,, the coordination prob-
lem would be weaker, but it would still exist. An interesting case is where
the distributions of valuations for different technologies differ. For example,
if a technology with many prospective followers but few enthusiasts is intro-
duced alongside one with more trendsetters but less followers, we may obtain
a scenario where a switch to the ‘mass-market’ technology (higher ¢, lower p)
may be efficient, but the ‘trendy’ technology is more likely to succeed. This
also affects firm behaviour — for instance, Urban and von Hippel (1988) find
that variants of a new computer-aided design (CAD) technology that have
been designed to fit lead users’ preferences have been comparatively more
successful than ones that were not.

[1 Competitively supplied technologies. We treat ¢ as an exogenous
parameter in our model. If technologies are sponsored, however, prices are
set endogeneously by firms. Katz and Shapiro (1986) show that a sponsored
technology has an advantage over an unsponsored one even if it is inferior.
They also show that with competition between two sponsored technologies,
the technology which will be superior later on has an advantage. Their re-
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sults do not necessarily apply to our case however since they only model
one old (superior today) and one new (superior tomorrow) technology. In
our setting, increased competition within the new generation would bias the
results in favour of the two-technology case. Even if the variety effect is mod-
erate, having two sponsors heavily subsidizing adoptions in the first period
in order to get a bandwagon started may make successful transition to a new
technology more likely in the two-technology case than in the one-technology
(monopoly) case.

[] ‘Large’ adopters. In our model, adopters’ decisions are directly in-
terdependent. This is realistic in a setting where agents are firms, or where
network effects are localized so consumers directly observe each other’s deci-
sions. Considering a model with adopters of measure zero would generate a
process similar to diffusion models and adoption decisions would be based on
aggregate adoption figures.'® Schmutzler (1998) develops a model of location
choice with externalities in this spirit, and related empirical work by Koski
(1999) and Berndt et al. (2003) estimates the impact of competition among
multiple variants of a new product (PCs and Antiulcer drugs, respectively)
on diffusion speed.

O (In-) Compatibility. In our model, technologies are incompatible, which
is the source of both inertia and splintering. Choosing compatibility be-
tween the new technologies would unambigously improve matters: As long
as the loss in variety (by fixing some product characteristics to achieve com-
patibility) is not too severe, intra-generational compatibility is preferable.
Backward compatibility would increase the valuation for each adopter by Ab,
where 0 < A < 1 is the degree of backward compatibility. If this increase
is uniform across adopters and technologies however, this would imply lower
switching cost of ¢ — Ab. If only one new technology is backward compatible
(for example because it is owned by sponsor of the old technology), this will
change the results as if there was vertical differentiation: If an adopter has
equal standalone valuations for both technologies, the network benefit will
cause him to prefer the backward compatible technology. Thus, if backward
compatibility is important (i.e. Ab large), this may result in a situation with
one technology unanimously preferred, i.e. I, + Ab > h,,.

18 Adopters may still form expectations about the aggregate number of adoptions, but
they expect the individual effect of their decision to be zero.
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6 Conclusion and Implications

The analysis of strategic technology adoption has largely focused on compe-
tition between two technologies, either a new and an old or two new ones.
In this paper, we focus on the situation where potential adopters can choose
between one of two new technologies or not adopt at all. We contrast our
findings with the results by Farrell and Saloner (1985) on a single new tech-
nology and find that multiple technologies raise the threshold for any early
adoption to occur. That is, an adopter must have a higher valuation for a
new technology to find it worthwhile adopting in the presence of two new
technologies. Further, we find that even if the valuation is high enough,
adopters may still delay adoption. The first effect comes from the lower
expected network benefit from adopting a technology, resulting in a higher
critical value for adoption. The second effect emerges because high-valuation
adopters play a coordination game; they want a bandwagon to emerge, but
they would prefer someone else starting it to ensure compatibility by adopt-
ing the same. We also study the welfare effects of multiple technologies and
find that although the probability of ‘orphaning’ increases compared to a
single new technology, expected welfare with two technologies is higher for
some parameter ranges. This is due to the variety effect — multiple imper-
fect substitutes on the market increase the probability that there will be a
high-valuation adopter to start a bandwagon.

