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a b s t r a c t

The purpose of this paper is to investigate how different types of strategic interaction affect
firms’ optimal levels of digital rights management (DRM). In our game-theoretical duopoly
model, the firms do not directly compete with prices, but they become interdependent
while coping with digital piracy. Our analysis shows that (1) stricter public copy protection
by the government leads to lower DRM levels and more piracy when the firms regard their
DRM levels as ‘‘strategic substitutes,” but to higher DRM levels and less piracy when the
firms perceive their DRM levels as ‘‘strategic complements,” and (2) a higher degree of sim-
ilarity between the DRM systems leads to lower DRM levels and more piracy. We also dis-
cuss the policy implications of these findings.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction Not surprisingly, copy protection is a controversial issue
Digital products, such as CD-ROMs, downloadable soft-
ware, and e-books, can be easily copied. To protect the dig-
ital contents from illegal duplication and distribution,
content providers have developed specialized technolo-
gies. These protection technologies, such as encryption
and copy controls, are collectively termed ‘‘digital rights
management (DRM).” DRM curbs illegal reproduction but
also makes a legal copy less attractive to the users (Wing-
field and Smith, 2007). In addition, most of the DRM sys-
tems are not effective enough to eradicate illegal use of
digital products.
. All rights reserved.
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in the entertainment and software industries. In an online
essay, Steve Jobs, CEO of Apple Inc., contends that the ma-
jor music companies should consider allowing content dis-
tributors to sell songs without DRM software since the
current DRM systems do not prevent piracy effectively
(Jobs, 2007). While his arguments have been embraced
gradually by some of the major music companies, DRM is
still widely used in the music industry.

The movie industry claims great effects of piracy as
well. According to a study conducted by LEK Consulting,
in 2005 the worldwide movie industry lost $18.2
billion to piracy, and US movie studios lost about $6.1
billion to piracy (McBride and Fowler, 2006). Major
US movie studios are trying to cut the loss by embedding
copy protection software in their DVD products, and by
lobbying the US government to pressure piracy-rampant
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countries for a more aggressive crackdown (King,
2007).

The purpose of this paper is to investigate how different
types of strategic interaction between firms affect their
optimal protection levels. Our investigation is based on a
duopoly setting with two sellers1 (or content providers) of
two digital products. Following Johnson (1985) and others,
we develop the model in such a way that the firms do not
necessarily compete in terms of prices but are still interde-
pendent in their efforts against piracy. With this model,
we identify three types of strategic interaction: strategic
substitutes (SS), strategic complements (SC), and a no strate-
gic interaction (NSI) equilibrium. The equilibrium protection
levels and prices depend upon two exogenous parameters:
public copy protection by the government and dissimilarity
between the DRM technologies of the two firms.

When the protection technologies are quite different,
successful cracking of one system does not help crack the
other system. Given this low synergy effect in piracy, one
firm’s optimal protection level does not depend on the
choice of the other firm. We term this case the ‘‘no strate-
gic interaction equilibrium.” At the intermediate degree of
DRM similarity, the protection levels of the two firms tend
to move in the same direction. We call this case the ‘‘stra-
tegic complements equilibrium.” At the high degree of
DRM similarity, we observe another situation, termed the
‘‘strategic substitutes equilibrium,” where the protection
levels move in the opposite directions.2

Our comparative statics reveals that when the firms
consider their DRM levels as strategic substitutes, stricter
copy protection by the government may have a crowd-
ing-out effect on the private protection level, and thus
may be pro-piracy rather than anti-piracy. However, when
the firms treat their DRM levels as strategic complements,
stricter public protection leads to higher DRM levels and
less piracy. Concerning the compatibility of different
DRM technologies, we find that increasing similarity be-
tween DRM systems tends to lower the private protection
levels and thus make piracy more rampant, for both the
strategic substitutes and complements equilibria. This re-
sult suggests that if policymakers direct digital-goods firms
to adopt more similar DRM systems, in order to increase
compatibility between contents and playback devices, pi-
racy will become more widely spread as a byproduct.

We also compare our duopoly outcome with the case of
a multiproduct monopoly in order to draw a conclusion on
social welfare issues. Interestingly, the monopoly may
have lower prices and lower DRM levels, relative to the
duopoly, and thus improve social welfare.

Our study is based on previous studies in the piracy lit-
erature, but features a distinctive perspective on firm-level
copy protection efforts. Early research on piracy focuses on
photocopying and the issue of how publishers can appro-
priate some of their lost revenues (e.g., Liebowitz, 1985).
Over time the literature has been expanded to include
1 In this paper, we use content providers, sellers, and firms interchange-
ably to refer to the producers of digital products (e.g., music and movie
studios), online and offline retailers, and rental stores.

