Sensitivity of Demand Function Choice in a Strategic Real Options

Context

H.J. Boonman
Department of Econometrics and Operations Research
Tilburg University
Tilburg, 5000 LE, Netherlands

V. Hagspiel
Faculty of Business and Economics
University of Lausanne

Lausanne, CH-1015, Switzerland

February 8, 2013

Abstract
This paper studies the effect of the three most commonly used demand functions, i.e. additive, multiplicative
and iso-elastic demand, on the investment decisions of two competitive firms.

We show that the relative investment decision of the two firms can be very sensitive to the choice of a
specific demand function. We find that the use of the multiplicative demand function results in a market
where the leader has a bigger capacity than the follower. This is caused by the fixed price intercept of the
multiplicative demand model, which implies that there is a fixed market size that has to be shared among
the two firms in the market. Because the leader makes its investment decision first, it will be the firm with
the largest capacity in the market. The opposite result occurs for the iso-elastic and additive demand model,
because these models have no upper bound on demand. Then a follower will delay investment, in order to
optimally invest in a large capacity amount. However, the introduction of convex costs violates the previous
multiplicative result with linear costs. When the convex costs are sufficiently high, also for this demand
function we find that the follower is the firm with the largest capacity. Furthermore, for the iso-elastic
demand function, we show that only for a low elasticity parameter the monopoly profit of the leader is large

enough that it is optimal to use the deterrence strategy.



1 Introduction

Most papers that take a real options approach to consider optimal investment decisions under uncertainty,
concentrate on the question of optimal investment timing in the presence of irreversibility and uncertainty.
In most of those papers, either the project value V(t) or the product price P(t) is chosen to be uncertain,
where there is no need to more precisely specify the dependence of V(t) and P(t) on other parameters as for
example quantity or a demand intercept (e.g. Dixit and Pindyck (1994), Nishide and Nomi (2009), Egami
(2010), Nishihara and Shibata (2010), Armada, Kryzanowski and Pereira (2011) or Grenadier and Malenko
(2011)).

Where this stream of literature discusses the timing of investment, it completely ignores a firm’s capacity
choice, which is an important part of the irreversible investment decision. When capacity or quantity
optimization becomes an issue, one has to specify the demand function in more detail (e.g. Hagspiel (2011),
Dangl (1999) and He and Pindyck (1992)). The choice of demand function is important and will be very
determining for the outcomes in a model. Building a model, one should take into account how the demand
function choice affects the optimal choice of capacity, timing and the resulting project value.

According to our knowledge the following two papers are the only ones in the literature that explicitly
address the impact of the demand function choice on optimal investment decisions. Anupindi and Jiang
(2008) categorize demand functions into two streams with different demand shocks, multiplicative and ad-
ditive. In their paper these are respectively defined by P(¢q, A) = A(a — ¢")" and P(¢q, A) = (A — ¢")™,
for n > 1, a a constant, ¢ the demand, and A the demand shock parameter that evolves according to a
geometric Brownian motion. However, their results with respect to the two types of demand shocks focus
on the choice between dedicated and flexible capacity and not the optimal capacity size. Even though they
consider stochastic demand, their model does not allow them to optimize the timing of investment. Also
they consider two symmetric firms and not a leader-follower setting. Ming-Gao Lin-Lin and Xiang-yang
(2011) extend the paper of Fontes (2008), who takes a look at three types of flexibility (contract capacity -
switch to a lower capacity level, expand capacity - switch to an upper capacity level, or both subtract and
expand capacity), by comparing results for the multiplicative and additive demand function. They find that
the capacity flexibility premium is significantly higher under the additive demand uncertainty than under
the multiplicative demand shock. While those papers notice that the choice of a specific demand function
can have an impact on their results, we did not come across any paper that elaborates on the explicit impact
of this choice on timing and capacity of an optimal investment decision. That is where we want to make
a contribution to the literature. This paper studies the effect of the three most commonly used demand
functions, i.e. additive, multiplicative and iso-elastic, on the investment decisions of two competitive firms.

While Anupindi and Jiang (2008) discuss investment decisions in a competitive setting by comparing two



types of demand functions, the majority of literature that take into account capacity or quantity optimization
in a competitive setting, chooses one specific type of demand function. For example Aguerrevere (2003),
and Holmberg and Willems (2011) are real options papers that optimize capacity under the assumption of a
demand function with an additive demand shock. Grenadier (2000), Gotoa (2007), and Wang and Zhou
(2004) are examples of real options papers that consider competition in a model using the multiplicative
demand shock. They define their price function as the demand shock multiplied by a function that depends
on demand: P(t) = A(t) * D(Q(t)), where A(t) is the demand shock. In Huisman and Kort (2012) demand
D(Q(t)) is defined more specific by D(Q(t)) = 1 — nQ(t). Furthermore, we want to categorize a third
type of demand function, namely the iso-elastic shock. This model is used for example in Aguerrevere
(2009), Novy-Marx (2007), Musshoff, Hirschauer and Balman (2007) and Schwartz and Torous (2003). The
iso-elastic demand model is defined by P(t) = A(t)Q(t)~*/7, with v > 1 being the elasticity of demand.

In this paper we discuss the impact of the three most commonly used demand functions in the litera-
ture, i.e. additive, multiplicative and iso-elastic demand, on the optimal investment decisions of firms in
a competitive setting. We define those by P, = X; — nQ¢, P, = X:(1 — nQ:), and P, = X;Q, ", where
demand uncertainty is captured in uncertainty parameter {X;}, following a geometric Brownian motion.
The models are not comparable in absolute terms, however, the competitive setting enables us to compare
relative performances of the two firms for the three types of demand models. This paper follows the analysis
used in Huisman and Kort (2012), that assume the multiplicative demand function, considering the additive
and iso-elastic demand function.

We show that results can vary a lot between these three types of demand shocks. One of the main results
of this paper is that the use of the additive or iso-elastic demand function will lead to a larger investment
choice of the follower than the leader. However, the use of the multiplicative demand model for similar
market conditions, will give the opposite result. The additive or iso-elastic demand model choices would,
for example, be suitable in a situation where a foreign (but longer existing) firm enters a domestic market.
Because the foreign firm was already active in other countries, and therefore it has already built up enough
capital to take the risk of a big investment. The domestic market can already consist of a (smaller) market
leader. Take for example the online shopping website Zalando GmbH, who was founded in 2008 in Germany.
In 2009 Zalando began operations abroad by starting offering deliveries in Austria and in 2010 in Netherlands
and France. Due to a huge and effective marketing compagne it became one year after entry already the
market leader in online shoe sales in France in 2011. The multiplicative demand model would be more
appropriate for discussing two firms that are both in the same build-up stage. One should make a deliberate
choice for the type of demand function, in order to fit the right model to the presumed market situation.
Another result that we find is that including convex costs in the model will abrogate the previous result

with respect to the multiplicative demand function. When the convex cost are a sufficiently large part of



the total investment costs, also for the multiplicative demand model choice the follower is the firm with the
largest capacity in the market. Large convex costs lead to a low optimal capacity of both firms, however,
the follower also enjoys indirectly from the low capacity of the leader, and therefore the follower will be the
firm with the largest capacity in the market. Furthermore, we find that for the iso-elastic demand model
choice the deterrence strategy is only preferred by the leader for low values of the elasticity parameter and a
low discount factor. A low elasticity parameter gives the leader enough monopoly profit to make it optimal
to deter the entrant, and a low discount factor causes that the leader assigns less attention to the impact of
a future entry of the follower in its current investment decision.