This paper is the first to theoretically analyze splintering with endoge-
neous adoption. In future work, it would be interesting to study past histories
of technology introduction with multiple varieties to see which of the two ef-
fects identified in our model — the benefits from increased variety or the risk
of splintering — dominates in specific cases.
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A Proof of Propositions 1 - 5

A.1 Preliminaries

B Equilibrium Conditions.

Denote by ug, S € {S1,52,53} the expected net utilities in the three
subgames at t = 2, and U;, t = 1,2 the expected utilities from adopting
early or delaying. Recall that ¢, is the probability that an adopter is of
type a. Further, define as p; the probability of early adoption of a specific
technology (the probability of any early adoption is 2p,), p, the probability
of late adoption in S1, and py the probability of an early adoption being
followed. We now outline the conditions for a BE.

Subgames S2 and S3 are straightforward. An adopter in S2 (S3) will
simply consider whether ugs (ug3) > 0, i.€. @max (@min) +b — ¢ 2 0 and adopt
accordingly.

S1 requires updating expectations about the other adopter; player i
knows that S7 could have been reached only if the other adopter would
not adopt early with certainty, i.e. o < 1. Therefore, 5, = 1(3, =0) if
Umax + P30 > (<) c.

We can now determine whether or not to adopt at ¢ = 1. In short, if
Uy > (<) Uy, =1(0), and if Uy = Us, 0 < o, < 1s.t. U; > 0. Adopting at
t =1 gives amax — ¢+ (p; + pp) b. The final term is the network benefit times
the probability of simultaneous adoption of the same technology at t = 1
plus the probability of being followed at ¢ = 2. Delaying adoption gives an
adopter flexibility to wait and observe which subgame is played at ¢t = 2, and
react optimally in each subgame. The expected value from delaying therefore
are the utilities in each subgame weighted by each subgame’s likelihood of
occurring. We therefore obtain the following condition for early adoption:

Umax + (p1 + pp)b—c> (1 —2p;) us1 + pyuse + pyuss

To make the adoption probabilities p. more precise, we write:

P = Z¢a'a2

pr = 53 0w max[d, (55 — o)

pp = 5 Y a (max[0, (v — ap)] + max[0, (5, — a})))
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Lemma A1l: For ez-ante symmetrical technologies, pr > p,.

Proof: 5, > 0 implies that ampax + pyb > c. Since py < 1, Gpax + b >
(max + P2b, so that v, > B,. Therefore, the first term in large brackets in pp,
i.e. the number of "happy followers” — followers that end up adopting their
preferred technology — is already at least as large as p,, so that pp > p,. W

Lemma Al states that it is more likely to find followers for one’s pre-
ferred technology than ‘unprompted’ adopters in 2. For ex-ante identical
technologies, the total mass of adopters wanting to adopt in S 1 will split
evenly among the technologies. The adopters ready to adopt their preferred
technology regardless of previous adoption would adopt even more readily if
guaranteed the network effect (pp > ps).

Further, the following relations between expected utilities of different
types hold in a BE:

ii) U (h0) > ug; (hO)
iii) U (10) = Uy (Il); Uy (10) < Uy (10)
iv) wug (10) = ugy (1) 5 ugy (h0) = ugy (hl) = ugy (hh)

i) states that the expected payoffs from early adoption is identical for all
enthusiasts, but that the option value of waiting is increasing in the a;,.

ii) implies that a stubborn enthusiast will always prefer adopting early to
waitign and adopting later. This follows directly from Lemma Al.

iii) is similar to relation i) — the option value of waiting is higher for
uniform followers than for biased followers.

iv) states that adopting in Subgame 1 will be equally profitable for all
types with the same aax.

