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Abstract

In this paper we examine how the timing of investment affects the levels of quality
chosen by firms. We show that in a model with vertical quality differentiation a game
with sequential quality choice induces both firms to make smaller quality investments
than they would in a game with simultaneons quality choice. Furthermore, we show
that while aggregate profit is higher, both consumer and social surplus are lower

under sequential quality choice.

Keywords: R&D; Endogenous quality choice; investment timing
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1. Introduction

In this paper we examine how the timing of investment decisions affects
the levels of quality chosen by firms. We show that in a model with vertical
quality differentiation a game with sequential quality choice induces both
firms to make smaller quality investments than they would in a game with
simultaneous quality choice. Furthermore, we show that aggregate profit is
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higher under sequential quality choice, suggesting that sequential quality
choice offers coordination benefits, an insight often overlooked in quality
choice models. ’

We compare the subgame perfect Nash equilibrium of a game with
simultaneous quality choice and a game with sequential quality choice. We
consider a model with two firms who in the first stage make quality
investments, cither simultaneously or sequentially, and then in the second
stage engage in Bertrand competition in the product market. Quality choices
will be made sequentially in an industry where new products are pioneered
by a single firm, such as the pharmaceutical industry. The assumption that
quality choices are made simultaneously is most appropriate if the new
generation of products is developed by multiple firms in the industry, such
as the automobile industry. ’

Another interpretation of the assumption of simultaneous vs. sequential
quality choice is possible if we focus on the information structure of the two
games. In the extensive form of the simultaneous move game, ane of the
firms has a non-trivial information set. A game with the identical extensive
form, except for the absence of the non-trivial information set, carresponds
to a game of sequential moves. While an industry’s structure might explain
whether or not there is a non-trivial information set, institutional factors and
government regulations that mandate informational disclosure ‘may also
determine whether the competition is one of imperfect information (i.e. a
simultaneous move game) or one of perfect information (i.e. a sequential
move game). For example, the Food and Drug Administration (FDA)
licensing policy may provide the opportunity for credible, verifiable in-
formation disclosure (Grabowski and Vernon, 1983). Another example is
the recent change in the U.S. patent system which requires early disclosure
of the information in patent applications.' Our finding that the aggregate
profit is higher in the sequential move game could explain in part why U.S.
industries supported such a change. .

However one chooses to interpret the model, the key insight is that the
timing of quality choice not only has implications for the quality of products
available but also has important consequences for measures of welfare, such
as producer, consumer and social surplus. The remainder of the paper
proceeds as follows. In the next section we sketch a model of vertical quality
differentiation where each firm’s development efforts result deterministically
in a quality level. The firms’ quality choices are made either simultaneously
or sequentially depending on whether or not there is information disclosure.

"If firms chose to voluntarily publish their patent applications and the formulae underlying
their FDA license requests, rivals would not view this voluntary disclosure as credible since the
information could not he verified. See Tirole (1988) and Kreps (1991) for discussions on the
difference between the “observability” and the notions of “credibility™ and “verifiability”.
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In _Section 3 we will characterize equilibrium under the two quality choice
regimes. Consumer and social surpluses are examined in Section 4. Conclud-

ing remarks and a discussion of the robustness of our results are in Section
5.

2. The model

We consider a two-stage game with two identical firms, 1 and 2, who
produce products differentiated by vertical quality. Investments in quality
are made in the first stage and products are produced and sold in the second
stage. In the first stage each firm makes an investment that deterministically
determines the quality, ¢,, i =1, 2, of its product. We consider two regimes
for the first stage: one where choices are made sequentially and one where
they are made simultaneously. The question of how the first mover of the
sequential game is determined is an important one since it critically
influences the distribution of profits. However, much of our analysis is
unaffected by this issue, and so it will be convenient to assume that in the
sequential game firm 1 chooses its quality first, and then firm 2 makes its
choice. In Section 4 where we discuss profits under the two regimes we will
address the issue of how the first mover is determined.

We assume that at the end of this first stage the quality decisions of the
two firms are made public, making the quality choices common knowledge
at the end of the first stage regardless of the timing of the moves in the first
stage. While this assumption has the benefit of eliminating informational
problems that might arise if quality choices were not common knowledge in
the second period, it also characterizes industries where the new product
introduction can be separated into two parts: development and production.
In the second stage, firms simultaneously announce prices; then consumers
decide which product (if any) to purchase and sales are made > Given that
quality choices are revealed at the end of the first stage, it seems most
natural to assume that at the second stage prices are chosen simultaneously.