The paper is structured as follows. In the next section we present the general model. In Section 3 we
analyze the capacity and timing decision of the two firms in a model where both firms have linear investment
costs. Section 3.1 assumes the additive linear demand function, and Section 3.2 the multiplicative linear
demand function. We discuss the results, considering the relative differences between the two firms for the
two models, in Section 4. In Section 5 the iso-elastic demand function will be compared to the two linear

demand function, under the assumption of convex costs. Section 6 concludes.

2 Model

We consider a duopoly game in the real options context, where two firms produce a single homogenous good.
The firms are assumed to be risk neutral and value maximizing, where future profits will be discounted with
constant discount rate r. Each firm is able to invest once in an irreversible investment. This setting will
be analyzed for three different types of inverse demand functions, depending on the nature of the demand

shock. The inverse demand functions at time t are defined by:

Py it = Xt<1 - 77Qt) (1)
for multiplicative demand,
P gad = Xe — Q¢ (2)
for additive demand, and
Pt,iso = AXPtC2t7’y (3)

for iso-elastic demand. Equations (1), (2), and (3) are also known as the net-price functions. The gross-price
functions are respectively denoted by pt muit, Pt,add, a0d D¢ is0, and variable production costs by parameter
c. By subtracting the variable costs from the gross-price function, one obtains the net-price functions. For
example P; puit = Dt,muit — € is the net price function for the multiplicative demand. We impose the following

assumption:



Assumption 1 A firm can produce a positive quantity of a product that corresponds to a negative (net-

Jprice.

Among others, Mackintosh (2003) or Holweg and Pil (2004) argue that in practice it is very common to
sell a product below unit cost. In the automotive industry, shutting production lines down is more costly
than producing against a negative price. Also in the electricity market, during the nights, demand supply
can be bigger than then demand and then the electricity price will be negative. This is caused for instance
by the so-called must-run character of combined-cycle facilities, that are installed for the generation of heat
(steam), and generate electricity as co-product. High shutdown costs are involved by reducing the must-run
output, and therefore it is better to keep producing (Sewalt and de Jong (2003)). Since we include variable
production costs in the net-price functions, prices can become negative if the variable costs exceed the gross
price.

The total market output is given by @, n > 0 is a constant, and demand uncertainty is modeled by {X;}

following the following geometric Brownian motion
dXt = ,UXtdt + aXtdwt (4)

In this expression pu is the trend parameter, o the volatility parameter and dw; the increment of a Wiener
process. We impose the market clearance assumption, which states that a firm will use its full capacity
for production. The investment costs are modeled similar to Aguerrevere (2003). A firm that enters the
market with capacity amount @; has investment cost 6;Q; + 52Q7, where §; and Jy are positive constants.
For analytical convenience, in Section 3 it is assumed that d = 0, leaving us with the linear cost model.
The investment decision, in a duopoly setting with exogenous firm roles, will be analytically compared for
a model with multiplicative and additive demand. In Section 5 the general case is considered, with do > 0.
The use of convex investment costs enables us to compare the linear demand models numerically with the
iso-elastic demand model. The use of linear investment costs in an iso-elastic demand model results in a

model that is linear in capacity ;. Therefore, a finite solution for an optimal Q); cannot be found.

3 Linear investment costs

1. Denote the optimal capacity of

This section considers a duopoly, consisting of a leader and a follower
the leading and following firm with @; and @, respectively. Once both investors have invested, the total

market output is equal to @ = Qr + Qp. In this section we consider linear investment costs, equal to (01Q¢).

1For the monopoly case, the monopolist’s investment decision is equal to the follower’s investment decision, where the
optimal capacity of the leader is equal to zero. Huisman and Kort (2012) give for the multiplicative demand function also an

analysis for the monopolist scenario.



The firm roles are assumed to be exogenous. In other words, the leading firm knows that it will be the first
investor in the market and cannot be preempted by the other firm. The other firm is the follower, which
knows that it will have to wait with its investment until the leader has invested. This section is divided into

two subsections, where we will discuss the impact of the two types of demand functions, respectively.

3.1 Additive demand

This section assumes an additive inverse demand function, defined by (2). The steps taken that lead to the
solutions in this paper, are analogous to Huisman and Kort (2012) who consider a multiplicative inverse
demand function. Denote with X(0), the value of demand shock X at time zero. Assume that the initial
level of demand shock is low enough to fall below any of the investment triggers derived in this section. We
solve this game backwards, which implies that we start with deriving the optimal investment decision of the
follower. The following firm invests when the leader is already in the market, and therefore it is assumed
that the optimal decision of the leading firm is known to the follower. Consequently, the optimal investment
timing of the follower (Xr(Qr)) and its optimal capacity (Qr(Qpr)) are a function of the optimal leader’s

capacity Q. The optimal investment thresholds of the follower are the content of Proposition 1.

Proposition 1 Suppose the additive inverse demand function P(t) = X (t) —nQ(t). Given the current level
of stochastic demand shock X, and the leader’s capacity level Qr, the optimal capacity level of the follower

Qr(X,Qr) is equal to:

Xr—(r=p)(ré +Qrn)
2n(r — p)

The value function of the follower V*(X, QL) is given by

Qr(X,Qr) = : ()

A XA if X < X} ,
vicru= g e e
4r77u(7"7u)2 = le > X;(QL)»
where 5
. _ r(B—2) ) <05+QLm2>
A =
r(@n) (5@5+QLMO“-M (B-2)%rn )’ ©
" _ Brd+Qun)(r — p)
XF(QL) - 7"(6—2) ’ (7)
and B the positive root of the quadratic polynomial
1 1
202524'(#—202)5—7’:0; (8)
so that
)
Qr(@u) = Qr(Xp(Qu).Qu) = "8 )



Notice that to ensure convergence, we have to assume that § > 2 (Hagspiel (2011)).

The next step is to determine the investment decision of the leader. The leader has two possible strategies.
Entry deterrence corresponds to sequential investments, and gives the leading firm a monopoly profit for some
amount of time right after its investment, till the moment where the follower enters. Entry accommodation
leads to simultaneous investments, where the follower invests at the same time as the leader. The leader will
use its optimal capacity (@, as a tool to force either one of those strategies. Here it is important to realize
that Xp is increasing in @, i.e. the follower’s investment threshold is increasing in the leader’s capacity
size. Besides delaying investment of the follower, another incentive for the leader to invest in a large capacity
is that QQr decreases in Q..

