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1 Introduction

In this paper we approach the issue of interaction between innovation and cost-
efficient entry which in the first place results in a more competitive environment
for various incumbent firms. Those firms, which previously enjoyed relative
safety inside their markets, now face the possibility of entry by often more ef-
ficient competitors. Establishing production of Japanese car manufacturers in
the US is one (among many others) example of such an entry. In the 1970s
Japanese companies entered the US with a new ”lean” auto assembling technol-
ogy, which had advantages over the mass production assembling lines used by
US companies (Van Biesebroek (2003)).

The aim of this paper is to provide analytical results regarding incentives for
R&D investments of firms dealing with an entrant that produces with a more
modern technology. To do so we design a framework as simple as possible
while still containing the specific aspects of strategic R&D: uncertainty, time to
complete, competition, and entry threat. Next, we discuss these aspects in this
order. Then the Introduction proceeds with a presentation of our main results,
a summary of our welfare analyses, and an overview of the paper’s contents,
respectively.

Two important features of R&D investments are that an R&D project takes
time to complete and that the outcome of R&D is uncertain. In the existing
literature the factor of technical uncertainty is mainly represented by assuming
a random date of new technology or innovation arrival (such as Poisson arrival
in Kamien and Schwartz (1971), Loury (1979), Dasgupta and Stiglitz (1980),
Weeds (2002), and Doraszelski (2003)). The technical uncertainty in our model
is being modeled by a random outcome about the costs of R&D. Following Dixit
and Pindyck (1994, pp. 345-356), we assume that the firm does not know be-
forehand how much time, effort, and resources it will need to complete an R&D
project. The arrival of a new technology can only be achieved by completing
the research project with an uncertain cost. The technical uncertainty in our
case influences firm’s total R&D cost, rather than the probability of new tech-
nology arrival. A typical characteristic of such technical uncertainty is that
it cannot be resolved by waiting. Therefore, one of the reasons that the firm
starts carrying out the R&D is to learn about the total cost of research.

Investment cost uncertainty is modeled in a different way, compared to Kort
(1998) or Schwartz and Moon (2000). Instead of using stochastic Wiener pro-
cess formulations, we introduce a simple two-stage R&D process, which has an
uncertain outcome of the first stage. This enables us to obtain analytical re-
sults for a framework containing both technical uncertainty and competition.
As in Moscarini and Smith (2001), in our model first-stage R&D decreases un-
certainty about future payoffs by revealing the true R&D cost. Unlike the
one-decision-maker model of Moscarini and Smith, we study the effect of R&D
cost uncertainty on the firm’s decision to undertake R&D in a strategic setting,
combining the effects of technological uncertainty and competition.

We require that completion of the next stage requires that the previous stage
is carried out in full. In many cases the introduction of a new process is done by



reequipping or reorganizing the production line (Rosenbloom and Christensen
(1998)). To do so, the firm must first develop new tools and machinery with
required specifications, followed by building and testing prototypes (with the
outcomes of tests being uncertain), and later integrate them into the production
process and test the upgraded production line as a whole (the cost of which
depends on the outcome of the previous stages).

In our framework it is important that the firm has the possibility to abandon
the R&D project midstream, which is a key characteristic of sequential invest-
ment (Dixit and Pindyck, (1994)). Like in Kort (1998) and Schwartz and Moon
(2000) this opportunity can be worthwhile in case the completion of the R&D
process is more difficult or costly than expected. The implication is that this
abandonment possibility can make it optimal to start up the R&D project even
if its NPV is negative. The paper introduces this feature into the industrial
organization literature and shows that it increases the entry deterrence power
of R&D.

From our model we conclude that greater R&D cost uncertainty encourages
the firm to start undertaking the R&D project in order to resolve it. The
fact that greater technical uncertainty stimulates R&D, also holds in decision
problems without strategic interactions as shown in Kort (1998) and Schwartz
and Moon (2000). The point we want to make here is that this result can
influence market behavior of firms. As it is now, many papers are devoted to
the topic of R&D without taking the effect of technical uncertainty into account
(see, among many others, Symeonidis (2003)). We show in our paper that under
increased uncertainty the firm has a large incentive to start up the R&D project,
which implies that under increased uncertainty the entry deterrence power of
R&D is larger.

In the context of competitive interactions our model is related to that of
Kulatilaka and Perotti (1998) but differs in three aspects: (i) in Kulatilaka and
Perotti the firm can carry out one investment expenditure in order to reduce unit
production costs in the next period, while in our framework the firm needs to go
through a two stage investment procedure; (ii) in Kulatilaka and Perotti there is
demand uncertainty while we have R&D cost uncertainty, the impact of which
can be derived unambiguously; and (iii) we put explicit difference between the
incumbent and the entrant by allowing the incumbent to have one time period
lead over the entrant, while Kulatilaka and Perotti use the Stackelberg setting
to distinguish the leader and the follower.

A similar approach, oriented at analyzing Cournot and Stackelberg compe-
tition, was employed in Smit and Trigeorgis (1998). In our model Stackelberg
competition is less suitable, because there is no commitment of the incumbent
to its investment decision. Therefore, the time-lead introduction is a more re-
alistic way to distinguish the players. In real life there are many opportunities
for the incumbent firm to anticipate entry and be able to prepare its reaction.
For example, the study of Thomas (1999) provides empirical evidence for the
incumbent’s preemptive actions under the threat of entry. Additional to entry
prevention, we consider cases where the incumbent finds it optimal to exit the
market.



It has been shown in the existing literature (Dasgupta and Stiglitz (1980),
Gilbert and Newbery (1982), and Reinganum (1983)) that an incumbent firm
can preempt competition by innovating before the entrant does (and subse-
quently patenting the innovation). In our model we consider process innova-
tion and assume that the potential entrant already possesses a newer and more
cost-efficient production technology. As more than one technology can lead
to the same improvement in the production process, nothing can prevent the
incumbent from developing a new technology, which is equivalent (production-
cost-wise) to that of the entrant.

The firm can use R&D as an entry deterrence (or blockade) instrument
when entry is preventable due to a sufficiently high entry cost. By obtaining a
new technology the firm can prevent the previously more efficient entrant from
entering the market. In this situation the market remains to be a monopoly,
but due to the entry threat it is a different monopoly: the monopolist now
produces with the new technology, which would not have been the case without
the entry threat. Note that this kind of potential competition is not measurable
by traditional concentration indices.

From our study we conclude that the threat of entry stimulates R&D in case
of preventable entry. However, in case of inevitable entry we find that R&D is
discouraged. The reason is that the resulting profit increase is diminished by
the reduction in the incumbent’s market share. Moreover the innovating in-
cumbent replaces its old profits by the profits obtained with the new technology.
Consequently, the new technology profit gain of the entrant is higher, because
it just equals the new technology profits. In the literature this is known as the
"replacement effect” first identified by Arrow (1962).

The welfare analysis shows that the relation between welfare and entry cost
can be non-monotonic. This implies that beforehand it is not clear whether it
is better for welfare to facilitate entry or to put up an entry barrier. Syme-
onidis (2003) has shown that Cournot competition can provide higher welfare
values than the Bertrand setting given strong knowledge spillovers and product
differentiation. In our model the social desirability of competition depends on
the degree of entry preventing innovation and the current entry cost. Hence, by
means of decreasing or increasing tariffs and licenses, the regulator can influence
the entry cost in the right way, so that social welfare can be increased.

Mankiw and Whinston (1986) state that in a homogeneous product market
entry can be socially undesirable because entrants deteriorate the incumbents’
market share (business stealing). In our model we observe that cost-efficient
entry is socially undesirable only when the positive effect of bringing a more cost-
efficient technology to the market and increasing competition is outweighed by
the sum of several negative effects: business stealing, entry cost, and the R&D
investment cost that the incumbent has to incur when it chooses for the active
entry reaction strategy.

The paper is organized as follows. The model is presented in Section 2.
Section 3 contains the welfare analysis in the proposed setting. We discuss
the model’s robustness in Section 4. Finally, conclusions and topics for further
research are presented in Section 5.