The games can be solved backwards for the subgame perfect Nash
equilibrium. Since the situation at the beginning of the second stage is the
same in either case, we primarily focus on the first stage of the model and
only briefly describe the equilibrium of the second stage of the model. The
emphasis on the first stage is sensible since, as described below, the second
stage cquilibrium is uniquely determined by the first stage quality choices
and therefore, for our purposes, the second stage may be reduced to the
equilibrium payoffs as function of quality choices. Those interested in a

“In Section 5 we will discuss the robustness of our results in the light of our assumption of
simultaneous price choice.
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more detailed presentation of the second stage should consult Gabszewicz
and Thisse (1979), Shaked and Sutton (1982), and Aoki (1988).

In a model with vertically differentiated quality, given two products of
different qualities sold at the same price, all consumers unambiguously rank
one quality as being better than the other. In order for both types of
products to have positive sales, there must be heterogeneity in consumers’
willingness to pay for quality, which we capture by assuming that there is a
continuum of consumers indexed by ¢, uniformly distributéd over the
interval [0,1]. A type ¢ consumer will get a surplus of v(q, p) =19 — p if he
buys one unit of product of quality g € {0, ) at price p € [0, «).

We assume that there is no cost of production but that firm i ipcurs a cost
C(q,) to develop quality g,. We scale the quality index so g, = 0 ¢orresponds
to “no improvement” or the status quo. We assume that the cost function
has the particular form C(q;)=kq?, k>0, where k is interpreted as an
efficiency parameter, and where higher values of k correspond to industries
that are less efficient at R&D. This cost function implies that better quality
is more expensive and is increasingly so.’ ’

At the second stage, given the available quality and price combinations, a
consumer will buy one unit of a product if surplus is (i) positive and (ii)
greater than the surplus from consuming the other product. As has been
shown in the related work of Motta (1993) and Aoki (1988), the equilibrium
revenue from the second stage for firm 1, R, (q,,q,), can be written as

Lemma 1.
H9,) (91— q) .
(41q —lq )22 it 4,>4,,
R - 1 2 1
(41> 92) (9~ q) . (1)
. if g,<gq,.
(49, —q,)

(Proofs are in the Appendix unless otherwise noted.)

Firm 2’s revenune, R,(q,.9,), can be defined analogously. From (1) it
follows that R;(q,,q, ) is continuous at any (q,,q,) and is differentiable at all
points except at g, = g,. The non-differentiability at g, = q, is.'due to the
fact that the revenue functions are derived from the two equilibrium sales

revenue functions, one for the firm supplying the higher quality product and

the other for the firm supplying the lower quality product (see Appendix).
A typical revenne function for firm 1 is depicted in Fig. 1. When firm 2’s
quality is g,, firm 1’s revenue is depicted by the solid revenye line; the

* The specific functional form chosen is not necessary for the existence of pure strategy Nash
equilibria but does allow us to derive analytical conclusions.
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Fig. 1.
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dashed revenue line depicts firm 1’s revenue when firm 2’s quality is slightly

larger, say ¢;. We summarize the relationships depicted in the figure in the
following lemma.

Lemma 2. When q,>q;,

9R,(q,, g,) 0R(q,, 9,)
g, >0 and T <0, 2)
aR'(ql ? q")
j 2
o >0, 3)
0R(q:,q;) _ - _
—-—————aqj 20&49,£4, where g=(4/7)gq, . G))

Eqs. (2) and (3) imply that firms benefit from qualities being further apart.
The exception to this rule is that the lower quality firm prefers not to have
too low a quality in order to prevent low willingness to pay consumers from
switching to the outside good (i.e. not purchase either product). Therefore,
there is an optimal distance for the lower quality firm to maintain from its
higher quality rival (Eq. (4)).
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The second order properties of the revenue functions are characterized by

3’R,(q,,
“f%l<0, for g, #q,, i=1,2, : ©)

°R.(q,,
l(ql q2)>0

34,94, , for q,#q,, i=1,2. (6)