2 For more details about strategic complements and substitutes, see
Bulow et al. (1985).
studies on how copyright protection affects the level of pi-
racy, pricing, development incentives, and social welfare
(e.g., Bae and Choi, 2006; Besen and Raskind, 1991; Cremer
and Pestieau, 2009). The literature has also examined
issues of copyright enforcement, type of appropriation,
network effects, and the role of consumer information.
Peitz and Waelbroeck (2006) provide a comprehensive re-
view of the piracy literature. They show that most studies
can be divided into two groups: a single-product market
approach and a multi-product market approach. Our study
takes the multi-product approach and is closely related to
Johnson (1985) and Belleflamme and Picard (2007) in that
the interdependence between the firms comes from their
strategies against the piracy rather than from competition
in prices.

A major difference between our study and other duop-
oly-based studies is that the copyright protection efforts of
the firms are endogenous variables in our model. Other
studies usually focus on how piracy affects prices and prof-
its (e.g., Belleflamme and Picard, 2007; Park and Scotch-
mer, 2005), while treating the firm-level copyright
protection as exogenous. The price of a digital product is
apparently an important determinant of the piracy level.
With price alone, however, we cannot explain such impor-
tant questions as why some firms offer their products with
a minimum level of protection while their competitors opt
for a much higher level.

The remainder of this paper is organized as follows. In
Section 2, we develop models with different types of stra-
tegic interaction and derive the equilibrium for each type.
In the next section, we present and discuss the results of
comparative statics of the effects of stricter government
protection and higher degree of dissimilarity between the
DRM systems of the firms. The paper concludes with a
summary and some remarks on future research.
2. Model

2.1. Overview of the model

Our model consists of two firms selling two digital
products (products 1 and 2), and the consumers who
choose from legal and illegal copies of the products. The
number of consumers is normalized to 1, and they are uni-
formly distributed on the unit interval [0,1]. Consumer i’s
identity xi measures his relative preference over the two
products: highest at xi = 0 for product 1, and at xi = 1 for
product 2. All consumers have the same base valuation of
v for both products. However, they also get disutility that
is proportional to xi. For consumer i, the disutility is txi

when he consumes product 1 instead of his ideal but
unavailable product, and t(1 � xi) when he consumes prod-
uct 2. The utilities from the two products are, therefore,
v � txi and v � t(1 � xi), respectively.

The two products are ‘‘piratable”: they are imperfectly
protected and some consumers are willing to and able to
make illegal copies. A user of an illegal copy may be caught
by the authority with the probability of a, with 0 < a < 1.
The punishment is confiscation of the illegal copy, and
those consumers get zero utility. Therefore, the expected



Table 1
Net utilities from different pairs of products 1 and 2: u(xi; A1,A2).

A1 = B A1 = C A1 = O

A2 = B 2v � t � p1 � p2 (1 � a)(v � t xi) � e1 + v � t(1 � xi) � p2 v � t(1 � xi) � p2

[(2v � 1) � (p1 + p2)] [(2v � 1) � (p2 + e1 + av) + axi] [v � p2 � 1 + xi]

A2 = C v � t xi � p1 + (1 � a)(v � t(1 � xi)) � e2 (1 � a)(2v � t) � b(e1 + e2) (1 � a)(v � t(1 � xi)) � e2

[(2v � 1) � (p1 + e2 + a(v � 1)) � axi] [(2v � 1) � b(e1 + e2) � a(2v � 1)] [(1 � a)(v � 1) � e2 + (1 � a)xi]

A2 = O v � t xi � p1 (1 � a)(v � t xi) � e1 0
[v � p1 � xi] [(1 � a)v � e1 � (1 � a)xi]

Note: Net utilities in brackets are with t = 1. B, C, and O stand for ‘‘buy,” ‘‘copy,” and ‘‘do not use,” respectively.
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utility of an illegal copy of product 1 is (1 � a)(v �
txi) + a � 0 (Yoon, 2002; Bae and Choi, 2006). In this sense,
a represents the level of public copy protection by the gov-
ernment (hereinafter referred to as ‘‘public protection”)
and is exogenous to the firms.

Consumers pay reproduction cost to make an illegal
copy (Yoon, 2002). This includes the physical cost (e.g.,
CD-ROMs to hold copied contents) and the search and
learning cost to find hacking technologies (‘‘search cost”
hereinafter). Since the physical cost is almost negligible
these days, the reproduction cost generally means the
search cost. We posit that the search cost is determined
by the level of DRM. So, the same notation (ej) is used for
both the search cost and the DRM level.

If a consumer succeeds in the reproduction of a product,
then the other product may be reproduced at a lower
search cost. This learning effect, or synergy effect, is re-
stricted by the dissimilarity between the DRM systems
(b). We assume that the search cost is b(e1 + e2) when both
products are reproduced, and it is smaller than the sum of
the two search costs (e1 + e2), or equivalently, b < 1. Addi-
tionally, it is assumed that the two DRM systems, consisting
of one or more protection technologies, are determined be-
fore each firm chooses the optimal DRM level (ej) to be
embedded in the product, such as the number of devices
a song can be played on. That is, b is predetermined and
known to the firms.