2 The Model

The model is based on the following setup. Consider an Incumbent firm, which
produces at a unit cost K. Then there is a potential Entrant that has a better
technology in a sense that it allows him to produce with a smaller unit cost,
which for simplicity is put to zero. The cost of entry is given by f.

To incorporate the fact that an R&D project takes time to complete and is
subject to technical uncertainty, we consider a two-step R&D process with an
uncertain outcome of the first step. After the second step is completed, the
Incumbent is able to produce more efficiently from this moment onwards. In
particular, it is assumed that the new technology developed by the Incumbent
is equivalent to that of the Entrant, whose unit cost equals zero instead of K.

At time zero the Incumbent has an opportunity to make an initial irreversible
R&D investment I, where it is assumed that 0 < 8 < 1. The outcome of this
investment is stochastic. After having carried out the initial R&D investment,
at time one the Incumbent needs to invest (1 — 8)I — h with probability % in
order to achieve the breakthrough, and with the same probability it needs to
invest (1 — 8)I + h to achieve the same breakthrough. This can be interpreted
in a sense that a bad outcome means that the firm needs to use more time,
effort, or materials to complete the R&D project. The extra cost that must
be incurred in this case, compared to that of the good outcome, is 2h. The
total ”planned” cost of R&D is equal to I, the first-stage share of this cost is
BI, and the parameter determining the second-stage investment cost’s volatility
is h. All these parameters are known beforehand, and, to keep second-stage
investment cost possible, only scenarios are considered where 0 < h < (1—3)1.1

In the literature, R&D project uncertainty was mainly modeled using a
Poisson arrival process (for example Dasgupta and Stiglitz (1980) and Weeds
(2002)). The drawbacks of this approach are that the current success proba-
bility is independent of investments in the past and that it is not possible to
analyze the effect of increased uncertainty while keeping the mean constant.
Our approach to technical uncertainty allows us to capture the uncertainty re-
solving nature of research and development and use the analytical advantages
of a mean preserving spread.

To make the model more realistic we assume that the Incumbent has a time
lead over the Entrant. The Incumbent anticipates the entry and has one time
period advantage in developing the response to this threat. We assume that the
Incumbent, while being a monopolist and producing with unit cost K, makes
the R&D investment decision about starting the research at time ¢t = 0. Based
on the outcome of the first-stage R&D investment, at time ¢t = 1 the Incumbent
decides about completing the R&D project, while it still produces with unit cost
K. The Entrant makes its entry decision at time ¢ = 1.

We assume perfect information in the sense that the Entrant has perfect
knowledge concerning the Incumbent’s decision whether to complete its R&D
project or not. If the Incumbent develops a new technology (implying that the

IThe advantage of this formulation is that mean preserving spreads can be considered.



unit production cost drops from K to zero), it will start producing with it from
time ¢t = 2. If the Entrant decides to enter, it incurs the entry cost f and it will
also start its production with zero unit cost from time t = 2. Therefore, the
final market structure will be realized from time ¢ = 2 onwards. The game’s
structure is presented in Figure 1.

INCUMBENT

t=0 R&D(1)
/ N No
/‘ Nature \ R&D
Success Failure \
INCUMBENT A - b
t=1 \
R&D(2) No R&D R&D(2) No R&D

/N /N

y - o

ENTRANT / \ //; ,.?\\ / \N 0 / \ / A\

Final No No No No
nal Entry Entry Entry Entry Entry Entry Entry Entry Entry Entry
Outcomes / \
att=2
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)

Figure 1: The game of R&D investment under the threat of entry.

3 Equilibrium

This section presents the equilibrium of the game developed in the previous
section. First, the optimal output is determined for different scenarios. Then
we proceed by presenting the different entry regimes and the optimal Incumbent
behavior within these regimes. This is followed by analyzing the effects of
uncertainty on Incumbent behavior. Finally, two sections on, respectively,
entry accommodation and entry deterrence are presented.

3.1 Optimal Outputs in Duopoly. Non-Drastic vs. Dras-
tic Innovation.

Consider Cournot competition in a market with two firms. The normalized
inverse market demand function is P(Q) = 1 — @, where Q = Qinc(umbent) T
Qent(rant)- FOr the moment we assume that the Entrant decides to enter, which
results in a duopolistic market structure. As the Entrant already produces
with a new technology, its unit cost is Kepy = 0. There are two different
market structures that can emerge. One is symmetric competition with R&D
completed by the Incumbent, which has the same production cost K;,. = 0
as the Entrant. The other is the case of asymmetric competition in which the
Incumbent has K;,. = K and the Entrant has zero production cost.



The optimal output of the Incumbent if it has not completed the R&D

project will be gin.(K) = 1732K , and the Entrant will produce gent(K) = %

Their corresponding profits are m,.(K) = (%)2 and Tent(K) = (%)2 .

Suppose that it is profitable for the Incumbent to complete the R&D project
and obtain the new technology, so that Kj;,. = 0. Then, both the Incumbent
and the Entrant will be producing with the advanced technology and at zero
unit cost. Their optimal output at a given moment in time will be g;,.(0) =
Gent(0) = %, which will lead to the profit level m,c(0) = ment(0) = %.

We observe that if the unit production cost K lies between % and 1, then
@inc(K) is negative. This implies that the asymmetric R&D costs game au-
tomatically transforms into a standard monopoly situation with the Entrant
pushing the Incumbent out of the market. Here we can distinguish between
the cases of non-drastic and drastic innovation (Tirole, (1988)). The non-
drastic innovation corresponds to the case of a relatively low K € [0,3). If
one firm innovates and the other does not, the innovation is not strong enough
to drive the not innovating firm out of the market. On the other hand, if we ob-
serve drastic innovation (bringing a relatively large K to zero), the innovating
agent gains so much that it actually forces the other firm to exit.

Table 1 contains the Incumbent’s and Entrant’s payoffs corresponding to the
bottom row outcomes in Figure 1. In this table the subscript ”m” of m denotes
the monopoly situation. It is easy to understand that, once the R&D project
is started and the outcome of the first stage is successful, the firm will always
complete the research. Therefore, the game’s branches in Figure 1 leading to
the outcomes v(3) and v(4) are "dead”. In the discussion below we consider
those outcomes as not feasible.

Furthermore, in Table 1 we ignore the Incumbent’s monopolistic profits re-
ceived at times ( and I. These profits equal %‘:—:ﬂm(K ) and are the same for
any outcome of this game. Thus, they do not affect the Incumbent’s investment
decisions.




Firms’ payoffs
Non-drastic innovation Drastic innovation
(if different payoff)
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1
v(10) r<1+r>gm(K )
Table 1. Payoffs of the duopoly game with a new technology entry threat.
The Incumbent’s (Entrant’s) payoffs are presented in the top (bottom) row.

=
=

3.2 Entry Regimes and the Incumbent’s Reactions

We determine the equilibria of this game by backward induction starting with
the Entrant’s decision. The Entrant will enter the market if profits are higher
than the entry cost. In the situation where the Incumbent decides to invest in
R&D, the Entrant will enter only if %Went(O) — f > 0. If the Incumbent does
not invest in R&D and the innovation is non-drastic, the Entrant will enter if
%ﬂ-ent(K) - f > 0.

In the case of drastic innovation when the Incumbent does not invest in
R&D, the Entrant enters only if %TI'm(O) — f>0. Since Tent(K) > ment(0) for
the case of non-drastic innovation and m,,(0) > Ten:(0) when the innovation is
drastic, it holds that the Entrant is always better off when the Incumbent does
not innovate.

This allows us to define the intervals of entry cost f that determine three
types of entry threat: Inevitable Entry (IE), Entry Prevention (EP), and No
Entry Threat (NE), which are depicted in Figure 2:

i) Inevitable Entry. This type of entry threat occurs when f € [0, fEF],
where

FEP(p) = %Trem(oy

The decision to enter does not depend on the innovation type and the



Entrant will enter the market regardless the actions of the Incumbent.
ii) The Entry Prevention situation exists when f € (fEF FFP] where

1
FEP(r K) = ;wem(K)

for non-drastic innovation and

FEP(T‘) = %’/Tm(O)

for drastic innovation. The Entrant will enter only if the Incumbent does not
invest in R&D. This case of entry prevention can be subdivided into the cases
of blockaded and deterred entry. We will return to this in Section 2.4.

iii) The No Entry Threat case occurs when the entry cost is prohibitively
high: f € (FFP o0). It is evident that if f lies in this interval, we obtain a
monopoly market structure.