A.2 Proof of Proposition 1la

A.2.1 Low-adoption BE

We first characterize the low-adoption BE. Suppose that adopter i (weakly)
prefers technology z, i.e. a® > a¥ for ease of exposition. We derive equilib-
rium strategies for each different type assuming that a BE exists. We then
derive the conditions for a BE to exist.

e a =(00). An adopter of this type trivially will not adopt any technol-
ogy, i.e. opy ={0,0,0,0}.
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e a =(h0). ay;, = 0, so that there is no incentive to delay, since pp > ps.
Early adoption is assumed to be profitable (if it was not, it would not be
for any type and consequently a BE would not exist) so that a = (h0)
implies adoption at ¢ = 1, so that o}, = {1,1,1,0}.

e a=(10) and a =(1l). In a BE, some types will be strict followers, i.e.
they would never adopt unless the other adopter has. This implies that
Uy (I1) , Uy (10) ,usy (1) ,us1 (10) < 0. Since both types have identical
Umax = [,they will have the same expected (negative) payoffs from
adopting in S1. Since [ 4+ b > ¢, we obtain the following strategies in a
BE: 0j, ={0,0,1,0}, o}, ={0,0,1,1}.

e a =(hl) and a =(hh). Recall that U; (h0) = U; (hl) > 0. However,
ugs (hl) > 0 since [+b > c. Tt is therefore possible that Uy (hl) < Us (hl)
although adopting early would be profitable. Suppose now that an hl-
type is indifferent between adopting early and delaying, i.e. U (hl) =
Uy (hl). This implies U; (hh) < Uy (hh) since ugs (hl) < ugs (hh), so
that of, = 0. In a BE we have aj; = o, = )y = 5, = 0. For an
hl-type to be indifferent between adopting early or late, we need:

h+<%+pF)b—c: ((1—%>h+%l>+(p1+%>b—c.

Inserting the corresponding values for p,, p,, and pp and simplifying gives

p(l=p=q)(h—=1-0b)+ (%Jrq)b
pq (h—1—1b) —pgb ’
The equilibrium strategies are then o}, = {a};,1,1,1} and o}, = {0,1,1,1}.

*
Op =

A.2.2 High-adoption BE

e The equilibrium strategies for a = (h0), (I0),(ll),(00) are derived
analogously to the low-adoption case, i.e. o}, = {1,1,1,0}, oy =
{0,0,1,0}, o}, = {0,0,1,1} , 0%, = {0,0,0,0}.

e a =(hl) and a = (hh). Suppose now that U; (hh) = U, (hh) and con-
sequently Uy (hl) > Uy (hl). We know then that o}, = o, = 1 and
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aj; = oy = 0 and find the probability of adopting early by equating
Uy (hh) = Uy (hh):

et (Btpp)b—c=ht (o +2) -0,

which gives the following probability of adoption:

o, = P+ q—pg—p
P2
We can then characterize the strategies for hl- and hh-types in the high-
adoption BE: o5, = {1,1,1,1}, o7, = {ams, 1,1,1}. B
The equilibrium strategies in the high-and low-adoption BE therefore are:

High-Adoption BE
O-;(LO = {17 17 17 0} ’ O-;kzl = {17 17 17 1} ) O-Zh = {ahh; 1; 17 1} 9
O-ZkO - {0707 170}? O-?l - {0707 17 1}7 0'80 = {070a070}

Low-Adoption BE
oro=1{1,1,1,0}, o7, = {an,1,1,1}, o5, = {0,1,1,1},
0-70 = {O7O> 170}7 O-Ekl = {0707 17 1}7 0-30 = {070a070}7

2
p(1—p—q)(I+b—h)— (% +q) b
pq(l4+b—h)+pgb

3p2—pg+q—p
p2

where a3, = , and of; =

A.2.3 Critical Values.

e a,.,. = h. Consider the high- and low-adoption BFE. The critical values
for early adoption to be profitable are the following:

-~ Opp
Phigh = €— (p+q —pg — 7192) b,

hlow = C— (p +q— Oéme) ba
so that hhigh > hiow-

So h > Ehigh ensures that an h-type will consider adopting at t = 1.