Let u(xi;A1,A2) denote the net utility for consumer i after
deducting the costs that are paid to buy or copy the prod-
ucts. Aj is the consumer’s choice of product j from the
opportunity set of A = {B,C,O}, where the abbreviations
are for buy, copy and do not use, respectively. Let pj denote
the price of product j. Then, we can derive the net utilities
in terms of (v, t,p1,p2,a,b,e1,e2,xi) for all possible pairs of
(A1,A2). The complete set of u(xi;A1,A2) is in Table 1.

2.2. Assumptions

We derive the demand functions and the equilibria
based on three assumptions. These assumptions are
adopted to focus our analysis on more realistic and inter-
esting cases, or to make it tractable.

Assumption 1. u(xi;C,C) > u(xi;B,B) for all consumers in
0 6 xi 6 1.

Using Table 1 with t = 1, we obtain

uðxi; C;CÞ > uðxi; B;BÞ () p1 þ p2

> ð2v � 1Þaþ bðe1 þ e2Þ; ð1Þ
which means that (B,B) always costs more than (C,C). In
our model both u(xi;B,B)and u(xi;C,C) do not depend on,
as shown in Table 1. Therefore, if u(xi;B,B) > u(xi;C,C) for
consumer i, it means that every consumer prefers (B,B)
and no one selects (C,C). The role of Assumption 1 is to rule
out this case. This assumption is likely to be satisfied in the
markets where the level of public protection (a) or DRM
dissimilarity (b) is low, and consequently piracy is wide-
spread. Since Assumption 1 implicitly imposes a restriction
on the endogenous variables, i.e., the prices and private
protection levels, we check later if it holds in the equilib-
rium for a reasonable range of the parameters.
Assumption 2. For firm j, the total cost of private copy
protection is K þ m

2 fejg2.
K is the fixed cost for the DRM system. The marginal

cost of raising the private protection level (DRM level) is
mej, with m > 0 for increasing marginal cost of ej.
Assumption 3

0<a<1;
1
2
6

maxfe1;e2g
e1þe2

< b<1; 0<v ; t¼1; 0<m:

Assumption 3 summarizes the restrictions that we
make on the parameters. a is the probability of being pun-
ished for piracy, and we rule out the unlikely case of being
punished always (a = 1) or never punished (a = 0). b is the
index for DRM dissimilarity. It determines how much the
search cost is saved when both products are copied:
(e1 + e2) � b(e1 + e2). We assume that this synergy effect
exists: (e1 + e2) � b(e1 + e2) > 0) b < 1. To be realistic,
however, we also assume that copying one product costs
less than copying both even with the synergy effect:
max {e1,e2} < b(e1 + e2)) max{e1,e2}/(e1 + e2) < b. In a
symmetric equilibrium where e1 = e2, the restriction be-
comes 1/2 < b < 1. The base valuation v is the utility from
an ideal good and assumed to be positive. When good 1
is not ideal, the utility ignoring the cost of purchase or
reproduction is v � txi. Since v may take any positive num-
ber, we normalize t to 1 without loss of generality. Finally,
the marginal cost of raising the protection level is mej. If
m 6 0, the marginal cost is zero or negative and the firms
will raise the protection levels until piracy is eliminated
completely. The assumption of m > 0 is to exclude this
unrealistic case.

Given that (B,B) is ruled out by Assumption 1, the de-
mand for product 1 (q1) is determined by the number of
consumers who prefer the remaining options of buying
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product 1: (B,O) or (B,C). Among the consumers on the unit
interval, xi 2 [0,1], those with lower xi have higher relative
preference for product 1, hence the potential buyers of
product 1. We derive q1 focusing on the low-xi consumers
who will choose from the following five options:

Buy product 1: (B,O) or (B,C),
Copy product 1: (C,O), (C,C), or (C,B).

The first step is to identify the group of consumers who
prefer (B,O) to (B,C), and another group who prefer (C,O) to
(C,C). Let x̂ðBOBCÞ be the consumer who is indifferent be-
tween (B,O) and (B,C): u(xi;B,O) = u(xi;B,C) if xi ¼ x̂ðBOBCÞ.
Similarly, x̂ðCOCCÞ is the consumer indifferent between
(C,O) and (C,C): u(xi;C,O) = u(xi;C,C) if xi ¼ x̂ðCOCCÞ. With
the utility functions in Table 1, we find that

uðxi; B;OÞ > uðxi; B;CÞ () xi < x̂ðBOBCÞ ¼ e2

1� a
þ ð1� vÞ;