6 T T T
No w1
S Entry =m0
Threat
o
N _
Nl
73 :
Q Entry Prevention
3 > -
< o
JE =70
o b ]
= Inevitable Entry 4
o L L L L K
0 02 04 0.6 08 1

Figure 2: Entry cost regions (r = 5%).

As can be seen in Figure 2, for any value of K > 0 and any reasonable value
of the discount rate r << oo there exist values of the entry cost f which give
rise to one of the three entry regimes.

To determine the optimal R&D investment strategy of the Incumbent in the
given setup, we observe its decisions backwards starting at time ¢ = 1. If the
first step R&D was unsuccessful, it costs (1 — 8)I + h in the second stage to
complete the R&D project. This leads to the following investment gain (the
difference between the net present value (NPV) of this investment and the NPV
of not making the investment):

1
Ao =~ Aine — [(1 - AT + 1),



where r is the discount rate, the superscript ” U” refers to the unsuccessful first
stage research, and the subscript ”inc,2” denotes the second-stage investment
decision of the Incumbent. In general, we define the new technology profit gain
(or just the profit gain) at a given point in time as

Aﬂ-inc - 71-inc(o) - Trinc(K)'

When the first step R&D investment was successful, it only costs (1—8)I—h

to develop a new technology. Then the investment gain is
S 1
Ainc,2 = ;Aﬂ-inc - [(1 - B)I - h]

The Incumbent’s decision to start the project is based on two different opti-
mal investment criteria. One is the unconditional investment criterion, which
is applied in case it is always optimal to complete the project. This criterion is
based on the straightforward net present value of the R&D project. Then the
project will only be carried out if
1 AS LAU
5 A +3A

inc,2 inc,2
: = — (81 > 0.
22 BI >

Dine, NPV =

The other criterion is the conditional (or a success-dependent) investment
criterion,which is relevant when the R&D project will be finished only if the
first stage was successful. In that case the R&D project will be undertaken if

1AS

N
s 2 2
Nipe NPy = ﬁ - B1 > 0.
On the basis of this analysis we formulate the proposition, which defines the
optimal strategy of the Incumbent under the threat of entry.

Proposition 1 The Incumbent’s optimal RED investment strategy is:
i) Start the first stage of the RED project if the Initial Decision criterion

s
Aine,1 = max(Ajpe, NPV, Amc,va) >0

is met.
ii) Once the RED is launched, carry out the second-stage RED if the first-stage
RED is successful, or if the initial stage fails and AY o > 0.

inc,

Proof. See Appendix. m

Considering the different strategies of the Entrant, the Incumbent must ad-
just the values of its new technology profit gain Aw;,. accordingly.

If entry is inevitable, the Incumbent knows that the Entrant will enter at
time ¢ = 1. In this situation the Incumbent will calculate its criteria based on

A’/Tinc(f S fEPa K e [07 %)) - Winc(o) - Winc(K)

10



under conditions of non-drastic innovation and
1
Aﬂ-inc(f < prvK S [5, 1)) = ﬂ-inc(o)

if the innovation is drastic.

In the case of preventable entry the Incumbent is capable of locking the
entrant out of the market by obtaining the new technology. If entry is prevented,
the Incumbent keeps the monopoly position. The new technology profit gain
of the Incumbent depends on the innovation type. If innovation is non-drastic,
the Incumbent determines its criteria based on

1
A’/Tinc(f S (fEPa FEP]a K S [07 5)) - 7Tm(0) - //TinC(K)'

In the case of drastic innovation, the Incumbent risks being pushed out of

the market if it does not invest. Therefore it must consider

1
ATine(f € (fEP,FEP],K € [5,1)) = Tm(0).
Finally, the entry threat is non-credible, then the Incumbent is a monopolist
so that
ATine(f > FEP) = Tm(0) — T (K).

3.3 Effect of Uncertainty on the Incumbent’s R&D Strat-

egy

Using Proposition 1 we can formulate three propositions about the effect of
uncertainty on the Incumbent’s decisions in different entry regimes.

Proposition 2 Under conditions of inevitable entry threat, f € [0, fEF], in-
creased uncertainty about the outcome of REID while keeping the mean fized:

i) does not affect the Incumbent’s decision to start RED with innovation levels
not greater than

K = A? =0]);
inc a;;g< inc, NPV h = (1 _B)I >

i) positively affects the Incumbent’s decision to start RED when it faces a
project with negative NPV for K > K

1nc;
ii1) negatively affects the Incumbent’s decision to continue the project with pos-

itive NPV for K > K}

mce’

Proof. See Appendix. m
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Proposition 3 Under conditions of entry prevention, f € (f¥F FFP] in-
creased uncertainty about the outcome of REID while keeping the mean fized:

i) does not affect the Incumbent’s decision to start RED with innovation levels
not greater than

_ s
K’Eknc = alr(g <Ainc,NPV h = (1 o 5)[ = O> )
given that K, > KPP (f), where KEY(f) is the inverse of the upper bound
FEP — %Wem(K) for the entry prevention region under non-drastic innovation;

it) positively affects the Incumbent’s decision to start RED when it faces a
project with negative NPV for K > K, ;
ii1) negatively affects the Incumbent’s decision to continue the project with pos-

itive NPV for K > K}

mce’

Proof. Similar to that of Proposition 2, and therefore omitted. m

Proposition 4 In the case of non-credible entry threat, f € (FFF oo), in-
creased uncertainty about the outcome of REID while keeping the mean fized:

i) does not affect the firm’s decision to start RED with innovation levels lower
than

K}, = arg (Afz,NPv
K

h—(l—B)I_O);

it) positively affects the firm’s decision to start RED when it faces a project with
negative NPV,
ii1) negatively affects the firm’s decision to continue the project with positive

NPYV.

Proof. Similar to that of Proposition 2, and therefore omitted. m

Here the new finding is that the propositions show that the effect of uncer-
tainty on the decision of an individual firm can be positive or negative depending
on the NPV of the underlying project.

In the following analyses we will concentrate our attention on two criteria:
i) the initial investment criterion Ay, 1, and ii) the unsuccessful R&D aban-
donment criterion A?’;LC,Q' In Figure 3 we plot the zero-value lines of these
two criteria and analyze different decision areas. In this figure we distinguish

two areas: unconditional (with A;,.; > 0 and AU 5 > 0) and conditional

inc,
(Ajne,1 > 0and A%QQ < 0) R&D project completion areas. The critical bound-
ary of the initial decision criterion Ajn. 1 = 0 is drawn as a thick line and can
be called the Initial Decision Frontier. Line AZ-UM’2 = 0 represents the Aban-
donment Decision Line in a sense that above this line the R&D project will not
be completed if the first stage is unsuccessful.

In Propositions 2-4 result i) refers to the case where K € [0,K7,.]. In
Figure 3 it is shown that irrespective of the uncertainty level, the firm does not
start R&D. The reason is that the current unit production cost K is already

low enough. Result ii) of Propositions 2-4 refers to the scenario where K is

12
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Figure 3: Incumbent’s R&D investment decisions 8 = 25%, r = 5%, f = 1,
I =2.

larger than K . but so small that A;,. npy < 0. In Figure 3 we see that
it is optimal for the firm to undertake the first-stage of the R&D project only
when uncertainty is sufficiently large. The reason here is that the project
is completed only when the first stage is successful and in such a case the
profitability increases with h. Result iii) of Propositions 2-4 refers to the
case where K is large (corresponding to the right-hand side relative to the line
Afm’ ypy = 0in Figure 3). 'We conclude that the firm always starts investing
in R&D, and will always complete the project if uncertainty is small. In case
uncertainty is large, it becomes too expensive to complete the project if the
first-stage outcome is unsuccessful.