Eq. (5) implies that firm i’s revenue function is locally concave in g,
except where g, = q,. Eq. (6) implies that when g, > gq,, the negative impact
of an increase in rival’s quality on firm i’s revenue, dRi(q,, q.)/3q9,<0 is
smaller when qualities are further apart. Ou the other hand, when ¢, < g <
g; the positive impact of an increase in its own quality aRi(q,, q,)/9q,>0is
greater when qualities are further apart.* :

The payoff from the first stage, I1(q,, ¢, ), consists of revenue from the
second stage less the cost of quality investment. Therefore, the payoff
relevant for characterizing the subgame perfect Nash equilibrium is

11(q,, 9;) = Ri(q:» 9.) — C(q;) - : (7

3. Simuitaneous and sequential quality choice equilibria
3.1. Characterizing the best-response correspondence

We begin by solving for the optimal quality choices assuming that the
firms make their choices simaltaneously. From the properties of the revenue
functions discussed above, we know that an optimal choice will always exist
and will be an interior solution. Therefore, firm /’s best-response corre-
spondence, g, = B,(q;), is characterized by the first-order condition

all(q,, 9,) _9Ri(q,,95)
3, g

- C'(g)=0.

As depicted in Fig. 1 there are always two local maxima, one below and one

above the rival’s quality level, denoted by q"(ql) and q”(q,), whcr_e.q'“(qj) =
q; = qH(q/)' . .

In addition, from (2) and (3) there exists a uniqge q such that
M,(¢°(4). §)=11,(g"(4). 4) and IL(¢, 4"(d)) = IL(4, ¢"(4)). Tn other
words, if the rival’s quality is § (i.e. g; = §), firm  is indifferent between the

* As will be shown laler, the equilibrium quality choice is characterized by the firsi-order
condition of maximization in which case aR,(-)/q, > 0. In other words, in equilibrium the low
quality choice will be stricily less than g.
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local maxima, and Bi(q;) takes two values. The best-response function,
Bi(q,), is discoutinuous at § and can be expressed as

q-(q;) if ¢,=4,
q"(q;) if ¢,<4.

Bi(q;)= { )]

Firm I’s best-response correspondence is graphed in Fig. 2.

Lemma 3. The best-response correspondences have the following prop-
erties:

(1) By(q;) is discontinuous at q,= §
) dB,(q))/dg, >0, Vg, =g.
3) B(g,)#q;. Yg,.

We have also depicted some of firm 1’s iso-profit (dI1,(q,, q,) = 0) curves
in Fig. 2. Iso-profit curves close to the 45° line correspond to negative profit.
Along the upper segment of the best-response function profit increases as

Direction of increasing
Firm 1 payoff
(along best response)

@ Ay

=

g |7

Fig. 2.
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we move to the southwest. In contrast, along the lower segment of the
best-response function profit increases as we move to the northeast.

3.2. Simultaneous quality choice

By graphing both firms’ best-response functions 8,(q;), i=1,2 we can
solve for the Nash equilibrium in the game with simultaneous quality choices
(Fig. 3). A pure strategy Nash equilibrium will be the intersection of the
best-response functions.

Lemma 4. In the simultaneous quality choice game, there qre two pure
strategy equilibria, which are identical except for the identity of the firms.

Existence is shown by proving that the best-reponses correspondences

intersect’ We will refer to the equilibrium involving g, > q; 'ps EX™ In
addition, one can show the following (proof in the Appendix),

9,

Fig. 3.

* The proof of Lemma 4 is not presented here since it is somewhat lengthy and does not shed
light on the understanding of the model. The proof is available upon request.
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Proposition 1. The firm supplying the high quality product earns higher
profit. That is, firm i earns greater profit at the equilibrium E™ than at
equilibrium E,‘.WM, JFiL i j=1,2.

In other words, because the cost of quality development does not increase
too quickly, each firm prefers to supply the high quality product.

3.3. Sequential quality choice

Now consider the subgame perfect Nash equilibrium when firms make
quality choices sequentially. Suppose that firm 1 can make its quality choice
first and that firm 2 observes firm 1’s choice before it makes its own quality
choice. Given what it observes, firm 2’s choice should satisfy the best-
response function. Firm 1 optimizes by choosing the point corresponding to
the highest profit along firm 2’s best-response curve. In Fig. 3, for q,>q,,
firm 1 achieves higher profit by moving southwest from E Y™ along q,=
B2(g,) to the point 55 until firm 1’s iso-profit curve is tangent to firm 2’s
best-response correspondence. For g, < q,, firm 1 achieves higher profit by
moving northeast from E3™ along 4, = B,(q;) to the point F,” where again
firm 1’s iso-profit curve is tangent to firm 2’s best-response correspondence.
Both F and ESE? are local maxima for firm 1; however, we can show that

E®®9 is the global maximum. This discussion can be summarized as

Proposition 2. In the equilibrium of the sequential choice game, the leader
will choose to supply the high quality product.