First we give a brief explanation of the leader’s strategies in both cases, which will explain the triggers and
boundaries used in the coming propositions. Figure 1 gives an illustrative support of this explanation, and
shows the regions where a strategy is feasible. Afterwards, each strategy will be discussed comprehensively,

and results will be stated in the following propositions.

Entry deterrence

Recall that entry deterrence implies that the entrant invests later than the leading firm. Given the current
level of X, a large enough investment of the leading firm leads to a follower’s investment trigger X =(QL)
larger than X. Therefore we are looking for a lower bound @, for which Q1 > @ implies the entry deter-
rence strategy. Translating this in terms of X, entry deterrence can only occur when the value of demand
shock X is below an upper bound Xdet je. X < Xdet. QOtherwise, the market is large enough, that it
is optimal for the follower to enter immediately once the leader has invested. The fact that the leader’s
capacity is nonnegative, corresponds to a lower bound on X, denoted by X! where for X > X% entry

deterrence is a feasible strategy. In that case the demand level is too low for an investment to be profitable.

Entry accommodation

Alternatively, a firm chooses for the accommodation strategy, where the follower invests simultaneous with
the leader. The accommodation strategy can only occur for low capacity investments of the leader, i.e.
Qr < Qr- Entry accommodation only occurs for high levels of demand shock X, i.e. there is a lower bound

X for which X > X% leads to entry accommodation.

Figure 1 shows that there are three possible regions for the additive demand function and four regions
for the multiplicative demand function (see proof Proposition 2). For low values of X there is no investment

possible. Somewhat higher values of X enable the leader to choose for the deterrence strategy. In the third
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Figure 1: Location of accommodation and deterrence boundaries for the additive (upper figure) and multi-

plicative (bottom figure) demand functions.

region both strategies could be chosen. In this region, the leader will choose the strategy that results in the
highest value. For some threshold X, the leader is indifferent between the deterrence and the accommodation
strategy, i.e.

X = min{X e (X%, Xdet)|VI(X) = V°(X)}. (10)

In the last region (region 4), for i.e. very high levels of X, the leader is forced to apply the accommodation

strategy. For the additive demand function, we find that there is no upper bound X9et on X for the deterrence
strategy (see proof Proposition 2). For all X, it holds that the optimal capacity value Q%*(X) > Qr(X).
This is intuitive since the additive inverse demand function, given by equation (2), is also not restricted
by a fixed price intercept. The leader’s capacity has the ability to grow infinitely when the uncertainty
parameter X grows. For high values of X, deterrence will always be possible, because the leader can place a

correspondingly large capacity in the market to deter the entrant. Referring to Figure 1, this implies that

for the additive demand function, there is no region for X where only the accommodation value is possible.

Let us discuss the two leader’s strategies more comprehensively. We start with the investment decision
of the leader that chooses for the deterrence strategy. The value function of a leader with an entry deter-

rence policy is given by

XQr n(Qr)? 50, — (UQLQF)( X ),

de _
VE(X,Qp) = —— p , r X5(Qr)

(11)

Since the leading firm uses the entry deterrence policy, it incurs monopoly profits for a certain amount of
time, reflected by the first two terms of the value function. The third term are the investment costs necessary
to install capacity at amount Q7. However, at some point in time, the entrant will also invest in the market,
which negatively influences the value of the leader. This impact is shown by the negative fourth term of the
leader’s value function, which is the respective difference between the leader’s monopoly and duopoly profit,
that is discounted from X} (Qp) to X by discount factor (%)5

Given that the leading firm will use the deterrence strategy, it will maximize (11) with respect to timing

(X ¢et) and capacity (Q$¢*). Proposition 2 summarizes the optimal investment decision of the leader when

it uses the entry deterrence policy.



Proposition 2 Consider the additive inverse demand function P(t) = X (t)—nQ(t). The deterrence strategy
occurs whenever the leader chooses a capacity level Qp > Qr such that Xi(Qr) > X. Qr(X) is defined by:

1 (xrBoy
de}_n(ﬁﬁ—u) 5>' 12)

In terms of the demand shock parameter X, the leader will consider the entry deterrence strategy whenever

the current level of X lies within the interval (X9, 00), where X is implicitly determined by

X« 8 XE-2)
r—p B—2" 0B(r — )

The value function for the leader’s entry deterrence strategy, when the leader invests at X, VA< (X), equals

) =o. (13)

XQFH(X)  n(QF'(X))? Qe (X)) (or + Q41 (X)n) Xr(8-2)
detX: L . L —5 detx_ L L ,6’.
Vi) = po Gy e e e —w)
(14)
The optimal investment threshold Xg@t and the corresponding Q‘i@t is given by
det __ (Sﬁ(T’ B /j‘)
Xit = B2 (15)
det __ or
RCEPL 16)

The alternative for the leader is to use the entry accommodation policy, where it allows the entrant to
immediately invest once it has invested itself. The value function of the leader, using the accommodation

policy, accordingly V¢ is given by

V[(,lcc(Xa QL) =

XQu (@ +Qur) 5o, (17)

T—p
The first two terms represent the leader’s expected discounted duopoly profit. Notice that the leader will not
obtain any monopoly profit, when choosing for the accommodation strategy. The third term in this expression

are the investment costs resulting from a capacity amount of QJ;,. Proposition 3 gives the investment decision

of a leading firm that uses the entry accommodation policy.

Proposition 3 Suppose additive inverse demand function P(t) = X (t) — nQ(t). The leader will consider

the entry accommodation strategy whenever the current level of X is larger than or equal to X ¢, where

6B(r — )
X = . 1
e (18)
The leader’s value of the entry accommodation strateqy, when investment takes place at X, is equal to:
acc T(X — 5(7" — :u’))z
V(X)) = 5 (19)

8n(r — )
The optimal investment threshold and corresponding capacity level for the entry accommodation strategy are
given by

yaee - 80 = 1) (20)



ace — wf’;)n. (21)

acc

Notice that for 8 < 4, the accommodation boundary X3¢ will be negative and hereby dispensable. We

elaborate on this in Section 4.

Endogenous firm roles
The first part of this section analyzed the investment decisions of the two firms under the assumption of
exogenous firm roles. However, in reality, firms do not know their market position beforehand. For the anal-
ysis of endogenous firm roles we can use the knowledge of the previous part of this section. It is profitable
to be the leader in a competitive market, because this comes together with a period of monopoly profits,
therefore both firms will try to become the market leader. Once it is known which of the two firms grabbed
the market first, the other firm becomes the market follower. After investment of the leader, the follower
acts as if the market positions are exogenously determined, because there are no strategic aspects related
to this investment decision. Therefore, for the investment decision of the follower, under the assumption of
endogenous firm roles, we can refer to Proposition 1.