ð2Þ

uðxi; C;OÞ > uðxi; C;CÞ () xi < x̂ðCOCCÞ

¼ e2

1� a
þ ð1� vÞ � ð1� bÞðe1 þ e2Þ

1� a
: ð3Þ

Since b < 1 and a < 1 by Assumption 3, we always have
(1 � b)(e1 + e2)/(1 � a) > 0 in Eq. (3). Then, Eqs. (2) and (3)
imply that

x̂ðCOCCÞ ¼ x̂ðBOBCÞ � ð1� bÞðe1 þ e2Þ
1� a

< x̂ðBOBCÞ: ð4Þ

The two critical values divide the consumers into three
groups: GROUPs I–III. All consumers in GROUP I have
xi 6 x̂ðCOCCÞ < x̂ðBOBCÞ. This group prefers (C,O) to (C,C)
as shown in Eq. (3). Also, because xi < x̂ðBOBCÞ for all con-
sumers in GROUP I, (B,O) is preferred to (B,C) as shown in
Eq. (2). Therefore, out of the five options, (C,C) and (B,C) are
ruled out and the remaining options for GROUP I are {(C,O),
(B,O), (C,B)}. GROUP II lies between the two thresholds:
x̂ðCOCCÞ < xi 6 x̂ðBOBCÞ. The consumers in this group
choose from {(C,C), (B,O), (C,B)} since (C,O) is dominated
by (C,C), and (B,C) dominated by (B,O). Consumers in
GROUP III have xi > x̂ðBOBCÞ > x̂ðCOCCÞ. They choose from
{(C,C), (B,C), (C,B)} since (B,O) is dominated by (B,C), and
(C,O) by (C,C). The properties of these three groups of po-
tential buyers of product 1 are summarized in Table 2.

2.3. Three types of strategic interaction

Now, we derive the demand function, optimal price and
protection level (q1,p1,e1) for each type of strategic interac-
tion, given e2.
Table 2
Three groups of potential buyers of product 1.

Consumer ID

GROUP I xi 6 x̂ðCOCCÞ < x̂ðBOBCÞ

GROUP II x̂ðCOCCÞ < xi 6 x̂ðBOBCÞ

GROUP III x̂ðCOCCÞ < x̂ðBOBCÞ < xi
2.3.1. No strategic interaction (NSI) equilibrium
We have the NSI type of strategic interaction if (p1,e1)

do not depend on (p2,e2). This type of interaction occurs
when firm 1 targets GROUP I for sales. Since the consumers
in this group choose from {(C,O), (B,O), (C,B)} as shown in
Table 2, the demand for product 1 is the number of con-
sumers who choose (B,O) rather than (C,O) or (C,B). We
find that if firm 1 sets (p1,e1) such that (B,O) is preferred
to (C,O) for some consumers in GROUP I, but for no one
in other groups, then q1 is the same as the number of those
consumers who prefer (B,O) to (C,O) because these con-
sumers also prefer (B,O) to (C,B).

To prove this, we first identify the consumer who is
indifferent between (B,O) and ðC;OÞ : xi ¼ x̂NSI � x̂ðBOCOÞ.
With the utilities in Table 1, we obtain

uðxi; B;OÞ > uðxi; C;OÞ () xi < x̂NSI ¼ vaþ e1 � p1

a
: ð5Þ

So, all consumers with xi < x̂NSI prefer (B,O) to (C,O). If x̂NSI

falls in GROUP I, i.e.,

x̂NSI
6 x̂ðCOCCÞ 6 x̂ðBOBCÞ; ð6Þ

then (B,O) is also preferred to (C,B) for all xi < x̂NSI because

uðxi; C;BÞ ¼ uðxi; C;OÞ þ uðxi; O;BÞ by Table1;

< uðxi; B;OÞ þ uðxi; O;BÞ since uðxi; B;OÞ > uðxi; C;OÞ
by ð5Þ;

¼ uðxi; B;BÞ by1;

< uðxi; C;CÞ byAssumption 1;

< uðxi; C;OÞ if xi is in GROUP Iðsee 2Þ;
< uðxi; B;OÞ by Eq: ð5Þ:

The demand function for product 1 in the NSI equilibrium
is, then,

qNSI
1 pNSI

1 ; eNSI
1

� �
¼ x̂NSI ¼ 1

a
vaþ eNSI

1 � pNSI
1

� �
: ð7Þ

Note that qNSI
1 does not depend on (p2,e2), hence no strate-

gic interaction between the firms if GROUP I is the target
group.

Given the demand function (7), firm 1 maximizes

pNSI
1 ¼ pNSI

1 � qNSI
1 pNSI

1 ; eNSI
1

� �
� K þm

2
eNSI

1

� �2
h i

: ð8Þ

By solving this maximization problem, we obtain the opti-
mal price and DRM level as

pNSI�
1 ; eNSI�

1

� �
¼ va2m

2am� 1
;

va
2am� 1

� �
: ð9Þ
Preference Options

u(xi;C,O) P u(xi;C,C) (C,O), (B,O), (C,B)
u(xi;B,O) > u(xi;B,C)
u(xi;C,O) < u(xi;C,C) (C,C), (B,O), (C,B)
u(xi;B,O) P u(xi;B,C)
u(xi;C,O) < u(xi;C,C) (C,C), (B,C), (C,B)
u(xi;B,O) < u(xi;B,C)



Table 3
Conditions for symmetric equilibria.