The effect of technical uncertainty in this model is different from the influence
of market uncertainty, which is a more traditional type of uncertainty studied
in the real options literature (such as Dixit and Pindyck (1994), Kulatilaka
and Perotti (1998)). The overview of empirical studies on investment under
uncertainty done by Carruth et al. (2000) concludes that increased market
uncertainty raises the value of the option to delay the investment, and thus
leads to lower investment levels.

Technical uncertainty cannot be resolved without engaging in research, and
thus the delay option has no value. Due to the asymmetric nature of the R&D
option in this model, increased uncertainty gives a greater value to the case
of successful implementation of the first-stage R&D, while downward risk is
limited, which was also observed by Lint and Pennings (1998). Consequently,
instead that uncertainty delays investment, which is a standard real option
result, here it holds that uncertainty stimulates starting up innovative projects.
The reason for the latter result is that R&D investments belong to the category
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of exploratory investments in a sense that this investment reveals information.
In our model the first-stage R&D investment resolves cost uncertainty, and the
value of this extra information is not contained in the NPV of the project.

3.4 Entry Accommodation under Inevitable Entry

The entry accommodation strategy occurs in case of inevitable entry, thus when
the entry cost is relatively low: f € [0, fFF]. In this case the Incumbent can
carry out R&D and thus react actively (active accommodation (AA)), or be
passive (passive accommodation (PA)) and stay with the current technology. If
innovation is drastic, the Incumbent must consider the shut-down (SD) option
instead of passive accommodation, because the firm with the inferior technology
must leave the market. In this way entry serves as a ” creative destruction” agent
for the economy (Aghion and Howitt (1992)).

The decision-making areas of the incumbent in such a situation are given in
Figure 4.

From Proposition 2 it follows that higher uncertainty about the outcome of
the first-stage R&D stimulates the firm to choose a more aggressive entry reac-
tion strategy. For example, under low uncertainty the firm’s optimal strategy is
always passive accommodation, but if uncertainty is high enough, the firm will
choose active accommodation in case first-stage R&D is successful, as illustrated
in Figure 4 for values of K between, approximately, 0.2 and 0.4.

Figure 4: Active vs. passive entry accomodation. 8 = 25%, r = 5%, f = 1,
I =2.

The Incumbent makes its strategic decision about undertaking R&D driven

by two main incentives. One is the willingness to obtain a better technology
and more revenue (realized through bringing production cost K to zero). And
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the other is to strengthen its competitive position in the face of the entry threat
by equalizing its own technology with that of the entrant.

Now let us compare the Incumbent’s incentives to innovate under the in-
evitable threat of entry and when no such threat exists.

Proposition 5 Under conditions of inevitable entry, i.e. f € [0, fEF], every
RED project being profitable for the Incumbent is also profitable for the monop-
olist facing no such threat. The opposite does not hold.

Proof. See the Online Appendix. =

Proposition 5 allows us to conclude that in the case of inevitable entry,
the strategic effect, in fact, is negative. Inevitable entry narrows the scope
of R&D projects being profitable for the incumbent and in this way becomes
an impediment for innovation incentives. This is due to the fact that the
deterioration of the Incumbent’s market share resulting from inevitable entry
reduces the profitability of the innovation (see also Gilbert and Newbery (1982)).

3.5 Entry Blockade and Entry Deterrence under Entry
Prevention

If an opportunity for entry prevention exists, the incumbent has a different
set of strategies to choose from. The entry prevention case occurs when
f € (fEP,FEP]. The possible strategies are: passive accommodation, entry
blockade (BL), entry deterrence (DET), and shut down (SD). Entry blockade
occurs when the Incumbent performs R&D and effectively blocks entry, but
would have also carried out R&D if there was no entry threat at all. Entry de-
terrence implies that the threat of entry creates an incentive for the Incumbent
to carry out R&D in a situation where, if not threatened, the monopolist would
not have carried out the R&D. If innovation is non-drastic, the passive accom-
modation strategy can be an option. In order to analyze the entry blockade
and the entry deterrence strategies, let us consider the behavior of the Incum-
bent under the threat of entry in comparison to the behavior of the monopolist
(illustrated in Figure 5).

Proposition 6 If the opportunity for entry prevention exists, i.e. f € (f¥¥, FEP],
then it will be profitable for the Incumbent to carry out any RED project, which

is profitable for the monopolist facing no threat of entry. The opposite does not
hold.

Proof. See the Online Appendix. =

This proposition implies that the entry threat stimulates the Incumbent to
undertake the R&D project. For a given arrangement of the underlying pa-
rameters it is possible to plot different optimal entry reaction strategies of the
Incumbent depending on the degree of innovation K and the level of uncertainty
h (see Figure 5). The relative "size” of the entry deterrence area can serve as
a measure for the strategic effect of R&D investment. Kulatilaka and Perotti
(1998) demonstrate that the strategic effect of R&D investment increases the
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Figure 5: Entry prevention strategies 8 = 25%, r = 5%, f =3, I = 4.5.

value of the investor’s expansion option, thus inducing a more aggressive invest-
ment behavior. In Weeds (2002) it is stated that competition decreases the
value of the option to delay. In our model the strategic effect is not straight-
forward.

Two parameters in the model, K and f, determine the strength of the strate-
gic effect of R&D investment. The degree of innovation required for entry
prevention determines the power of the strategic effect, and the value of the
entry cost determines its entry prevention capability. If entry is inevitable, the
strategic effect has a negative influence on the incumbent’s R&D decisions, be-
cause investing in R&D does not result in a dramatic change of its competitive
position. If the entry cost is high enough to allow for entry prevention, the
strategic effect provides additional benefits from investing in the new technol-
ogy for the Incumbent. Here Arrow’s replacement effect (Arrow (1962)) could
be identified in the sense that an incumbent under entry threat replaces ”less
profit” than a monopolist without entry threat. This result relates to Gilbert
and Newbery (1982) and Dasgupta and Stiglitz (1980), but in those papers it
was obtained from the frameworks where innovations could be patented, while
here the entrant already possesses the new technology.

If the Incumbent invests in R&D when entry is preventable, the monopoly
is preserved. But the monopoly resulting from entry prevention is different
from the one without entry threat. In the situation where A;p.1 > 0> Ay, 1,
the pure monopolist without potential competition stays with the same old
technology, while the Incumbent facing the entry threat undertakes the R&D in
order to preserve its monopoly position. Therefore, potential competition has
a positive effect on innovating activities.
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4 Welfare Analysis

In this section we consider welfare implications. In our model welfare is affected
via several different channels: competition, the cost and type of innovation, and
the uncertainty about the outcome of R&D.

Denoting producer and consumer surplus by PS(-) and CS(-) respectively,
welfare W (-) can be defined as::

W() = PS() +C5(),

so that
1 1

mﬂent(') =C(, [, 1)+ CS(),

where
(qinc(') + QEnt('))Q
2r(1+r) ’

and C(-, f,I) are the costs related to the R&D investment and entry in each
particular case.

The way uncertainty influences the Incumbent’s strategies and welfare is
not straightforward. Let us examine Figure 3 once again. An increase in
uncertainty in this figure is represented by an increase in the value of h. In
the region of "No R&D” uncertainty does not influence the expected welfare
because R&D will not be started under any circumstances. On the other hand,
technical uncertainty has also no effect on expected welfare if the R&D is started
and finished regardless of the outcome of the first-stage. This result comes from
the fact that increasing h is embedded in a mean preserving spread.

Uncertainty does affect expected welfare only if the Incumbent exercises the
option to abandon the project if the outcome of the first stage is unfavorable.
In Figure 3 this happens in the region ”Start R&D and finish if success in the
1st stage”, which can be subdivided into two subregions: one corresponds to the
area where Ajpe npy < 0 and Afnc’NPV > 0 and the other has Ajue npy > 0
and A{.{m < 0. Here it holds that the Incumbent will abandon the project if
the preliminary R&D stage is not successful, regardless the size of h, so that
any negative outcome is as "bad” as the other. But if the first stage succeeds,
an increase in h will mean that the Incumbent will have to invest less in or-
der to complete the project. This implies that the direct effect of increasing
uncertainty is positive.