Both firms want the leader’s position, and try to preempt each other, therefore, investment will take place
at preemption trigger X p, the moment where a firm is indifferent between waiting for the followers position
and investing in the leaders position. Among others, Huisman (2001) shows that the preemption trigger can

be obtained by solving the following equation for Xp:
Vi (Xp,Qr(Xp)) = Vi (Xp, QL(XpP)). (22)

A firm does not want to invest for X < Xp because then it is more profitable to wait for the followers
position. The firms are assumed to be symmetric, so none of the firms will invest. For X > Xp, it is more
profitable for a firm to invest and become the leader, than wait with investment. However, this is the case
for both firms. Assume that firm 1 wants to invest at level X, then firm 2 will preempt this firm and invest
at X — e. The reaction of firm 1 is to invest even before firm 2, at X — 2e¢. This preemption mechanism
proceeds until X — ne = Xp, where one of the firms invests. Because the firms are symmetric, both have
equal probabilities to become the market leader at the preemption trigger. The preemption trigger Xp
has to be implicitly determined by equation(22), and one cannot derive analytical expressions for Xp, the
corresponding optimal capacity of the leader Qr(Xp), and the investment trigger and optimal capacity of

the follower XF(QL(XP)) and QF(QL(XP))

3.2 Multiplicative demand

This section assumes the multiplicative inverse demand function, defined by (1). This case has been elabo-

rately investigated by Huisman and Kort (2012). Therefore, we refer to their paper for the analysis that lead

10



to multiplicative results. Notice that, in contrast to the use of the additive demand model, a multiplicative
demand function results in an upper bound on X for the deterrence strategy. Investment above threshold
Xdet makes entry deterrence impossible. Then demand is so high that it is optimal for the follower to invest
immediately once the leader has invested. Therefore a model using the multiplicative demand has a smaller
region where the entry deterrence strategy can be exercised, compared to an additive demand model. This
is due to the restricted property of the multiplicative demand: there is a fixed market share that has to be
divided by the two firms.

Table 1 summarizes the optimal investment decision and boundaries of the leader and follower for additive
and multiplicative inverse demand functions, when exogenous firm roles are assumed. For the endogenous

firm role situation we refer to Huisman and Kort (2012).

Formula Additive Multiplicative
Entry deterrence
Qu(X) L (s o) L(1- Eeom)
e - U =0 | 35 -0 shman) =0
Xdet 00 %
X det % (5+1ﬁ)i(1r7u)
X get (Qdet) 6(5@)762()2—;0 (ﬂ+61)2<i(1T—u)
Qs Q1) sk o
Entry accommodation
xace % (ﬁ+(35)i (lr)f#)
Qr(X) 4 ;fl)n Fm
Xgce(Qace(xcc)) % (ﬁ+(il’)8)i(17“)—u)
Qi (e (X)) e o
Xgee 5 (15010
Xace(Qace(X9ce)) 5(&@)_%()2—#)
QEe(QT™ (X)) e

Table 1: Boundaries, optimal investment triggers and optimal capacities corresponding to the additive and

multiplicative inverse demand function, respectively.
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4 Results

4.1 Entry deterrence

The upper part of Table 1 compares, for the entry deterrence strategy, the boundaries on entry deterrence,
and the investment decision for the two discussed types of inverse demand functions.

Notice that the resulting optimal investment triggers should be within the boundaries. In other words,
the investment trigger of the leader, in case of entry deterrence should be in between [X ¢, W] For entry
accommodation, the leader’s investment trigger should be larger than X%°°.

In Proposition 4 we show that in a model using the additive inverse demand, the follower will always invest
in a larger capacity compared to the leader, given that firm roles are exogenously determined. However,
in a similar model, but using the multiplicative demand, it is the leader that will always invest in a larger

capacity than the follower.

Proposition 4 Suppose additive inverse demand function P(t) = X (t) — nQ(¢).
Given that firm roles are exogenously determined, the follower will always invest in a larger capacity

compared to the leader:

det . Oor _or(B=2) or(B-1) 4
Foas = 53y = (B—2pn = (B—2py  Hoas 29)

Suppose multiplicative inverse demand function P(t) = X (t)(1—nQ(t)). Given that firm roles are exogenously

determined, the leader will always invest in a larger capacity compared to the follower:

det _ 1 _ /8 +1 ﬂ _ det
Lmult — (5_’_ 1),’7 - (ﬁ"‘ 1)277 > (5+ 1)277 - QF,mult' (24)

The difference in magnitudes between the follower and the leader optimal capacity are caused by the shape
of the inverse demand functions. Using additive inverse demand, the follower gains by waiting long with
investment until a large threshold for X is hit. This gives it the opportunity to invest in a larger capacity
amount, compared to investing at a smaller X. Obviously, the larger the price intercept (X(t)) is, the larger
the market size at that moment, and therefore the follower will invest optimally in a larger optimal capacity.
A follower invests after the investment of the leader, that has taken its share of the market already. However,
the additive demand function enables the follower to wait for high X so that the market is so large that it
is optimal for the follower to invest in with a large capacity amount, which will make the follower a strong
competitor for the leader.

Multiplicative inverse demand restricts the capacity choice of a firm. Again, the leader invests first, and
takes its share of the market. However, now the follower cannot justify a large capacity investment by

waiting for a high X, because the multiplicative inverse demand has a fixed upper bound independent of the

12



stochastic process X. Obviously, this is a disadvantage for the follower. It will invest in a relatively small
capacity.

Using the additive demand function, Proposition 4 showed that the follower will invest in a larger capacity
than the leader. However, it also invests late, in order to be able to justify a larger capacity investment.
This explains the result of Proposition 5, which shows that the use of the additive inverse demand function

gives the leader a longer period of monopoly profits, compared to the case of multiplicative demand.

Proposition 5 Suppose that the additive inverse demand function (add) is given by P(t) = X (t) — nQ(1),
and multiplicative demand function (mult) is given by P(t) = X (t)(1 —nQ(t)). Monopoly period is measured

z
XT . det
=
XE.a

by ratio for both types of inverse demand x = {add, mult}. Consideration of an additive inverse

’
et

demand function gives the leader a longer period of monopoly profits:

Xﬁidd _ B> —p-2 < p -5 = Ximéitt (25)
X%‘fljet (5 - 1)(6 + 1) (5 - 1)(5 + 1) Xg‘?fnult .

Notice that we can only discuss relative differences between the two types of inverse demand functions.
The two demand functions are incomparable in absolute terms. For this reason we cannot compare the
deterrence value functions for the two types of inverse demand. However, it is interesting to know what a
market leader prefers. The combination of a large period of monopoly profits, but facing a strong competitor
in the future, or dominating the market with the largest capacity, but enjoying a shorter period of monopoly
profits? Therefore we look at the effect that a follower has on the value function of the leader. The expression
%7 with € {add, mult}, explains the relative downfall in profit for the leader when it knows there
is a potential follower. L stands for the leader value in a duopoly, and M for the monopoly value. The
smaller this expression, the more impact the entry of the follower has on the value of the leader. Huisman
(2001, p.170) explains that the monopoly investment trigger is equal to the leader’s investment trigger in
a duopoly. This means, the determination of the threshold (X¢¢*) has no effect on the optimal reply of

the follower. Assume that the initial value X is sufficiently low, so that no firm has yet entered the market

Vo (X7F) :
"t for the two types of inverse demand

(X<Xy=X get). Proposition 6 derives for the expression Vi)

functions x € {add, mult}.