a b v

Strategic substitute 1
8m < a < 1 1

2 < b < min
ffiffiffiffiffiffiffiffiffiffi
2am
p

;1
n o

0 < v < B < 1
B � ð2am�b2Þþbð1�bÞ

ð2am�b2Þþbð1�bÞþb

Strategic complement 0 < a < 1 1
2 < b < minf

ffiffiffiffiffi
m
p

;1g 1
2 < v < 1

No strategic interaction 1
2m < a < 1 1

2 < b < 1 0 < v < A < 1
A � 2am�1

ð2am�1Þþð2b�1Þ
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The demand, qNSI
1 in Eq. (7), is amv/(2am � 1) at the equi-

librium price and DRM level. The quantity is positive if
(2am � 1) > 0. Assumption 1, under which qNSI

1 is derived,
holds at a symmetric equilibrium (where m is the same
for the two firms) if v < A � 2am�1

ð2am�1Þþð2b�1Þ. Since (2b � 1) >
0 by Assumption 3, and (2am � 1) > 0 is required to ensure
the positivity of qNSI

1 , we have A < 1. This implies that v < 1
is required for the NSI equilibrium.3 These conditions for
NSI equilibrium, and also the conditions for SC and SS equi-
libria, are summarized in Table 3.

2.3.2. Strategic complements (SC) equilibrium
The SC type of strategic interaction is the case where

the two DRM levels (e1,e2) tend to move in the same direc-
tion. This type of interaction occurs when the target group
of firm 1 includes part of GROUP II as well as the entire
GROUP I. As shown in Table 2, consumers in GROUP II
choose from {(C,C), (B,O), (C,B)} and those in GROUP I
choose from {(C,O), (B,O), (C,B)}. The demand for product
1 in the SC equilibrium, therefore, depends on the number
of consumers in GROUP II who choose (B,O) rather than
(C,C) or (C,B), and the number of consumers in GROUP I
who choose (B,O) rather than (C,O) or (C,B). We find that
if firm 1 sets (p1,e1) such that (B,O) is preferred to (C,C)
for some consumers in GROUP II as well as the entire
GROUP I, but for no one in GROUP III, then q1 is the same
as the number of these consumers who prefer (B,O) to
(C,C), because they also prefer (B,O) to (C,O) and (C,B).

To prove this, we first identify the consumer who is
indifferent between (B,O) and ðC;CÞ : xi ¼ x̂SC � x̂ðBOCCÞ.
With Table 1, we obtain

uðxi; B;OÞ > uðxi; C;CÞ () xi < x̂SC

¼ ð2v � 1Þaþ bðe1 þ e2Þ þ 1� v � p1: ð10Þ

As shown below, for all consumers who prefer (B,O) to
(C,C), i.e., for all xi < x̂SC; ðB;OÞ is also preferred to (C,O)
and (C,B), as long as x̂SC belongs to GROUP II.

First, we prove that for all xi < x̂SC; ðB;OÞ is preferred to
(C,O) by showing that x̂SC � x̂ðBOCCÞ 6 x̂ðBOCOÞ. Let SII be
the set of consumers in GROUP II who prefer (B,O) to
(C,C). From Table 2 and Eq. (10), we see that SII is an
interval:

SII ¼ fxijx̂ðCOCCÞ < xi < x̂SC � x̂ðBOCCÞg:

All consumers in SII prefer (B,O) to (C,O) because
3 The restriction, v < 1, means that some consumers with strong prefer-
ence for product 2 (large xi) do not consume product 1, v � xi < 0, and some
consumers with strong preference for product 1 (small xi) do not consume
product 2, v � (1 � xi) < 0.
uðxi; C;OÞ < uðxi; C;CÞ for xi > x̂ðCOCCÞ by Eq: ð3Þ;
< uðxi; B;OÞ for xi < x̂SC � x̂ðBOCCÞ by Eq:ð10Þ:

Since u(xi;B,O) > u(xi;C,O) if and only if xi < x̂ðBOCOÞ as
indicated by Eq. (5), the above result, i.e., u(xi;B,O) >
u(xi;C,O) for all xi in SII, implies that SII � fxijxi

< x̂ðBOCOÞg, which in turn is possible only if
x̂SC � x̂ðBOCCÞ 6 x̂ðBOCOÞ. Since all consumers who prefer
(B,O) to (C,C) satisfy xi < x̂SC

6 x̂ðBOCOÞ, they all prefer
(B,O) to (C,O) whether they are in GROUP II or GROUP I.