3.4. Comparing equilibria

We begin by comparing the set of qualities offered at the sequential
equilibrium, E%*°, and firm 1’s preferred simultaneous equilibrium, E'™.
Since from the consumers’ viewpoint, all that is relevant is the pair of
qualities offered and not the identity of the firms supplying the qualities, we
find it convenient to focus on the pair of qualities offered at E oM,

Along firm 2’s best response correspondence, E*E° lies to the southwest
of E$™, implying that sequential choice leads firm 1 to choose a quality
level lower than it would if choices were made simultaneously. Moreover,
this lower quality induces the rival to also choose a lower quality. In other
words,

® Of course, either F or E™*° could occur at the “kink™ of 8,(g,). Our results do not depend
on the tangency of the solution.
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Proposition 3. The qualities offered under sequential quality choice are
pair-wise lower than the qualities offered under simultaneous quality choice.

In the sequential choice game, firm 1’s quality choice directly determines
firm 2’s quality choice. As firm 1 increases or decreases its quality, firm 2’s
choice will change in the same direction. Since firm I benefits when firm 2
lowers its quality, it chooses to lower its own quality.

Clearly, the profit for firm 1 is greater under sequential choice than under
simultaneous choice. From the iso-profit curves, it is easy to see that the
profit for firm 2 is lower under sequential quality choice. We can summarize
this discussion as

Proposition 4. The firm supplying the superior product earns greater profit
under sequential quality choice while the firm supplying the inferior product
earns greater profit under simultaneous choice.

Given that one interpretation of sequential vs. simultaneous quality
choice is whether or not there is information disclosure, it is natural to ask
how our results compare to results that would follow from a model with
spillover (Reinganum, 1985). By spillover, we mean that a firm’s R&D has
externalities for other firms” R&D. For instance in a model with spillover,
R&D investments by firm 1 might lower the cost of R&D for firm 2. The
result that both firms make smaller quality investments in the sequential
move game is consistent with the spillover effect of information disclosure.
However, the distributional effects are exactly the opposite. Spillover will
make the second firm more efficient at quality investment and thus increase
its profit, but the resulting appropriability problem would also imply that the
first firm’s profit will be smaller. In contrast, we show that when information
disclosure mainly serves as a coordination device, disclosure can benefit the
first mover. N

4. Producer, consumer, and social surplus

We now examine the welfare consequences of the two regimes. We begin
with producer surplus (aggregate profit). Despite the assumptions on the
functional forms, producer surplus cannot be solved analytically. However,
by directly computing the equilibria we can determine the effect of the
timing of quality choice on producer surplus. '

In Table 1 we present the computed equilibrium qualities and profits. We
note that the only parameter in the model is the measure of cost, k. Given
our utility function and cost function specifications all the equilibrium values
are homogenous of degree — 1 in k, the solutions given hold for any .
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Table |
Equilibrium values under simullaneous and sequential choice (firm 1 moves first)
Simultaneous choice, E¥™ Sequential choice, E5F°
q, 0.126655/k 0.122232/k
q, 0.024119/k 0.023894/k
11, 0.012219/& 0.012235/k
11, 0.000764/k 0.000757/k
H, +1, 0.012983/k 0.012992/k
Consumer surplus 0.021609/ & 0.012016/4
Social surplus 0.034592/k 0.034008/k

A comparison reveals that aggregate profit is greater under sequential
choice. This suggests that there may be circumstances where both firms will
prefer sequential quality choice, even though the profit of the second mover
is lower in the sequential move game. For instance, if means of side
payments were available, firms would always prefer to compete in the
sequential move game.