Proposition 6 Suppose additive inverse demand function P(t) = X (t) — nQ(t). Given that firm roles are

exogenously determined, the relative downfall in profit at trigger X = ngfldd

- %, when there will

be a potential entrant in the market, is:

Viadd(X 1 4q)

B - 2)[3—1
Vt,add(Xar)

=1-(—=

i (26)

Suppose multiplicative inverse demand function P(t) = X (t)(1—nQ(t)). Given that firm roles are exogenously

Xdet _ (B+1)d(r—p)

determined, the relative downfall in profit at trigger Xay = X754 = “——5—1——, when there will be a
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potential entrant in the market, is:

VL,mult(Xg?:nult)

Vi (Xa)

=1- (%)ﬂ. (27)

It holds that the relative downfall in profit when there is a potential entrant in the market, is larger in case

of multiplicative demand:
Vi,add(X§% 1) - Vi mute (X3 11)
Vj\%]dd(XM) V]\r/]nult (XM)

(28)

The results of Proposition 6 show that a firm would rather face a follower in the additive demand model,
than in the multiplicative demand model. Apparently, enjoying a long period of monopoly profits dominates

the effect of the entry of the follower.

4.2 Entry accommodation

When the leader invests relatively late in the market, the market is big enough for the follower to immediately
enter once the leader has done so. The bottom part of Table 1 gives the accommodation strategies of
the two firms for both types of inverse demand functions. Obviously, the leader and the follower invest
simultaneously in this market, i.e. X; = Xp. Notice that, for the multiplicative demand function, the
optimal accommodation trigger of the leader will not lead to the entry accommodation strategy, since X <
X¢. Therefore, the leader has to invest at the minimal boundary X ¢ that enables the accommodation
strategy (see Huisman and Kort (2012)). The corresponding optimal leader’s capacity at the boundary

trigger is equal to QL(X*), as denoted in Table 1. The follower invests at trigger X #°(Q3°°(X %)), in

corresponding optimal capacity Q%°¢(Q%°¢(X*¢)). In case of the additive demand, this depends on the value

of 5. For 8 > 4, the same result as in the multiplicative demand case occurs, and the leader invests at the

boundary X750. But for 4 > § > 2, the accommodation boundary X799 will be negative, and therefore

dispensable. (Remember, to ensure convergence we need the assumption that 8 > 2, i.e 7 > 2u + 02.)

The two firms will invest at the accommodation trigger X7%aa = XFaqq, With corresponding capacities
Tt (X L) and QE(QT (XL i)

Table 1 shows that even though the firms invest simultaneously, the optimal capacity choices of the two
firms differ. Proposition 7 shows that the follower will always invest in a lower capacity level than the
leader. This is because it is a Stackelberg equilibrium where the leader decides first about its capacity
decision. It can be concluded that in the additive model using its accommodation strategy, in contrary to
using its deterrence strategy, the leader is able to make the follower the smaller firm in the market. When
the leader uses its accommodation strategy, the follower invests by definition at the same moment as the

leader. Therefore, the follower invests in a lower capacity than the leader, when the leader applies the

entry accommodation strategy. Still, the follower prefers to invest simultaneously with the leader, because
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the large accommodation trigger corresponds to a large optimal capacity investment for the follower, which
causes that it does not want to delay investment to the future. In a model with multiplicative demand, the

leader always invests in a larger capacity than the follower, no matter what strategy it uses.

Proposition 7 Suppose the additive inverse demand function P(t) = X (t) —nQ(t), or multiplicative inverse
demand function P(t) = X (t)(1 —nQ(t)). Given that firm roles are exogenously determined, the leader will

invest in a larger capacity compared to the follower, when it uses the accommodation strategy, i.e.

acc accy __ or 0 __ (Hacc acc acc :
T ada(X2C) = (,3274)77 > T = QFadd(Qraad(X29))  if >4,
QU 4a(X %) = 5555 sy = Q3 Q1(X5) 4> B> 2,

2
%C,?Cnult(XaCC) = (B+3)n > (,6.:3)77 = %’C,fr:nult(@%c,fnult(iXacc))

V

5 Convex investment costs

In this section, we relax the assumption of linear investment costs and assume that investment costs are
equal to §1Q; + 62Q?. This means that the price of investment is an increasing function of the quantity
invested. Using convex investment costs allows us to take into account the iso-elastic demand model and
compare it with the linear models. The analysis of the iso-elastic demand is similar to the analysis of the
additive demand case in Section 3. However, in this situation, the solutions cannot analytically be given, and
results will be given in figures. Equation (3) shows that the iso-elastic inverse demand model has an even
more unrestricted character than the additive demand function, since the optimal capacity is not restricted
by any price intercept. This section will show the differences in results that are driven by a specific choice
of demand function considering a quadratic cost function. It also serves as a robustness check for the results

from Section 4.

5.1 Entry deterrence

Recall that entry deterrence implies that the follower invests later than the leading firm, which gives the
leader a period of monopoly profit. In this section we consider that parameter do > 0, i.e. investment costs
are convex. As a consequence we cannot solve the investment decisions of the firms analytically anymore.
Two parameters are especially of interest, namely d; and J5. Figure 2 and 3 show how sensitive the investment
decisions of the leader and follower are with respect to the two cost parameters.

By analyzing the iso-elastic demand function we show that there is a restricted parameter region where
the deterrence strategy is optimal for the leader. In contrast to the linear demand functions, the iso-elastic

demand function contains elasticity parameter . A high « gives the leader such a low monopoly profit that
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it can dominate the total leader’s value. Only for a low elasticity parameter + in combination with low g
(note that it should still hold that 8 > 2), a positive leader value function can be found. High values of S,
either results from a low interest rate or a high uncertainty level. In that situation the entry of the follower
will have such a big negative impact on the value of the leader, that it makes the leader’s deterrence value
function negative. In other words, the deterrence strategy is too expensive for the leader for high values of
8. Therefore, it will use the accommodation strategy. In this subsection we want to compare the deterrence
strategy for the three types of demand functions. We assume that the parameters are chosen such that it is

also optimal for a leader in a model with iso-elastic demand to choose the deterrence strategy.

Multiplicative inverse demand Additive inverse demand Iso-elastic inverse demand

~< 10f

- Te-as 081 Tt

02

Figure 2: The optimal investment timing and capacities for the leader and the follower, for a change invest-

ment parameter do. Take r =0.1, u =0.02, 0 =0.1, n =0.5, v =0.1 and §; =2.