® a,,., = . We know that ug (10) = ugs (I1), so we can derive one critical
value for both types. Adopting in Subgame SI is profitable if the
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probability that the other adopter will adopt as well is high enough
conditional on her not being an early adopter. This gives us three
scenarios, depending on whether a, = 1 or not. This is due to the
fact that by observing no adoption at ¢ = 1 and moving to Subgame
S1 allows for Bayesian updating if oy = 1 — an adopter cannot be of
a type that would have adopted with certainty at ¢ = 1 if S7 is being
played. We obtain the following critical values:

™ 242q(1—p—
apo = Qg = oy = 1, lhigh1 = ¢ — (W) b

If p2+q2+2q(1*pw)> b

apo = ap =1, ap, <1, lhith =C—= ( 2(1-2p(1—p))
2pq+p2+q2+2Q(1—P—CI)) b

Qpo = 1, Qpl, Opp < 1, llow =Cc— ( 2(1-2p(1—p—q))

It is casy to show that /l\highl < z;Lith < z;ow- Ifl < z\highla ﬁl = 07 which
ensures the possibility of a BE. B

A.3 Proof of Proposition 1b

As in the previous scenario, a = (0) will play o} = {0,0,0,-}.1?

e a =(h). For enthusiasts, there is no incentive to delay adoption in a
BE because p, < pp, and only the highest type would attempt to start
a bandwagon. If expected utility at t = 1 is positive, an adopter with
a = (h) will adopt early, i.e. aj = 1. The condition for this is as
follows:

h—c+(p+q)b
h

> 0, ie.
> EEC—(p—l-Q)b.

e a =(1). Sincein a BE a = (l) is the only candidate type for a follower,
we derive the conditions for this to hold, i.e. of ={0,0,1,-}. Clearly,
given | —c+b > 0, 77 = 1. If there has been no adoption at ¢t =1 (S1),
an adopter will update her belief about the other player. Knowing that

196* is irrelevant in the one-technology case.
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amax < h for the other adopter, an adopter will only adopt at ¢t = 2
(8] = 1) if the following inequality is met.

[ —c+ (L)b > 0,i.e.
l—p

= q
[ c <1_p)b>l.

At t =1, we find that | —c+ (p+q) > 1 —c+ (1—) b. Therefore,

q
—-p
af =1(0)if [ > (<)l=c—(p+q)b. Since p+q > =, 1 < 1, so that [ is
the binding restriction for a BE to emerge.
We can then characterize the BE in the one-technology case as follows:

op. ={1,1,1,-}, o7 ={0,0,1,-}, 5. ={0,0,0,-}.
This is the unique BE iff h > h, [ > 1> c—b, where h = [ = c—(p+q)b. N

A.4 Proof of Proposition 1c

First note that 0-types will never adopt either technology, i.e. o = {0,0,0,0}.

e a=(h). An h-type will consider adopting early with probability «.
Payoffs from adopting early or late are Uy = h—c+(%p+ (1 —an)p+q) b
and Uy = h —c + (ahp+ I*Q%p) b respectively. Setting U; = U,
gives aj = % + %. Adopting early will then be profitable if h > h =

c— (3p+1q)b.

e a=(1). As l-types are the only candidates for following, they play a
bandwagon strategy if waiting is preferred to adopting early. This is

givenifl<7high:c—(p+q)bf0r a};<1andl<7low:c— (1—fp>b

if af = 1.

Note that there are two different critical values Zhigh, Liow- These different
values emerge because if «; < 1, observing no adoption carries no infor-
mation, i.e. the other adopter can still be an enthusiast playing a mixed
strategy. In the other hand, if ay, = 1, observing no adoption rules out the
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possibility of the other adopter being an enthusiast. We summarize the BE
in the perfect substitutes case:

01*1:{05;,1,1,1}, O; :{0707171}7 032{0707070};

where aj = % + %. A BE occurs for the parameter ranges h > h, | < Zhigh if
a; =1land! < Liow if oy <1, where h = ¢ — (%p—k %q) b, Zhigh =c—(p+q)b,
and {;,, = ¢ — (ﬁ) b. A

A.5 Proof of Proposition 2

A.5.1 P2a)

Consider the critical values for early adoption in our basic case and special
case 1:

= Opp
Rhigh = c—(p+q—pq—7p2>b

hlow = C— (p +q— ahpo) b
h = c—(p+q)b
From inspection of the expressions, it is easy to see that /ﬁlow —h =

appgb > 0. Since hpigh > hiow, the critical value for adopting early in the
two-technology case is higher than with a single new technology. l

A.5.2 P2b)