Next, we prove that for all xi < x̂SC, ðB;OÞ is preferred to
(C,B):

uðxi; C;BÞ ¼ uðxi; C;OÞ þ uðxi; O;BÞ 1;

< uðxi; B;OÞ þ uðxi; O;BÞ since uðxi; B;OÞ > uðxi; C;OÞ

by above result;

¼ uðxi; B;BÞ by 1;

< uðxi; C;CÞ by Assumption 1;

< uðxi; B;OÞ by Eq:ð10Þ:

Since all consumers with xi 6 x̂SC choose (B,O) when firm 1
sets the price and DRM level such that x̂SC is in GROUP II,
the demand function for the SC equilibrium is given as

qSC
1 ðp1; e1; e2Þ ¼ x̂SC

¼ ð2v � 1Þaþ bðe1 þ e2Þ þ 1� v � p1: ð11Þ

With this demand function, we can derive the profit-max-
imizing price and DRM level as a function of e2.

pSC�
1 ; eSC�

1

� �
¼ arg max pSC

1 � qSC
1 pSC

1 ; e
SC
1

� �
� K þm

2
eSC

1

� �2
h i

¼
m ð1� vÞ þ ð2v � 1Þaþ beSC

2

� �
2m� b2 ;

�
b ð1� vÞ þ ð2v � 1Þaþ beSC

2

� �
2m� b2

�
: ð12Þ

At a symmetric SC equilibrium, Eqs. (11) and (12) imply
that the equilibrium quantity is qSC�

1 = m ð1� vÞþðf
ð2v � 1ÞaÞg=2ðm� b2Þ. To have a positive quantity, we
need m � b2 > 0, and (1 � v) + (2v � 1)a > 0. Assumption 1
holds if v < 1, but we need 1/2 < v < 1 for the assumption
to hold with a positive quantity at the equilibrium.

2.3.3. Strategic substitutes (SS) equilibrium
In the SS equilibrium, e1 and e2 move in the opposite

directions. This type of equilibrium is likely when firm 1
targets part of GROUP III as well as GROUP I and II. As
shown in Table 2, the consumers in GROUP III choose from



4 ^̂e2 � ½vað1� bÞþð1� aÞðvð3am� 1Þ � ð2am� 1ÞÞ�=½ð2am� 1Þb� can be
derived by plugging Eq. (9) into (3). To derive ê2, note that putting the three
Eqs. (7), (12) and (16) together, we can obtain a twice-kinked demand
function for product 1, which is concave in xi in the neighborhood of
x̂ðCOCCÞ and convex in the neighborhood of x̂ðBOBCÞ. The transition from
t h e S C e q u i l i b r i u m t o t h e S S e q u i l i b r i u m o c c u r s i f
pSS�

1 ðeSS�
1 ðe2ÞÞ > pSC�

1 ðeSC�
1 ðe2ÞÞ, from which ê2 can be derived.

P. Choi et al. / Information Economics and Policy 22 (2010) 354–364 359
{(C,C), (B,C), (C,B)}, GROUP II from {(C,C), (B,O), (C,B)}, and
GROUP I from {(C,O), (B,O), (C,B)}. Therefore, the demand
for product 1 is determined by the number of consumers
who choose (B,C) in GROUP III and (B,O) in GROUP I and
II. We find that if firm 1 sets (p1,e1) such that (B,C) is pre-
ferred to (C,C) for some consumers in GROUP III as well as
the entire GROUP I and II, then q1 is the same as the num-
ber of those consumers, who prefer (B,C) to (C,C), because
all such consumers choose either (B,C) or (B,O).

To facilitate the proof of the above claim, we first iden-
tify the consumer who is indifferent between (B,C) and
(C,C), i.e., the consumer with xi ¼ x̂SS � x̂ðBCCCÞ. Using the
utility functions in Table 1, we find that

uðxi; B;CÞ > uðxi; C;CÞ () xi < x̂SS

¼ vaþ bðe1 þ e2Þ � e2 � p1

a
: ð13Þ

If firm 1 sets (p1,e1) such that x̂SS lies in GROUP III, i.e.,

x̂SS P x̂ðBOBCÞ; ð14Þ

the demand function is given as

qSS
1 pSS

1 ; e
SS
1 ; e

SS
2

� �
¼ x̂SS ¼

vaþ b eSS
1 þ eSS

2

� �
� eSS

2 � pSS
1

a
: ð15Þ

We prove it by showing that for all xi < x̂SS, the remaining
options of copying product 1, {(C,O), (C,B)}, are both dom-
inated by one of the options of buying product 1,
{(B,O),(B,C)}. First, we show that (C,O) is dominated by
(B,O) for all xi < x̂SS. Note that

uðxi; C;OÞ þ uðxi; O; CÞ < uðxi; C;CÞ by synergy effect ð1Þ;
< uðxi; B;CÞ by Eq:ð13Þ 8xi < x̂SS;

¼ uðxi; B;OÞ
þuðxi; O;CÞ by 1:

The above result, i.e., u(xi;C,O) + u(xi;O,C) < u(xi;B,O) + u(x-
(xi;C,O) + u(xi;O,C) < u(xi;B,O) + u(xi;O,C), indicates that

uðxi; C;OÞ < uðxi; B;OÞ 8 xi < x̂SS: ð16Þ

Next, we show that (C,B) is dominated by (B,C) for all
xi < x̂SS:

uðxi; C;BÞ ¼ uðxi; C;OÞþuðxi;O;BÞ by 1;
< uðxi;C;OÞþuðxi;O;CÞ if uðxi; O;CÞ> uðxi;O;BÞ;
< uðxi;B;OÞþuðxi; O;CÞ by Eq:ð16Þ;
¼ uðxi;B;CÞ by 1:

The second line of the above proof requires u(xi;O,C) >
u(xi;O,B) for all xi < x̂SS, which can be verified as follows:

uðxi; B;BÞ < uðxi; C;CÞ by Assumption 1;
< uðxi; B;CÞ by Eq:ð13Þ;

uðxi; B;OÞ þ uðxi; O;BÞ
< uðxi; B;OÞ þ uðxi; O;CÞ by 1;
uðxi; O;BÞ < uðxi; O;CÞ: by subtracting uðxi; B;OÞ:

Between (B,O) and (B,C), as can be verified with Table 2,
consumers in GROUP I and II choose (B,O) whereas those
consumers in GROUP III who have xi < x̂SS choose (B,C).

Given the demand function (15), we can derive the cor-
responding optimal price and DRM level as a function of e2:
pSS�
1 ; eSS�

1

� �
¼ arg max pSS

1 � qSS
1 pSS

1 ; e
SS
1

� �
� K þm

2
eSS

1

� �2
h i

¼
am va� ð1� bÞeSS

2

� �
2am� b2 ;

b va� ð1� bÞeSS
2

� �
2am� b2

� �
:

ð17Þ

At a symmetric SS equilibrium, the equilibrium quantity
is qSS�

1 = vam=½bð1� bÞ þ ð2am� b2Þ�, which is positive if
2am � b2 > 0. Assumption 1 holds if v < B � [b(1 � b) + (2a
m � b2)]/[b(1 � b) + (2am � b2) + b], where 0 < B < 1.

2.4. The reaction functions and optimal DRM levels

By combining the three optimal DRM levels in Eqs. (9),
(12) and (17), we can derive the following best-response
function:

e�1ðe2Þ ¼

eSS�
1 ðe2Þ ¼ vab�bð1�bÞe2

2am�b2 if e2 6 ê2

eSC�
1 ðe2Þ ¼ ð1�vÞbþð2v�1Þabþb2e2

2m�b2 if ê2 6 e2 6
^̂e2

eNSI�
1 ¼ va

2am�1 if e2 P ^̂e2

8>>><
>>>:

ð18Þ
4We can derive the reaction function for firm 2 with the
same procedure although it is not shown here. The first
row of Eq. (18) indicates that the slope of the reaction func-
tion is �b(1 � b)/(2a m � b2) in the SS equilibrium. Given
1/2 < b < 1 by Assumption 3, the slope is negative under
the following stability and convergence condition

2am� b2 > 0; ð19Þ

and the optimal private protection levels (e1,e2) become
strategic substitutes. In the SC equilibrium, as shown in
the middle row of Eq. (18), the slope of the reaction func-
tion is b2/(2m � b2). The slope is positive, and thus the
optimal private protection levels are strategic comple-
ments, under the following condition:

2m� b2 > 0: ð20Þ

An example of the SS equilibrium is given by EMI Group,
who has recently decided to license its music to online sell-
ers without copy protection (Smith and Vara, 2007), even
though, its main competitor, Universal Music Group, is
greatly concerned about online piracy. Another example
is provided by Paramount, a major movie studio, who has
refused to make its movies available on Apple’s iTunes
due to piracy concerns (Grover, 2007). In contrast, Walt
Disney Co. has agreed to license its movies to Apple for
iTunes. The strategic interaction in the SS equilibrium
helps us understand these firms’ contrasting decisions.

The SC equilibrium is illustrated by those companies that
sell music or movies through the Internet. In 2006, Roxio
CinemaNow announced that it would allow consumers to
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2ê
2e

2
ˆ̂e0

(a) SS equilibrium 

(c) NSI equilibrium 

SS 

SC 

NSI 

1e

2ê
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Fig. 1. Reaction functions (R1,R2) in three symmetric equilibria.

5 The interval of b for each type of equilibrium is obtained from Eq. (18).
b̂ is derived from eSS�

2 P ê2 and ^̂b is derived from eNSI�
2 P ^̂e2.
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burn copies of some movies onto a DVD and watch them on
TV (McBride, 2006). In response, Movielink, a competing
movie-download service, attempted to strike a similar deal
with the movie studios. Another example is a recent
announcement by Amazon.com that its music-download
service would only sell music products that come without
copy protection (Smith and Vara, 2007). This announcement
was made after Apple’s decision to offer music without copy
protection on its iTunes.

Now, we derive the optimal private protection levels.
Since the reaction functions are discontinuous, we may
not have pure-strategy equilibria. As shown in Fig. 1, the
firms reach three different types of equilibria.