Figure 2 shows that investment decisions in a model with multiplicative demand responds differently to
a change in cost parameter do compared to the additive and iso-elastic demand model. Notice that do = 0
represents the model from Section 3. For the model with multiplicative demand there is a direct effect
and an indirect effect of d2 on the optimal capacity of the follower. When the quadratic part of the cost
function becomes larger (d2 increases), this directly decreases the optimal capacity of the leader and follower.
However, the lower level of optimal leader’s capacity gives the follower an indirect strategic advantage, which
would result in an upward shift of the optimal follower’s capacity. As can be seen in Figure 2, the direct effect
dominates the optimal capacity decision of the follower. However, due to the indirect strategic effect, the
optimal capacity of the follower decreases less fast than the leader’s optimal capacity in the cost parameter

d5. Therefore, when the quadratic investment cost part dominate the total costs, the follower will have a
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larger capacity than the leader, i.e. for §; > &5 such that 65(61) = min{d|Q7"4, = QE4l,, 6:}. We can
conclude that the result from Proposition 4 in Section 3, where the leader invests more than the follower, is
sensitive to the inclusion of quadratic costs. The just described pattern is not observed in the model with
additive demand and the model with iso-elastic demand. Since demand in these models is not restricted by
a fixed upper bound on market quantity, an increase in the optimal capacity of the leader has less impact
on the optimal capacity of the follower. In these model the follower is able to wait until the market is large
enough for a large investment. In the model with multiplicative demand, an increasing capacity investment
of the leader will occupy a bigger part of the fixed market share.

The effect of do on the timing of investment, in a model with multiplicative demand, can in a similar
fashion be explained with a direct and indirect effect. An increase in do directly delays investment of both
firms. However, it also decreases the optimal capacity of the leader, which speeds up the investment for
the follower. Again the direct effect dominates, but the follower will not delay its investment as much as
the leader when cost parameter dy increases. In the model with additive demand or iso-elastic demand, the
direct effect dominates. The decreasing capacities of both firms cause that the firms want to invest sooner.
In these models, timing is more sensitive for a change in the optimal capacities, because it means that the
total market can be smaller. The scope of the total market size can in this model be controlled with timing
parameter X.

In Proposition 5 in Section 3 we show that the additive demand model has a longer period of monopoly
profits. Figure 4 supports that the inclusion of quadratic costs does not change this result. Figure 4 illustrates

det
X1 add

det
XFlada

det
XL,'mult
<
X det
F,mult

for a chosen set of parameters that , implying that the the additive demand model leads to
a longer period of monopoly profits. Figure 4 also shows that the relative monopoly position of the iso-elastic
demand is not affected by the quadratic part of the investment costs.

Figure 3 shows that the investment behavior, when a multiplicative demand function is assumed, behaves
differently in for a change in 47, than for the assumption of an additive or iso-elastic demand function. The
multiplicative demand function illustrates that for a low value of cost parameter 41, the follower invests in
a higher capacity than the leader. This is due to the presence of quadratic costs do = 1, that dominate
the total costs. We explained in Figure 2 that quadratic costs have as indirect strategic effect that it leads
to a low leader’s capacity, which in turn leads to a higher follower’s capacity. However, when the linear
cost parameter d; increases, this directly increases the optimal capacity of the leader and follower. But the
increase of the capacity of the leader indirectly decreases the follower’s capacity. Therefore for high values
of cost parameter d;, the leader has a higher level of capacity than the follower i.e. for 6; > 7 such that
87 (d2) = min{d,|Q74l, = Qp4r, 65}, Notice that, in case of a multiplicative demand function, depending
on the dominating part of the cost function, the corresponding strategic effect will determine which firm will

have the larger capacity in the market.
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Multiplicative inverse demand Additive inverse demand Iso-elastic inverse demand

Figure 3: The optimal investment timing and capacities for the leader and the follower, for a change invest-

ment parameter d;. Take r =0.1, p =0.02, o =0.1, n =0.5, v =0.1 and 5 =1.

Conjecture 1 For the multiplicative demand function, the strategic effect of cost parameters 61 and do
determines which firm will have the larger capacity in the market. When the linear costs dominate the total
cost function (01 > 07(02)), the corresponding high optimal leader’s capacity, makes the follower invest in
small capacity. The leader will be the larger firm in the market. When the quadratic costs dominate the
total cost function (0o > 03(81)), the corresponding low optimal leader’s capacity, makes the follower invest

in a large capacity. The follower will be the larger firm in the market. Where 0f(52) = min{d;|Q7%, =

L,det —
Qrull, 02}, and 65(61) = min{d,|QT 4, = QEult, 61}

5.2 Accommodation strategy

For the additive demand function, in the presence of convex investment costs, we are able to derive ana-
lytical solutions for the accommodation strategy. Derivations are similar to the case discussed in Section 3.

Proposition 8 summarizes the investment decisions when the leader uses the entry accommodation policy.

Proposition 8 Suppose the additive inverse demand function equals P(t) = X (t) — nQ(t), and investment
costs are equal to 5,Q + 5,Q>. The leader will consider the entry accommodation strategy whenever the

current level of X is larger than or equal to X*°¢, with

1
Xa55 = AB0 (Bo2(n? + 61005 + 47263 (r — ) (29)

where A(B,1m,82) = (B — 4)n? + 2r(38 — 8)nda + 4r2(8 — 2)83. The optimal investment threshold and corre-
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Figure 4: The ratios %, for a change investment parameter §; and d,. Parameter values: r =0.1, p =0.02,

o =0.18, n =0.5, n=0.2 and §; = 2 in the left graph, and d, =1 in the right graph.

sponding capacity level of the leader for the entry accommodation strategy are given by
Xadd _ ( lu’) (30)
s - )

add _ 5T(77 + ZT(SQ) (31)
Leee = (G 2) (2 + drnoy + 2263

The assumptions A(B,n,02) < 0 and > 2 are necessary to ensure that X§9 > X899

L,acc

In case that A(B,n,d2) > 0, it holds that Xﬁ‘fadcc < X246, Investment will take place at the accommoda-

tion boundary X255 with the corresponding optimal capacities for the leader and the follower:

1
add accy __
L,acc( add) - A(,B,??,(SQ) (2T51(77 + 2T(52))7 (32)
1
add (yraccy _ 01 (n? + 6rndy 4 4r262)) . 33
F,acc( add) A(ﬂ,?]752)(77+7”52) ( 1(77 102 2)) ( )

Considering convex investment costs, one cannot derive analytical expressions for the accommodation
triggers X 7°¢ and the lower bounds X%, in case of multiplicative as well as iso-elastic demand.

Proposition 9 shows that for the additive and multiplicative demand the result of Proposition 7 is robust
against the introduction of quadratic costs. For iso-elastic demand function, we can only show numerical

results, therefore Figure 5 illustrates numerically that also for the iso-elastic demand function it holds that

G o (X 20) > QFL,  (Q1%,, (X)), for a chosen set of parameters.