Finally we need to consider cases where increased uncertainty causes a switch
of the Incumbent’s strategy. For example, increasing uncertainty can make the
Incumbent to consider entry deterrence instead of passive accommodation, or
conditional entry blockade instead of unconditional entry blockade.

The effect of an uncertainty-induced strategy switch on welfare consists of
four components: (a) the entry cost paid or not paid by the Entrant depending
on the Incumbent’s entry prevention strategy; (b) the change in the Incumbent’s
R&D investment cost due to starting or abandoning R&D; (c¢) the change in

cs()
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consumer surplus due to entry or entry prevention; (d) the change in firms’
profits due to entry or entry prevention.
We can summarize this discussion in the following proposition.

Proposition 7 Increased uncertainty about the outcome of RED while keeping
the mean fixed:

i) does not affect expected welfare, if Aine npy > 0 and AiUmyz > 0, or if
A%gnc,NPV <05

ii) positively affects expected welfare, if Nipe npyv <0 and Afnc’NPV > 0, or if
Afmc’NpV >0 and A%C,Q <0y

iii) affects expected welfare positively or negatively depending on changes in four
components which relate to (a) entry cost, (b) Incumbent’s RED investment, (c)
consumer surplus, and (d) firms’ profits, if the sign of Afnc’NPV and/or A%QQ
changes due to the increase of h.

Due to the existence of the four components mentioned in statement iii) of
Proposition 7, a detailed analysis of the effect of uncertainty on welfare when
strategy switch takes place, requires a case-by-case consideration. To illus-
trate, we present the case which deals with strategy switches under conditions
of drastic innovation (K € [1/2,1)) and preventable entry (f € (fEF, FEP]).

EW) - EW)

6 T T T T 6 T T T

| | 1 / ]

4 — s .
I =55 I =45
Azw.;\"l‘l' <0 S Amr:;‘\'l’\’ >0
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*

! W I L e
0 1 2 3 4 sh 2y 1 2 3 ah

(a) (b)

Figure 6: The effect of uncertainty on expected welfare under entry prevention
and drastic innovation (f = 9—170, B =0.25, r = 0.05). h* and h, have the same
meaning as in Figure 3.

Let us first examine the strategy switch which takes place when A, vpy <
0 and Afm’ npy becomes positive. This happens when h becomes greater than
h* (see Figure 3). For values of h below h* the Incumbent will not start the
R&D project and the expected welfare is E(W) = W (9) (9" corresponds to
outcome 9 in the bottom row of Figure 1, i.e. the Incumbent shuts down and the
Entrant enters). When h passes the threshold, the expected welfare becomes

18



E(W) = iW(2)+1iW(7) (either the Incumbent innovates and prevents entry, or
the Incumbent will abandon R&D, shut down and allow the Entrant to enter).
We calculate E(AW) = £(W(2) + W (7)) — W(9) to see how this uncertainty-
induced change in strategies affects welfare. A negative value of E(AW) will
indicate a drop in the expected welfare. We evaluate this change at h*, which

results in . )

E(AW(R7)) = 2 (f 4r(1 Jrr)) '
If the Incumbent decides to start the R&D project, it upgrades its strategy in
a sense that it becomes possible that entry will be prevented and paying the
entry cost will be avoided.

In a similar manner we treat the change in welfare when Ajp. ypy > 0
and Ag’zc,Q changing its sign from positive to negative. This occurs when h
increases beyond h. (see Figure 3). For h < h, the Incumbent will finish
the R&D project regardless the outcome of the first stage and the expected
welfare is E(W) = $W(2) + W (6) (entry is prevented by finishing R&D with
either higher or lower cost). Under higher uncertainty completion of the R&D
project becomes conditional on the first stage being successful. This implies
that expected welfare equals E(W) = W (2) + W (7), and

1 1
EAW (hy)) == — — .
( (he)) 2( f+4r(1+r)>
We conclude that the welfare effect of the strategy downgrade in case Ajpe, NPy >
0 and AY _, becoming negative is equal but opposite in sign to the effect of the

inc,
strategy upgrade in case of A, npy < 0 and Afnc7 N pyv becoming positive (see
Figure 6).

The question whether the strategy change results in a decrease or increase
of expected welfare depends on the relative size of the entry cost. Existence of
a preventable entry scenario under drastic innovation requires that f € (9—170, ﬁ]
Let us calculate the value of E(AW (h*)) at the boundaries of this interval. We
get

1 4r — 5 4
BAWh f = —)) = —2" =2 _q ¥ 4
(AW f =) = mraey <0 forr <3
and
BAW( f = )= —" >0
o 8r(14) '

Figure 6 presents the effect of uncertainty on welfare for two particular pa-
rameter constellations. The jump is caused by the strategy change. For low
values of h uncertainty has no effect because either the R&D project will always
be completed (Figure 6a) or will not be started (Figure 6b). For large values
of h uncertainty has a positive effect on welfare because R&D is only completed
if the first stage is successful, and in that case the second-stage investment
expenditure decreases with h. The fact that the second stage investment ex-
penditure goes up with A in case of a negative outcome of the first-stage R&D
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investment has no effect because then the project will be abandoned anyway.
From this figure can be concluded that the effect of uncertainty of welfare is not
monotonic.

If we analyze the components of the effect of uncertainty on welfare, it
becomes clear that there is no change in the expected consumer surplus or the
firms’ profits associated with the Incumbent’s choice to start R&D: in either
case the market will have one firm producing with the new technology. If
the Incumbent succeeds, it continues to be a monopolist, and, otherwise, the
Entrant enters and becomes the only firm in the market. The price of preserving
monopoly for the Incumbent is the R&D cost, while for the Entrant the price of
monopoly equals the entry cost. Hence, when the entry cost is low compared to
the R&D investment, it is better for welfare to have entry rather than to have
the Incumbent to be engaged in a relatively more costly R&D. Subsequently,
when the entry cost is relatively high, developing the new technology by the
Incumbent is better than obtaining it with a costly entry.

Here we extend the discussion of Mankiw and Whinston (1986) regarding
social efficiency of free entry. They state that free entry results in an excessive
number of entrants in the market which dilute producer’s surplus by business
stealing. In our case entry has both positive and negative effects on welfare.
On the one hand, the entrant brings a more cost-efficient production technology
to the market. On the other hand, entry requires an entry cost to be paid.
It also deteriorates the Incumbent’s market share, and in case the Incumbent
decides to deter entry by performing R&D there are investment costs as well.

Next we analyze the relationship between the market entry cost and the
social benefit of new technology entry vs. the Incumbent’s innovation and
monopoly vs. duopoly. We formulate two propositions concerning this is-
sue. First, we analyze the situation when the Incumbent actually develops the
new technology (illustrated in Figure 7).

Proposition 8 When it is optimal for the Incumbent to unconditionally invest
in R&D (Aipenpy > 0), there exists a value f* < fEP such that for any
f* < f < fEP entry is optimal, but not socially desirable, while for any f < f*
entry is both optimal and socially desirable.

Proof. See the Online Appendix. =

The social planner, therefore, will have an incentive to decrease (if it is
possible) the entry cost to the level, where the symmetric innovating duopoly
becomes socially preferable, or increase it to the level which makes entry not
feasible, resulting in a more socially desirable monopoly. Then the question
arises whether it is better to increase or to decrease the entry cost. In Figure
7 it is obvious that a lower entry cost is better than a higher one, because
decreasing f in the region below f* will increase the welfare continuously above
the level corresponding to prevented or non-feasible entry. The real limitation
is the capability of the social planner to manipulate the entry cost. Therefore,
if the regulator can not bring the entry cost down to a satisfactory level, it can
be desirable to increase the entry barrier (in the form of a tariff or a license fee)
to prevent entry and achieve a higher welfare level.
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Figure 7: Welfare and entry cost, I =1, h=0.4, r =0.05, 3 =0.2, K =0.3.

Secondly, if the Incumbent decides not to invest in R&D, the next proposition
describes the desirability of inviting the new technology with the Entrant.