However, even if side payments were not available, both firms may still
prefer the sequential move game.” For example, suppose that firm 1 is the
first mover with probability p. This might be the case, for instance, if firms
discover new product niches at random. In this scenario what is relevant for
each firm are the expected profits under sequential and simultaneous quality
choices® Since aggregate profit is higher under sequential quality choice it
will clearly be the case at p = 0.5 that both firms prefer the sequential move
game. More generally, there exists an interval of grobabilitics such that both
firms prefer the sequential move game. Let I1 ffgh (I1352) denote the profit
earned by the firm selling the high (low) quality product in the sequential
move game; let /1,1, and IT7 be defined analogously for the simultaneous
move game. Firm 1 will prefer the sequential move game if

I + (L= p)IECY > pII i, + (1 — p)ITE

Low>

and firm 2 will prefer the sequential move game if

(=)0 + pITECD > (1 = p)T i, + pIT .
Using the values from Table 1 these conditions imply that for 0.304<p <
0.696 both firms will prefer the sequential move game.

From the demand system, we can calculate the consumer surplus for any
pair of qualities g and ¢“, where q" = ¢". Total consumer surplus is the

? We thank an anonymous referee for suggesting the following example.
*To keep the argument as simple as possible, assume that firm 1 is the high quality firm in
the simultaneous move game with probability p.
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sum of the surplus from those who buy the high quality (CS") and from
those who buy the lower quality (CS"),

u_2(g" +4")(q") L q-(g")’
CS =—F——"1T37 s H_ Ly2-
(49" - q") S T Nag - 4

The total consumer surplus (CS) is,

_(4")(a4" + 5¢")
249" -¢")* -

Using the computed equilibria from Table 1, we can evaluate (9) for the two
regimes. As seen, consumer surplus is higher under simultaneous choice. We
also present an analytic proof of this calculation result to highlight the
tradeoffs between quality and price competition determining consumer
surplus. The analysis proceeds by deriving the iso-consumer surplus curves.

The slope of the iso-consumer surplus curves in the ¢"—¢" space is given
by :

CS &)

dq" __ q"(284" +54")
dqL dcs=0 2(2quI + q")(4qH - SqL)

This expression follows from partially differentiating (9) with respect to ¢~
and q", '

3 ‘
204 574" (10)

aCS  (g")*(284" +54") -

= 0, 11
aq* 204" - q4)° ay
ICS _ q"(29" + 4" )(44" — 5¢") =0e izt a2)
aqH (4qu_q|_)3 = 9 =349 -

Eq. (11) implies that an increase in the quality of the inferior product (i.e.
distance between qualities is reduced) increases consumer surplus. This is
not only because consumers benefit from a better product but also because
there is greater competition between the two products. The effect on
consumer surplus from an increase in the level of the higher quality product
(i.e. greater distance) is a bit more intricate (Eq. (12)). First, if the two
qualities are initially sufficiently close (g, <5q,/4), there is significant
competition to begin with and the loss in consumer surplus from the
reduction in competition outweighs any gain from the availability of a better
product. Second, if the two qualities are so far apart (g, > 5q,/4) that there
is little competition to begin with, the gain from a better product offsets the
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negative effect from further reduction in competition. In Fig. 4 we depict
some of the iso-consumer surplus curves.

In order to compare consumer surplus in the two regimes we need to
determine in which region the equilibria are located (i.e. above or below
9, =5q,/4). Straightforward substitution yields 0IL(q,, q,)/9q, <0 along
9, =34,/4, for all k. This implies that firm 2’s best response function, B,
must lie to the left of this line. In this region, consumer surplus decreases as
onc moves southwest, and therefore that consumer surplus is greater under
simultaneous choice than under sequential choice.

Finally, we can calculate the overall effect of the timing of quality choice.
The social surplus, defined as the sum of aggregate profit and consumer
surplus, is shown in Table 1. The loss to consumers outweighs the potential
gain to producers, which means that social surplus is greater under
simultaneous choice than under sequential choice.

4
1
lso—Consumer/
Surplus Loci

Fig. 4.
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5. Concluding comments

With respect to the generality of our results, although our model assumed
a particular demand system, the key result—that the first mover prefers to
reduce its quality—depends on only a few properties of the payoff functions.
The first key property is that, in equilibrium, firms prefer to sell the superior
product (Propositions 1 and 2); the second key condition “concerns the
upward sloping best response correspondences.