Proposition 9 Suppose additive inverse demand function P(t) = X(t) — nQ(t), or multiplicative inverse
demand function P(t) = X(t)(1 —nQ(t)), and costs 61Q + 62Q>. Given that firm roles are exvogenously
determined, when the leader uses the accommodation strategy, it will invest in a larger capacity com-
pared to the follower, i.e. “Lfgdd(Xacc) > Q%ffldd( aLffldd(XaCC)) for A(B,n,d2) > 0, ‘ifgdd(nggdd) >

Fadd( QT aad(XTeaa)) for A(B,n,02) <0, and Q7,1 (X) > QF 5 (QF 50 (X)) ¥V X
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Figure 5: An illustrative example that Q7%;, > Q%7;, for the iso elastic demand model. Take r =0.1,

w=0.02, 0 =0.1, n =0.5, v =0.1, 6o = 1 and §; = 2.

6 Conclusion

This paper discusses three types of demand functions, additive, multiplicative, and iso-elastic demand, in
a real options context. The optimal investment decisions of two firms in the corresponding markets are
analyzed for these demand functions separately. The three demand models are not comparable in absolute
terms, therefore we look at the relative differences in optimal capacity, timing and values between the two
firms in the market. This relative information can be compared among the demand functions.

We assume that the leader can use two strategies. Applying the deterrence strategy, gives it a period of
monopoly profits before the entry of the followers. However, when initial demand in the market is very high,
the follower will invest immediately after the entry of the leader. This is the accommodation strategy.

In the first part of our paper we consider linear investment costs, and additive and multiplicative demand
functions are compared. Due to the restrictive upper bound on the multiplicative demand function, there is
a fixed market size that has to be shared among the two firms. On the other hand, in the additive demand
function, a higher level of uncertainty parameter X creates a bigger market size. This difference in the
structure of the demand function also explains the relative difference in capacity and timing of investment
between the two firms. The use of a multiplicative demand function makes the leader the firm with the
largest capacity in the market, because this is the firm that chooses its optimal capacity first. For the
follower that invests later, only a small part of the market size is left, and it will invest in a smaller capacity
than the leader. The use of the additive demand function makes the follower the firm with the largest
capacity in the market. Now, the follower has the ability to delay investment until it can optimally invest in
a large capacity. Consequently, the late investment of the follower gives the leader a long period of monopoly
profits. To know what type of demand function a leader would prefer, we compare these two options, i.e
a large period of monopoly profits, but facing a strong competitor in the future, or dominating the market

with the largest capacity but enjoying a shorter period of monopoly profits. We show that the leader would
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rather be in a market with a large period of monopoly profits and endure the entrance of a strong competitor
in the future (i.e. the use of the additive demand function).

In the second part of our paper we consider convex investment costs, which allows us to compare the
iso-elastic demand function with the two linear demand functions. The total market size in the iso-elastic
demand function is, just like the additive demand function, not restricted. Therefore we also find that the
use of this demand model gives the follower the largest capacity in the market. Furthermore, we find that the
introduction of convex costs violates the previous multiplicative result with linear investment costs. When
the quadratic part of the total investment costs dominates the total investment costs, the follower will also
in this model be the firm with the largest capacity. High convex costs directly cause that optimal capacity of
the leader and follower will be small, however the small optimal capacity of the leader will indirectly increase
the followers optimal capacity. Consequently the follower will have a larger capacity than the leader, when

the quadratic part of investment costs dominate the total investment.

7 Appendix

7.1 Proof of propositions

Proof of Proposition 1

The follower’s profit in a model with additive demand and linear costs is equal to

mre = (X —n(Qr: + QL))Qrt — 01QF - (34)

V (X, Qr) denotes the follower’s discounted expected value that invests in capacity amount, @ r, and is equal

to:

Ve(X,Qr, Q1) = B ( / —O%(Xs = (Qre + Q1)) Qe d — 6105t —5:0p. (35)

t

> _XQr Q% +Q1Qr

r— U r
Differentiating (35), with respect to @ results into the followers optimal capacity for a given X and Qp:

Xr—(r—pu)rd+Qrn)

Q¥ (X,Qr) = . (36)
e 2n(r — )
Substitution of (36) into (35) gives the value function of the follower after investment:
Xr—(r—p)(ré+ 2
VF(X7 QL) _ ( ( :u)( 5 QL”)) ) (37)

drn(r — p)
The value of the firm before investment, i.e. the value of waiting, takes the form f(X) = AX?, where A is

a constant to be determined and [ the positive root of the quadratic polynomial
1 om I A
57 B85+ | p 50 Bg—r=0. (38)

21



Denote with X7 (Q ) the investment moment of the follower. We value match and smooth paste the follower’s
value of waiting to its value function after investment. This results in solving the following equations for
Xp xt(Qp) and constant A:

AXG = Ve(XE, QL)

BAXL = 3VF(§§7QL).
We find that 5
X _ (B —2) ) ((7”(5+QL77)2>
4500~ (et =) (Greapmr) %
" _ Bré+Qun)(r — p)
so that the optimal followers capacity is equal to
)
Qr(@u) = Qr(Xp(Qu).Qu) = 2L (41)
O
Proof of Proposition 2
The value function after investment, of the leader that uses the deterrence strategy is equal to
det _XQr n@Qr)?* ~mQLQk(Qr) Xr(B-2) i
VL (XvQL) - m r 5QL ( r )(B(5T+QL77)(T_M)) : (42)
Substitution of (41) into (42) gives
XQr n(Qr)’ Qr(r + Qrn) Xr(8-2)
Vdet(x) — _ — 50, — 8, 43
E = e NGy B e ) )

In order to find the optimal leaders capacity Q%et, we need to take the first order derivative of this value

with respect to @, and set it equal to zero, which results in the following condition:

OVL(X,Qr) X 2Quy s+ (QL(ﬁ—Q)n—T5

Qr r—por (B —2)

Xr(8—2)
B(6r + Qrn)(r — )

) )’ =0. (44)

The envelope theorem shows that

IVL(X,QrL(X))  OVL(X,Qr) N OViL(X,Qr)0Qr  9Vi(X,Qr) (45)
0X N 0X Qr 0x ox

oV (X,Qr)
QL

because is zero, as is shown in condition (44). Therefore the value matching and smooth pasting

conditions are given by

s XQr n(Qr)® . Qu(dr+Qrn) Xr(B—2) 5
A= T ey SErame - (46)
BAX’B_l _ QL _ qr X’f’(ﬁ - 2) )B—l7 (47)

r—p o —p BOr+Qrn)(r—p)
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and result in the following leader’s investment threshold

B(réy + Qrn)(r — )
r(B—1) '

X{(Qr) = (48)

Solving (48) simultaneously with (44), results in the optimal leader’s investment trigger X9t with corre-
sponding optimal capacity QdLEt:
6B(r — )
Xit = 49
L 5 —_9 ) ( )
or

det
e — 50
b (B-2)m (50)

To find the boundaries on X, i.e. lower bound X% and upper bound Xd9et, we have to substitute Qz = 0

and Qr = Qr, respectively into condition (44), and solve for X. Substitution of Q1 = 0 into equation (44)

results in:
MX)&&B?Q(X;;?_M?)WO' (51)
Since
WO = b <0,
w0 = o
oo _ 1 (BDX 50 g x e (0, x3(0)),

r—p 518(r — )

it holds that X% exists. Furthermore X%! < X% because

(X)) _ 1 (B=2)X 51, _ -
o0X - ,r,_u(]‘_((sl/g(,r_u)) 1)_0 fOI‘X—XF(O),
1 —-2)X 4_ "
MO - () <0 for X € (Xp(0).),
acc 1 _2
D — 1= (=P <0

which indicates that X > X% (0) > X9 for 8 > 4. When § < 4, X% negative and therefore dispensable.