Proposition 9 If it is optimal for the Incumbent not to innovate uncondition-
ally (Afnc,NPV <0), then:

i) under conditions of non-drastic innovation (0 < K < %), there exists a value
f* such that for any f* < f < FFP and K < % entry is optimal but not socially
desirable while for any f < f* entry is both optimal and socially desirable;

i) if § < K < 3 (non-drastic innovation) or 3 < K < 1 (drastic innovation),
entry is both optimal and socially desirable for any f < FFP,

Proof. See the Online Appendix. =

Both propositions imply that an increase in entry cost negatively affects
welfare when entry takes place. It results in a situation where it may not be
socially desirable anymore to have the Entrant enter the market even though
entry is optimal for the Entrant itself. Such a case occurs for any level of
innovation if the Incumbent invests in R&D, and only for a relatively small
non-drastic innovation if the Incumbent decides to stay with the old technology.
On the other hand, if this scenario occurs with drastic innovation, entry will
effectively result in making the Incumbent shut down, giving us an example of
entry-driven creative destruction (Aghion and Howitt (1992)), which can have
a positive effect on welfare.
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5 Robustness

Admittedly, the model is very special and by now it is not obvious to what
extent the results are robust. This section checks robustness by considering
Bertrand competition, imperfect information and a different order of moves,
respectively.

So far we considered the case of Cournot competition where two firms com-
pete in quantities. Now we investigate the problem of R&D investment with
new technology entry threat in the Bertrand competition setting. Bertrand
competition results either in a monopoly or a symmetric duopoly market struc-
ture. In a duopoly with unit cost K of the Incumbent, the Entrant sets its
price at K —e, so that the Incumbent is pushed out of the market. This implies
that there are three possible Bertrand competition outcomes: monopoly of the
Incumbent, monopoly of the Entrant, and symmetric new technology duopoly.

However, a symmetric new technology duopoly occurs only in the case of a
coordination failure. If the Entrant decides to enter and the Incumbent decides
to invest in new technology, they both incur sunk costs. Price competition
results in both firms charging price equal to marginal cost, which is zero with
new production technology. Hence, sunk costs are not compensated so that both
firms end up with negative results. The monopolistic outcomes of Bertrand
competition are equivalent to the outcomes of the Cournot competition case
with entry prevention and drastic innovation.

Another way to change our model is to consider a different information
set. Let us assume that the Entrant cannot observe the Incumbent’s R&D
investment decisions and the outcome of the first stage. But it is rational to
assume that, because the Entrant already obtained the new technology, it knows
what is required to carry out the R&D project and what kind of uncertainty is
involved there. Hence, the Entrant knows with certainty whether or not the
Incumbent will start R&D and whether or not its completion is conditional on
success in the first stage. Such a modification does not influence the results
of the model if the Incumbent faces an R&D project with positive NPV or if
the Incumbent decides not to start it at all. But if the Incumbent undertakes
R&D which will only be finished if the first-stage research is successful, then
the Entrant must consider both possibilities of abandoning and completing the
project by the Incumbent. Thus, asymmetric information makes the Entrant
to (under)overestimate its own expected payoff in case the first-stage research
of the Incumbent is (un)successful, which could change the entry regime areas
(see Figure 8).

Another kind of strategic interactions arise if we change the order of moves of
Incumbent and Entrant. Assume that the Entrant makes its decision first and
then the Incumbent reacts by investing or not investing in R&D. Deciding over
its strategy, the Entrant has the same knowledge about its competitor as in the
asymmetric information case: it is possible to infer the Incumbent’s decision to
launch the R&D project but at the time of taking the entry decision the Entrant
does not know the outcome of the first-stage R&D investment.

In case the Entrant decides to enter, the Incumbent’s strategy set consists
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Figure 8 Entry cost regions under (a) full information, and (b) asymmetric
information (r =5%, I =4.5, K =0.2, h = 2)

only of accommodation strategies which are the same as in the case of inevitable
entry in Figure 4. If there is no entry, the Incumbent behaves as a monopolist.
Hence, by moving first the Entrant influences decisions of the Incumbent. Note
that in this case the Incumbent cannot employ its R&D strategy to block or
deter entry.

6 Conclusions

Decisions of an incumbent firm having the possibility of carrying out an R&D
project while facing the threat of new technology entry are determined by a
combination of several factors: i) the degree of innovation, which determines
the level of production cost reduction; ii) the uncertainty about R&D costs; iii)
strategic decisions of the entrant; and iv) the size of the entry cost representing
the barrier to entry.

We conclude that greater technical uncertainty positively affects the decision
to start an R&D project. If there exists an opportunity to resolve uncertainty
through exploratory research with an option to continue (or abandon), higher
initial uncertainty increases the positive effect of success in the first-stage R&D,
while the downward risk in case of failure is limited. This finding illustrates
the main difference between market payoff uncertainty, which induces a firm
to wait for more information before undertaking the investment and technical
uncertainty, which cannot be resolved just by simply waiting.

Our model demonstrates that the strategic effect of innovating is determined
by both the degree of innovation and its entry prevention capability. Under
inevitable entry the incentive for the incumbent to innovate is lower, because
the strategic effect of innovation is too weak to provide the incumbent with an
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advantageous competitive position. Under preventable entry the incentive for
the incumbent to innovate is higher compared to a monopoly situation, because
of the strong strategic effect of innovating.

Considering the effect of uncertainty on welfare, we conclude that on the one
hand increased uncertainty may affect expected welfare positively, because of the
asymmetric characteristic of option valuation: in case the project is abandoned
midstream any negative outcome is as "bad” as the other. On the other hand,
increased uncertainty can cause a change in the strategy of the incumbent.
The resulting welfare effect of this change is ambiguous and depends on four
components: (a) entry cost, (b) incumbent’s R&D investment, (c) consumer
surplus, and (d) firms’ profits.

The analysis of the effect of entry cost on welfare has shown that it is possible
to have a scenario where at the same time entering the market is optimal for
the entrant, while it is not socially desirable for the social planner. In such
cases the regulator has an incentive to lower the entry cost and in this way make
entry welfare improving, or raise it to prevent the entrant from entering.

To summarize, we conclude that the model presented in this paper has
proven capable of catching the complex relationships between factors of tech-
nical uncertainty and strategic interaction under new technology entry threat
while preserving its simplicity and capability to produce analytically tractable
implications. It is shown that besides capacity investment (Dixit and Stiglitz
(1977)), limit pricing (Hoppe and Lee (2003)), and patenting (Gilbert and New-
bery (1982)), also investment in the nonpatented R&D, while taking into ac-
count time to complete and technical uncertainty, can be used as an entry
deterrence strategy. As topic for a future inquiry we are very much interested
in the case of product innovation under technical uncertainty, which will require
the analysis of a differentiated product setting.

7 Appendix

Proof. Proposition 1

The Incumbent makes its decision considering the current mode of entry. As
the entry cost f is known, the Incumbent knows exactly which entry strategy
will be played by the Entrant. The decision-making process of the Incumbent
can be formalized in the following way.

The firm’s performance depends on the fact whether or not the new tech-
nology is developed. Therefore, we define the following decision variables:

1) 41, which equals 1 if the firm decides to invest in the first-stage R&D and
equals 0 otherwise;

2) ip, which equals 1 if the firm decides to invest in the second-stage R&D
and equals 0 otherwise.

To preserve the sequencing properties of the decisions we assume that iy =1
is a necessary, but not sufficient condition for i3 = 1 to hold.

First, assume that the investment decision was taken (i; = 1) and the first
stage R&D is completed.

24



If the first-stage R&D is successful, then E(h|S) = —h. Facing the second-
stage R&D decision, the firm solves the following problem:

max E(72]S) = Tinc(K) + iQ%WinC(O) + (1= iz)%ﬂmc(K) —iz[(1 = B)I — hl.