The first condition is a very general property and seems likely to hold for
a wide class of demand and cost specifications. A stronger requirement, that
the profit of the higher quality firm is greater than that of the lower quality
firm for any pair of qualities, not only would imply our results but will hold
for a broad class of demand specifications, i.e. as long as cost of quality does
not rise too quickly.

How would our results change if this condition did not hold? For instance,
suppose the cost of marginal quality investment is very high. In this case, the
first mover might prefer to precommit to be the low quality firm, i.e. the
equilibrium would be the point F in Fig. 3. How the qualities at this
equilibrium compare with those at the simultaneous choice equilibrium
depends on which simultaneous choice equilibrium is preferred. If E™ is
preferred, then even if the first mover chooses F, the first mover still makes
smaller quality investment in the sequential game. However, the first firm’s
quality investment is so small that the follower becomes the firm with higher
quality. If E5™ is preferred, then in the sequential game both firms choose
higher qualities. Note that the factor that would lead the firm to prefer ES™
is the same factor that leads the firm to prefer F: the higher cost of marginal
quality. Thus, for industries where cost of quality improvement is high
relative to revenue, sequential quality choice may lead to higher quality
investments. We would like to stress, however, that the situation that we
have modeled (i.e. where cost does not increase too quickly) is in fact the
interesting case since in the alternative scenario, the effect of the timing of
quality choice is minimal since firms choose to make very small R&D
investments in either case.

The second key condition, the upward sloping best-response corre-
spondence, is influenced by the nature of the second-stage ‘competition:
price or quantity. Our comparison of the sequential and simultaneous choice
games is primarily determined by the strategic substitutability or com-
plementarity of qualities, which depends on the nature of competition in the
second stage. In our model qualities are strategic complements because
there is Bertrand competition in the sales stage. On the other hand, if the
sales stage is characterized by Cournot competition, it can be shown that
qualities are strategic complements for the high quality firm but strategic
substitutes for the low quality firm (Aoki, 1988). Thus, in this game the
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comparison of the sequential and simultaneous choice games depends on
whether the first mover prefers to sell the high quality product. Aoki (1988)
has shown that the first mover will choose to sell the high quality product.
Since the first mover chooses along the second mover’s best response
correspondence (which exhibits strategic substitutability) the first mover will
increase its quality in order to reduce the quality of the second mover. That
is with Cournot competition, in the simultaneous choice game, the equilib-
rium quality of the superior product is higher and the equilibrium quality of
the inferior product is lower relative to the equilibrivm in the simultaneous
choice game. Thus as this discussion suggests, the relationship between
quality choice and the sequencing of moves is sensitive to the nature of
competition at the sales stage.

The common approach in models of vertical quality differentiation has
been to assume that the marginal cost of production is zero. We have
followed this approach also. Obviously, our results will hold when the
marginal cost of production is a positive but small constant. Another
possibility not considered here is when the marginal cost of production
varies with quality. In our model the marginal cost of quality itself varies but
marginal cost of production is independent of quality, namely zero. If the
marginal production cost depends on quality, one would expect it to be
increasing in quality. In other words, a higher quality product costs more
per unit to produce, due to the necessity of higher quality materials or
higher skilled workers. However, as long as the marginal production cost
does not increase too much relative to product improvement, our results
should still hold. If the marginal production cost rises too much relative to
product improvement, such innovations will not be undertaken’
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* Arrow (1962) distinguishes between product and process innovations. In our model R&D
results in a better product-a product innovation. If the marginal production cost depends on
quality, R&D would also have the characteristic of a process innovation. 1n fact if better
product is associated with higher production cost, R&D would result in a product innovation
and a process de-innovation.
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Appendix
A.1. Proof of Lemmas 1-3

At the second stage it is convenient to characterize the equilibrium in
terms of high and low quality; to avoid confusion, we use superscripts to
denote the level of relative guality, i.e. high or low, and subscripts to denote
the identity of the firm, i.e. firm 1 or 2. :

Let p* and p* denote the Frices for the low and high quality products and
let p"(p"™,p") and p"(p",p") denote the second-stage revenue function (as
a function of prices) for the high and low quality firm. Using the definition
of v,(-) and the uniform distribution of consumers, these functions can be
expressed as l

pt(p", pY) =
H H L
D . . qp
pH<1~:1~g) if p"Smm{qH, i },
H_ L H L
pH<1 _____pH pH) if min{qH, qqf }<p"<min{q", g —q“+p},
q —p
0 if pH = min{qH, qH - q" +pL}.
(A1)
and
p"(p", pY) =
r L
pL<l ——IZ—I_-) if pL Smin{qL, qL - qH +p"},
q
H_ L H L H
4 P"<—"pu £ —p—u> if min{q", qL—q“+p”}<pL<min{qL, L }
q —p q : q
qp"
0 if p"zmin{q", i }
\ q
(A2)