Next we will show that X?€t does not exist. Solving condition (44) for @, can lead to either a minimum

or a maximum value. Substitution of @, into (44) leads to a unique value X = 526(5;__2‘;) that makes Qr

the capacity choice that corresponds to a minimum leader’s value. Solving condition (44) numerically for
the Qr(X) that leads to a maximum leader’s value, gives as result that the optimal capacity will always be
bigger than the minimum boundary for Qr, i.e. Q7 (X) > Qr VX. Therefore, there is no upper bound for

the deterrence strategy, considering the additive demand function. |

Proof of Proposition 3

The value function after investment, of the leader that uses the accommodation strategy is equal to

XQr n((Qr)*+QrLQr)
r—u r

Vie(X, QL) = —0Qr. (52)
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Substitution of (36) into (52) and maximizing with respect to @ gives the optimal capacity size of the

leader, as a function of X
r(X — (r—p)d)
QI (X) = . 53
L ( ) 277(7, _ M) ( )

Substitution of (53) and (36) into (52) leads to

VL (X) = - . (54)

Solving for the value matching and smooth pasting conditions leads to the following optimal investment

trigger and the corresponding leader’s capacity level:

SB(r —
acc __ or
L= B-2)n (56)

The accommodation strategy can only occur for level of X > X, The leader can only consider the
accommodation strategy if the optimal leader’s capacity Q¢° leads to immediate investment of the follower,

i.e. for X% it should hold that

Xp(QFe(Xae)) < Xeoce, (57)
Substitution of (56), (40) into (57) gives
xeee — U=, (58)
O
Proof of Proposition 4
Follows directly from Proposition 4. O

Proof of Proposition 5

For the additive demand function, the monopoly period is given by

Xt UEEY  p-2 _ (B-2(B+1) _ -2 (59)
Xglf, " TR T f1 (F- D+ (B-DE D)
For the multiplicative demand function, the monopoly period is given by
X mult (B+D)(r—p) 2
XE ~ T 1 B DT (%)
' B(B-1)
|
Proof of Proposition 6
The value of the leader at its deterrence trigger, in a model with additive demand, is equal to
VL,add(X(liz,eédd) = (Gl e Gl G 1)1_B)~ (61)

(B—2)%n
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The value of a monopolist at its investment trigger, in a model with additive demand, is equal to

Vitoan(Xor) = > (62)
M,add(AM) = 755
’ (B=2)%n
Therefore, we find that
V; “ Xdet _9
L, dd( L,add) -1 (6 )ﬂ—l (63)
Vt,add(Xar) g—1
Similar, for a model with multiplicative demand we find
(1- (#5)%)9
Vit (X0 ) = SN, 64
L, lt( L, lt) (52 — 1),,7 ( )
and
Vitmie(Xar) = 5 (65)
Mmult(XM) = 75—
’ (82 =1)n
Therefore
\% e Xdet
L, mlqjl(t L,mult) —1— ( 6 )ﬂ (66)
VPt (Xar) B+1
We know that co > 8 > 2. For 8 = 2 it holds that
VL,add(X[dfédd) —0<2— VL,mult(Xg:zﬁzult)
Vit,add(Xar) Vit mutt (X ar)
Furthermore, the theory of convergence shows that when 8 — oo, it holds that % — 1. This leads to:
Vi " Xdet _9 _9
i ad(Xifaaa) _ hm 1 — (ﬁ )11 (ﬁ 8.
B—+o0 VM,add(XM) B—+40c0 ﬁ -1 5 -1
Consequently,
Vi ada (X det _9 Vi s (X et
lim L, dd( L,add) —1_ (6 )ﬁ S>1— ( B >B — lim L, lt( L,mult),
p—+oo Varaaa(Xnr) B—1 B+1 B=too Vs muit(Xar)
; B=2\8 _ (_B°—B—2 B>—B _(_B
since (5=1)° = (oneen)” < (rpern)” = (751)" O
Proof of Proposition 7
Follows directly from Proposition 7. g
Proof of Proposition 8
This concept is analogous to the proof of Proposition 3. |

Proof of Proposition 9

For the multiplicative demand function, I find that the optimal capacities as a function of X are given by:

Xnaba(r — p))(X = 61(r — )

acc X — 67
Lot (X) 2X2n2 4+ 8Xnda(r — u) +463(r — p)?’ (67)

X = 6a(r — p) — XU252(T—M))T(§L—51(T—?/£)
%‘?iﬂult(X) — 2X2n24-8Xnda(r—t )+45§( )2 ] (68)

2(Xn + 62(r — )
It holds that Q7,1+ (X) = Q5 (X), at X = 0 and X = 6;(r—p). Furthermore Q1°,.,;; = Q%1 = 0 at

L,mult
0Q% bt - O e

X = 61(r—p), and we know that ——5 e

> 0. For an € > 0, it holds that Q7°7,.,;;(61(r—u)+e€) >
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QFsmute (01 (r = 1) + €). Therefore Q777 1, (X) > Q5,0 (X) for X > 61 (r — p).

For the additive demand function we have to consider two cases. First consider that A(3,n,d2) > 0, here it

holds that
ace (X) = (2(n + 2rdy)) (’”51) (69)
Lradd IR AB ) )
and
(n? + 6rndy + 4r25§)> < ré >
ac(cl U.C((;: XGCC — . 70
Qa0 = (U T (70)
Since 2y + 2r6;) = HIERIUII) = BT o TRt holds that Qfffe (X)) >
Fada(X1C).
Next, we consider the case where A(S,7,d2) < 0, where it holds that
ace [ 701 7+ 2rdy (71)
Loadd =\ 3 _9 N2 + 4rndy + 2r2)2 )’
and
o1 83 0.5
acc _ . 72
Fradd (6—2) <n2+4rn52+2r2)\2 +77—|—r(52> (72)
For Q7% 4q > QF qaq 1t should hold that
1) .
N+ 102 0.5 (73)
n% + 4rnds + 2r2X2 T n+ iy
52)? 1
trée) .1 (74)
n% + 4rndy + 27202 7 2
202 4 4rnéy + 2r2\2 0% + 4rndg + 2r2\2 (75)
2(n2 + 4rnda + 2r2X2) T 2(n2 + 4rnda + 2r2X2)°
This is the case, therefore Q7% ,;; > Q¥ 444 for (8 — 2)(n? + 4rndy + 2r262) < 0. O
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