The function E(mg) is linear in i5. Therefore io = 1 = arg maxE(m3|S) only
2

if
871'2 1 1
Zre e _ _ _ >
iy rﬂan(O) rmnC(K) [(1—B)I—h] >0,
and iz = 1 = argmaxE(m2|U) only if AF, 5 = LAmim. — [(1—B8)I — h] > 0.
[ ’
Similarly, if the first-stage R&D is a failure, then E(h|U) = h and ix =1 =

argmax E(mo|U), if AY, ., = LA — [(1 = B)I + h] > 0.
(D) ’
It is evident that if A%QQ > 0, then Afmg > 0.
At time 0 the firm makes the decision about the first stage R&D and solves:
1

ey Tl )

’/Tinc(o) + (1 — leg)ﬁ

1181 — iyin Tr r[(l - B)I + E(h)],

given ip = arg maxF(ms).
iz

max E(’]Tl) = ilig
i

Similar to the previous problem it holds that iy = 1 = argmaxE(m), only
i1

if
8E(7r1) 3 1 .
= 90— ATine — BI — 1-p8)I+ E(h)] >0.
200 — iy Atins = BT~ ia i [(1 = §)] + E(R)] 2 0
If Af ., > 0, then iy = 1 = argmaxE(my) regardless the outcome of the
2
first-stage R&D. In this case E(h) = 0 and the following holds
. . A’/Tinc (1 - 5)1
i argmaxE(my), i NPV = A B T 20 (1)

If AY, 5 <0and AF, 5 < 0,then we always obtain iy = 0 = arg maxE()
i
and the following holds
YIS _ . o E(’]Tl) o
if io = 0 = argmaxFE(7z), then iy = 0 = arg maxF (), because i =—-pI <0.
in i1 11

In the situation where A, < 0, but A3, > 0, we obtain that ip = 1 =

inc, inc,

argmaxF(my|S) and ip = 0 = argmaxE(m2|U). Therefore, it is required that
2 2

the first-stage research is successful (E(h|S) = —h) in order to continue the

project, which yields

Aﬂ-inc

r(1+7)

1-BI—-h
2(1+r)

— Bl —

i1 = 1 = argmaxE(m|9), if Afm’NpV =
1
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Conditions (1) and (2) provide the optimal initial R&D investment decision
of the firm.

The relation between Ay, nvpy and Afm, ~py is described by the following
expression:

AV
s 2
Ainc,NPV = Ainc,NPV + 2(1”_L: 7,) : (3)
If A{.{m > 0, then Ajpe NPy > Afm’NPV and it is possible to have Ajp. vpy >

0, while Afm’NPV < 0. On the other hand, if A}, , < 0, then Afm’NPV >

Aine, NPV, and it is possible to have Afm,NPV > 0, while Ajpe npyv < 0.
Specify Ajne1 = max{Ajnc NPV, Afnc’NPV}. Then the condition

il =1= argrr%axE(m), if Ainc,l = max{Amc,va, Afnc,NPV} > 0
1

allows to consider all the possible ways of obtaining a profitable R&D project,
which proves statement i) of the proposition.

Finally, it can be easily shown that if A;,. 1 > 0, then it always holds that
Afnc’z > 0, which finalizes the proof for statement ii) of the proposition. m
Proof. Proposition 2.

Define A* such that Afm’ ypv = 0, which implies that h* = f%Amm +
26(1 +7)I + (1 — B)I, where

1 K - K?
, < tEP Iy _o— A"
Amine(f < [0, K €[0,3)) = =+
and 1 1
Aﬂ-inc(f < fEP,K € [57 1)) = §
Solving equation h* = (1 — 8)I for K gives us
K:. = % vi- 187”25(1 O e £ < fEP K € o, %),

and no solution for f < fEF K € [1,1).

The value of interest is K7,, = 3 — @, which lies inside the
1

interval [0, 5). This root takes up real values if the following condition holds:

1

The change in h* corresponding to the change in K is:

on* 2K —1
0K~ 45r

For any K < K}, we obtain h* > (1—/)I. This means that for any feasible

mc
value of the mean preserving spread h < (1 — $8)I the conditional investment

1
<0 for K € [0,5).
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gain Afnc N py Dreserves its sign, i.e. an increase in uncertainty does not affect
the firm’s strategic choice.
It holds that:

OAine, NPV
oh

For values of K > K . we observe the following facts:

i) If Ajpe,npv < 0, then the R&D can start only if Ajpe1 = AanNPV > 0,
which is positively affected by an increase in uncertainty and becomes positive
as uncertainty exceeds h*.

ii) If Ajne,npy > 0, the project is launched regardless the level of uncertainty.

Once the project is started, the next relevant criterion is the project aban-

donment decision criterion AiUm’Q, for which it holds that:

ON?
=0, and %NPV > 0.

OAY

inc,2
——ine? -,

oh

which indicates the negative relationship between technical uncertainty and the
decision to continue research and development. W
Proof. Proposition 5.

Under conditions of inevitable entry and non-drastic innovation, the new
technology profit gain of the incumbent is:

1 2K — 2K?
Aﬂ_inc(K € [Oa 5)) - ’/Tinc(o) - ’/Tinc(K) - T

If innovation is drastic the new technology profit gain is:

1 1
Aﬂ'inc(K € [5, 1)) = 71-inc(o) - §
The monopolist considers
2K — K?
AT, =T (0) — T (K) = —

We conclude that A, > Am,.(K € [0,1)), so that the profit gains of the
monopolist are higher than those of the incumbent. The investment gains of
both types of agents are positively related to their profit gains. This implies
that Ap, 1 > Ajpe,1, and Agﬁ > AiUnc,z' [ |
Proof. Proposition 6.

Under conditions of entry prevention, the new technology profit gain of the
Incumbent is given by:

1 16K — 16 K2
Amm(Ke[0,5)):7rm(0)—7rmc(K):5+ 636 ORT
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if innovation is non-drastic, and

Aﬂ-inc(K € [%7 1)) = 7Tm(0) = i’

if innovation is a drastic one.
For the monopolist this profit gain equals

_ 72
AT, =T (0) — T (K) = #

Since A7, > ATy, the gains of the Incumbent are higher than those of the
monopolist . The investment gains of both types of agents are positively related
to their profit gains, so that Ajne1 > Ap, 1, and A%QQ > Agm. [ ]

Proof. Proposition 8.

If it is optimal for the Incumbent to develop a new technology, entry will
take place only if it is inevitable and it will always result in a symmetric duopoly
regardless of the degree of innovation.

Depending on the value of the current entry cost, the social planner con-
siders the expected welfare function E(W), which is defined by the following
expressions:

itf < PP EWis) = SW(L) 1 S W ().

if fEF < f<oo, EWgping) = 1VV(2) + lW(6),

2 2
where
B 4 (A +rBI-h
W) = 9r(L+7) L+r 7
3 (4rBI—h
we = 8r(l+7) L+r 7
2h
W) = W) -
2h
w(e) = W(2) - T
It follows that OE(Wyp)
1E
and
OE(WEpP+NE) _0
of ’

It can be shown that E(Wig) > E(WgpynEg) for f < f*, and E(Wig) <
EWgpyng) for f > f* where f* = % We know that fEF :FQ_IT’ thus
f* < fEP.  Therefore, there indeed exist values of f* < f < fFF in the
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inevitable entry region, for which the duopoly provides lower levels of welfare
than the monopoly. m

Proof. Proposition 9.

If it is not optimal for the Incumbent to develop a new technology, entry
will take place either when it is inevitable or preventable.

The social planner considers the following values of the expected welfare
function:

if f < FPP then EWigypp) = W(9),
if FEP < f < oo, then E(Wyg) = W(10),
where
11K2 —8K +8
18r(1+r)
3(1 - K)?
r(l+r)

W) = f,

W(10) =

It follows that
OEWig+EP)

of

OE(WnE)
of

It can be shown that E(Wrgypp) > E(Wyg) for f < f*,and EWrgyipp) <
E(Wng) for f > f* where

<0

and
=0.

3K? +2K — 1 1
* _ 20F v Aerr - < -
f oI forO_K<2
and X2 X .
f*:ufor_§K<1.
8r 2

Assume that 0 < K < % and, therefore, FFF = %ﬁ. Comparing
f* and FPP we can show that for K < K* = L it holds that f* < FFEP,
Correspondingly, for K > K* we have f* > FFF_ Thus, for K < K* and

f* < f < FEP it holds that E(Wrgyrp) < E(Wxg), which proves statement

i).