In the case of a single new technology (Special case 1), o} = {1,1,1,0}. In
the two-technology case, aj; < 1 in some circumstances and o, < aj,;. B

A.6 Proof of Proposition 3

We write f’\r. for probabilities referring to the two-technology case and Pr.
for the one-technology scenario and A, = <Pr. — Pr.).
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A.6.1 P3a)

The likelihood of no adoption in the one- and two-technology scenarios are:

Prnoswitch == 2(](1_p_CI)<1_p)2+q2(1_p)2+<1_p_Q)2<1_p)2
Pruoswiter = ¢ +2¢(1—p—q)+(1—p—q)°

For non-zero values of p and ¢, Ay, switen 1S always negative. H

A.6.2 P3b)

The possibility of two adopters adopting different technologies simultaneously
exists only for the two-technology case, so that Agpjintering > 0. l

A.6.3 P3c)

We show this result numerically. Figure 4 encloses the area where Agingle adoption <
0 in the bottom right corner. Where Agay adoption < 0, the likelihood of sin-
gle adopters is more likely with one new technology. We can see that this

is the case for high values of p and low values of ¢, and for sufficiently low
values of p (p < p ~ .382), single adoption is more likely for any g.

A.6.4 P3d)

We show this result numerically. In Figure 5, we illustrate that for high
values of p (p > p = .6) all permissible values of ¢ lead to lower adoption in
the two-technology case, while for sufficiently low values of p (p < pr.277)
early adoption is higher for two technologies for all values of ¢.

A.7 Proof of Proposition 4

Expected welfare for a single new technology is

h+1
W1:2p2(h—c+b)+4pq(7+—c+b>+2p(1—p—q)(h—c).

The expected welfare for two perfectly substitutable technologies is
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Figure 4: Agingle adoption S 0 across permissible parameter ranges.

1
Ws = 2p° (h—c—i—(i—l—a;;(l—a;‘t)) b)—f—
+2pg (h—c+aj (I+2b—¢)+2p(1—p—q)(h—¢).

Inspection reveals that for aj; < 1, 1+ (1 — o) < 1. This implies that with
two technologies, expected network benefits are strictly lower in a complete
first-period switch and weakly lower in a bandwagon switch. B

A.8 Proof of Proposition 5

Expected welfare for two technologies with uncorrelated valuations W, can
be written as follows:
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Figure 5: Acarly adoption S 0 across permissible parameter ranges.

W, —
. 3
= 20—t )2 20— ajun) 47 (307 -0~ 5 ) -
— 2pq (1 — ajy, — agy + o)) +
+(h+1—=2c+2b)p[2(1—p)+2¢(1 4+ af;, +2¢(1 — ) —
—2pq(3—p—q—ap, —ap (2p — agup — 24 q — 200,9))] +

* *2 5 *
+(h—c)p [4 —p (6 — Qfp — AP — 5102 + 4ahhp2) +
+pq <5047Lh047up — 3aj,p + 8ajy — 10aj,p — 6p + 2¢ — 8ajyq + 6oy — 20‘2h> +
+4q (14 q — ayq)]

This expression cannot be analyzed analytically, and we show Proposition
5 numerically. Denote AW = W5 — W;. As we are interested in parameter
values for which expected welfare is higher (lower) with two independent
technologies, we graph AW = 0 for our default values h = 1, [ = .875,
b= .5, c=1.351n p, q space in Figure 3. We then discuss comparative static
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effects of changing our variables h, [, b and ¢ in Figure 6. Note that our
results are scale-invariant, i.e. any value A used to scale all parameters h, [,
b and c yields the same results.

To assess comparative statics, we change the variable in question by 5%
and 10% and see how the parameter space with AW > 0 changes. We can
see that it expands as b, h,[ rise and c falls. Further, we can see that for a
sufficiently large increase (resp. decrease in ¢) in each variable in question,
any value of ¢ (< 1 — p) and sufficiently low p imply AW > 0.

g 0z 04 [13 [X] 1

9c A

g 0z 02 06 (] 1
b

g 0z 02

i
i
04
"--"/
02
e
P

Decreasing costs Increasing network benefits

Figure 6: Comparative Statics Analysis.
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