Note that the revenue functions include the possibility that only the high- or
low-type firm supplies the market. Differentiating Eqs. (Al) apd (A2) and
solving gives the equilibrium demand, x™ and x", and prices, pH and p“,

H H H L

HH L 29 H(H L_Z‘I(‘I“I)

(g, Y =——. ) ==a
(¢".4") agt— g P \q ag" — -

’
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H L H L
gt gy I g gy dle —aY)
(4", ¢") - P (9", 4") Py

The equilibrium sales revenue (for the second stage) for the high and low
quality firms can be expressed as functions of quality choices alone,

4(q")(q" —¢")
Hy H L
R = N ) 3
r'(g", q") (4qH_qL)2 (A3)
(4g™ - ¢")*
Lemma 1 follows directly from (A3) and (A4).
Lemma 2 and Egs. (5) and (6) follow directly from differentiating (A3)
and (A4).
Lemma 3 follows from the following characterization of the two local
maxima,

1°(q)) = {9 €Rlq}(49,~ 79.) - 2kq,(4q,— 9> =0, g,<q,}, (A59)

q"(4)) = {4, ERI16q] ~ 12g,q; + 8¢} — 2k(4g, — 4> =0, q,>gq,) .
(A6)

r(¢", q (A4)

]
A.2. Proof of Proposition 1

Let 3“‘ denote the high quality firm’s quality choice (i.e. firm 1’s quality
at EY™ and firm 2’s quality at E;'™). Let N?L‘ denote the low quality firm’s
quality choice (i.e. firm I’s quality at £3™ and firm 2’s quality at ES™).

We show that

1,(¢", 4" )>11,(¢"", ¢™). (AT)

Given the explicit functional forms of the revenue and cost functions, it is
easy to show that

TS AN ST I
8k ~1 Bk ek -1 3k

From the relation (2) and optimality of q"(-), we have the following
inequalities,

B ") =" (@), > (e (55 ) 4) s

() ) =i (k) =
9 \3x /) 326 ) = i\ 5k 32k ) = as00k - (A9
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Usin% optimality of ¢“(-), (3), and (4), we find the upper bound of
(q *aqﬂ*)-

* * * 7 7 7
(g, a*) <1(a gg¢) <1 (¢ (35p) 32

L( 7 L(_7_))< L(_7_ _1_)

<" \ask 7 8K/ ) <7 \a8k 2k
77

~ 34943k - (A10)

The last inequality follows from (4) and 1/32k < (4/7)(7/48k). From 53/

4800k — 77/44944k >0 we have inequality (A7). [

A.3. Proof of Proposition 2

We need to show that the payoff for firm 1 at the local Foptimum
ESFO = (43%%, 4359 is greater than at the local optimum F =(gq}, 7). At
E®®C, firm 1 is the higher quality firm while at F it is the lower quality firm,

ie. 4779 >4¢5"C and ¢¥ < gf. We will show that

,(47°°, ¢5°°) > (g7, q3) - (A11)
By definition of ESEQ,
,(¢7%°, 5%°) > 11,(¢"", ¢*7).

Thus the lower bound we attained in (A9) is also the lower bound for
1,(q55°,45%°). '

We will now find the upper bound of IT,(g;,q5). First we note that
because F is on firm 2’s best-response function, g5 < 7/48k. Profit at F must
be positive for firm 1 and thus the point must lie below the zero iso-profit
curve which implies g; <1/16k. We are now able to show the following
inequalities,

7 o7 F) L(_7__1__)___7_
Hl(qf,q§)<ﬂl(qf,m)<’ (Tg?‘h <7 \28k> 16k/ = 2500k

The first inequality follows from (3). The third inequality follows from.the
fact that r"(-) is increasing in g“ for g7 <(4/7)(7/48k) from (4). Since
53/4800k — 7/2500k = 989/12000k >0, we have shown the inequality (A11).
O
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