Now assume that % < K < 1. The corresponding non-feasible entry border
is FFP = ﬁ. For any level of drastic innovation K, we have f* > FFP.
Therefore, when the entry cost falls in the interval [0, FFF], it is true that

EWrg+pp) > E(WnE), which proves statement ii). m
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7.1 Bertrand Competition
Consider two firms producing identical goods. Firms choose prices to maximize
their profit functions

max mi(pi, pj) = (pi — ) Di(pi, p;)

while consumers buy goods from the firm with a lower price, i.e.

117(1%)7 if pi < pj,
Di(pi,pj) = 5D (p:), if pi = pj,
Ov lfp’b >pj'

Solution of the Bertrand competition mode implies that firms both charge
competitive price p; = p; = c.

In the setting of our R&D and production game the following situations are
candidates for the equilibrium.

i) The Entrant decides not to enter and the Incumbent is a monopolist in
the market. With the market demand specified as Q = 1 — p, the monopolist
will set pf, (K) = 1—“% Under such condition the Incumbent’s R&D investment
decision is made on the basis of the investment criterion defined as

Ap = maX(Am,NPV, Agz,NPV)-

The first component of this criterion is

* * * * 1 +r I
Brv = P01~ P (0) P (K)(1 — p3 () — L
A _ K (4rp)I
m,NPV  — 1 Tor s
and the second is
* * * * 1+ 7"5 I—h
Agz,NPV = pp(0)(1 —p;,(0) — pp, (K)(1 = pj, (K)) — %
AS _ K2 (+rp)I—h
mNPV = T1r .

ii) The Entrant enters. If the Incumbent does not invest in R&D, the
Entrant can charge p},,(K) = K — ¢, and push the non-innovating Incumbent
from the market. If the Incumbent invests in R&D, the equilibrium price is
driven all the way to zero, because every firm has incentive to undercut the
opponent and monopolize the market. Both the Entrant and the Incumbent
have spent certain sums of money in the form of entry cost and R&D investment.
Thus, the undercutting game brings they into the situation when they both have
negative payoff by setting the price p},,,(0) = pZ,.(0) = 0.

Analyzing these possible equilibria we conclude that no duopoly provides a
positive payoff Nash equilibrium for this game. Therefore we must look for the
equilibrium among three possible monopoly cases.
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The first is the monopoly of the Incumbent without R&D investment. The
first condition for this scenario is that the entrant does not enter because f >
lﬂm = ﬁ. Having Incumbent not investing in R&D can happen either because
the R&D has not started or because the project was abandoned due to the
failure of the first stage. The necessary condition for both these outcomes is
Am,NPV <0=>K?< %ﬁ

The second is the monopoly of the Incumbent with R&D investment. It
still holds for the Entrant that f > ﬁ. And necessary and sufficient condition
for the Incumbent to have started the R&D given the fact of its completion is
A5 ypy >0=>K?> 4 “Tff hl

Thlrdly, the last monopoly has the Entrant as the only company in the
market. The entry is profitable if f < f and the Incumbent will not invest in

R&D if K2 < 2L

7.2 Asymmetric Information

In the case of full information considered in the paper, the Entrant at time 1
knows whether or not the Incumbent will have new technology. Therefore there
is no element of uncertainty in its decisions.

Consider the entry conditions with asymmetric information. It is rational to
assume that, because the Entrant already has developed the same technology
and knows what is required to carry out the R&D, it will know whether or
not the Incumbent has started the R&D and whether or not this decision is
conditional on the outcome of the first-stage R&D. But the Entrant is not able
to observe the Incumbent’s second-stage decision (which takes place at time 1)
and the outcome of its first-stage R&D. In this case the Entrant must account
for the chance that the Incumbent will abandon its R&D after the first stage.

If the Incumbent does not start R&D observing A, npy < 0 and Afm’NPV <
0, the entry condition of the Entrant is %ﬂem(K ) — f > 0 for drastic innovation
and %Wm(O) — f > 0 for non-drastic one. This condition is equivalent to f
falling into the Entry Prevention and Inevitable Entry regions defined before in
the full information case (see Figures 2 and 8).

If the R&D investment decision is taken with Ajpe npy > 0 and Amc 9 >0,
the Entrant will enter only if 7071'em( ) — f > 0, because it is clear that the
Incumbent will certainly obtain the new technology by time 2. This is the
same as the case of Inevitable Entry under full information

But if the research is started with A;,. ypy < 0 and Afm’NPV > 0, it is not
known beforehand whether the project will be abandoned or not. Therefore, the
Entrant may enter if 2=t (0) + 5= Tent (K) — f > 0 with non-drastic innovation
and 5-ment(0) + 5=mm (0) — f > 0 with drastic one.

Compare the Entrant’s strategies in case the acquisition of new technology
by the Incumbent is conditional to the outcome of the first stage R&D. If the
Entrant has full information or the Incumbent’s strategy does not depend on
uncertainty, then the Entrant’s decision is based on observing f falling into
different entry regions as shown in the left graph in Figure 8. If information
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is asymmetric and completion of the R&D depends on the outcome in the first
stage, the Entrant makes its decisions based on f observed in the regions shown
in the right graph in Figure 8.

We see that uncertainty under asymmetric information makes the Entrant to
refrain from entry in the region where it otherwise would have entered knowing
that the first stage R&D was not successful. The expected payoff under asym-
metric information is lower than the full information payoff observed in case
the Incumbent fails to develop the new technology. And, similarly, asymmetric
information causes the Entrant to enter in the region where its full information
payoff given the Incumbent’s success is lower than the expected payoff when the
outcome of the first-stage R&D cannot be observed. In this case the Entrant
may end up with a net loss if the Incumbent is successful in R&D.

7.3 Entrant as First Mover

Let us assume that the Entrant makes its entry decision first. The Incumbent
observes the Entrant’s action and decides about investing in R&D. The infor-
mation available to the Entrant is the same as in the asymmetric information
case: the Entrant knows all the characteristics of the Incumbent’s R&D, but
can not observe the outcome of the first stage and the second-stage decision.

The Incumbent’s optimal strategy in this case is based on the observed action
of the Entrant. If the Entrant enters, the Incumbent’s R&D decisions are based
on the same assumptions as in the case of inevitable entry in the main model (see
Figure 4), i.e. the Incumbent can choose out of different entry accommodation
strategies. If entry does not occur, the Incumbent’s problem is equivalent to
that of a monopolist.

Backward induction of this game produces us first the set of Incumbent’s
strategies, which are to be considered by the Entrant. As it was said above, the
Entrant can precisely infer about the Incumbent’s investment gains. Therefore,
knowing that the R&D project is located, for example, in the Passive Accom-
modation area of Figure 4, the Entrant enters if it observes %Went(K )—f>0
(non-drastic innovation) or ., (0) — f > 0. If the Incumbent will obtain the
new technology unconditionally (Active Accommodation), the entry will take
place if it is profitable for the Entrant in the duopoly, i.e. %Fent(()) —f>0. But
if the Incumbent’s strategy is conditional on the outcome of the first-stage R&D,
the Entrant must consider its expected payoffs 2—1T7rent(0) + %ﬂem(K )—f>0.
The Entrant’s decision logic is same as in the case when the Entrant makes its
decision after the Incumbent under conditions of asymmetric information (see
Figure 8).

But because the Entrant moves first, its entry influences the Incumbent’s
innovation decision. As it is shown in Proposition 5, inevitable entry prevents
the Incumbent from investing in innovations, in which it could have invested if
it was a monopolist. In case the Incumbent’s decision is conditional on success
in the first stage the negative effect of entry becomes only stronger. It is
clearly seen that the Entrant’s expected payoff in this case is higher than in the
case where the Incumbent starts and finishes the R&D unconditionally. If the
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Incumbent faces the project, which will be abandoned midstream in case the
first stage fails, the Entrant will enter more readily, and this entry will prevent
the Incumbent from even trying to start such an R&D.

There is an additional effect of preceding entry on Incumbent’s payoffs which
occurs when innovation is drastic. Under drastic innovation, entry leads to a
situation when the Incumbent can not produce anymore. In this case the In-
cumbent must take into account that if it starts R&D, then its production profits
for two periods must be forgone. Nonetheless, these losses do not influence the
Incumbent’s new technology profit gains Am;,. and its decision to start R&D.
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