Proposition 1. If condition (19) is satisfied in the SS
equilibrium and condition (20) in the SC equilibrium, the
optimal DRM levels chosen by firm 1 are

e�1;p
�
1

� �
¼

eSS�
1 ;pSS�

1

� �
¼ vab

2amþb�2b2 ;
va2m

2amþb�2b2

n o
if b 6 b̂

eSC�
1 ;pSC�

1

� �
¼ ð1�vþ2av�aÞb

2ðm�b2Þ ; ð1�vþ2av�aÞm
2ðm�b2Þ

n o
if b̂ 6 b 6 ^̂b

eNSI�
1 ;pNSI�

1

� �
¼ va

2am�1 ;
va2m

2am�1

n o
if b P ^̂b

8>>>><
>>>>:

ð21Þ
2.5. Comparison with a multiproduct monopoly

To compare5 the duopoly with a multiproduct monopoly,
we consider the case where the two firms merge into a
monopoly and set its protection level to maximize the joint
profit:

pR
m ¼ pR

1 þ pR
2: ð22Þ

In the NSI equilibrium, the optimal level of protection re-
mains the same since there is no strategic interaction. In
the SC equilibrium, as seen in Section 2.3.2, the demand
for product 1 depends on the number of consumers who
prefer (B,O) to (C,C). Similarly the demand for product 2
depends on the number of consumers who prefer (O,B)
to (C,C). Thus, (C,C) is a common substitute for (B,O)
and (O,B), which makes (B,O) and (O,B) complements. That
is, when the monopoly raises the protection level of one
product and make (C,C) more costly to consumers, the
demand rises for both products, which in turn allows the
monopoly to raise the prices. To internalize this



6 dR2/da is obtained indirectly by differentiating the reaction function of
firm 1 in Eq. (18) with respect to a, which yields b[2(1 � b)me1 � vb2]/
[(2am � b2)2] for the SS equilibrium and b(2v � 1)/(2m � b2) for the SC
equilibrium.
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positive externality, the monopoly chooses a higher level
of protection and price than those of the duopoly in
Eq. (21):

eSC�
m ; pSC�

m

� �
¼ ðð1� vÞ þ 2av � aÞb

m� 2b2 ;
ðð1� vÞ þ 2av � aÞÞm

2ðm� 2b2Þ

( )
:

In the SS equilibrium, the monopoly decreases its pro-
tection level and price than those of the duopoly in Eq.
(21):

eSS�
m ;pSS�

m

� �
¼ vað2b� 1Þ

2am� ð1� 2bÞ2
;

va2m

2am� ð1� 2bÞ2

( )
:

To see why, recall from Section 2.3.3 that the demand in
the SS equilibrium depends on the number of consumers
who prefer (B,C) to (C,C) for product 1, and consumers
who prefer (C,B) to (C,C) for product 2. If the monopoly
raises the protection levels, it increases the consumers’
costs not just for (C,C) but also for (B,C) and (C,B). With
the relatively low b (i.e., low dissimilarity of DRM systems
and thus high synergy effect) in the SS equilibrium, some
consumers switch to (C,C) from (B,C) or (C,B) to take
advantage of the synergy effect of (C,C) and thus save the
total cost of consuming the two goods. The reduced de-
mand for both products will result in lower profit. There-
fore, the monopoly will decide to lower the protection
levels in the SS equilibrium, instead of raising them as in
SC equilibrium, and reap the benefits of higher demand
and profit. It is notable that the monopoly lowers
em = e1 = e2 in the SS equilibrium, whereas a lower e2 is
accompanied by a higher e1 in the duopoly.

Proposition 2. The multiproduct monopoly is likely to
choose similar or identical copy protection systems across
products (i.e., smaller b), to save the cost of DRM, and
face a SS equilibrium. Then, the monopoly increases social
welfare by lowering the levels of private protection and prices
than a duopoly, which in turn boosts the usage of legal
products.

Similar findings are reported by Belleflamme and Picard
(2007). They propose that perfectly independent products
may become complements in some price range where
the monopoly sets its price at a lower level than a duopoly
to internalize the positive externality generated by the so-
called ‘‘Cournot effect.” In our model, in contrast, the com-
plementarity of (B,C) and (C,B) in the SS equilibrium stems
from the similarity of the copy protection systems of the
two products and the products may remain independent
at any level of price.

3. Comparative statics

3.1. The effects of enhanced public copy protection

The public copy protection in our model includes Intel-
lectual Property Rights (IPR) protection. Following previ-
ous studies (e.g., Yoon, 2002; Bae and Choi, 2006; Novos
and Waldman, 1984), we model the increase in IPR protec-
tion as an increase in the cost of piracy. Since the optimal
level of private protection is endogenous, unlike in previ-
ous literature, we have both direct and indirect effects of
public protection on price and quantity:

dpR�
1

da
¼ @pR�

1

@a
þ @pR�

1

@e1

deR�
1

da
and

dqR�
1

da
¼ @qR�

1

@a
þ @qR�

1

@e1

deR�
1

da
:

ð23Þ
The signs of @pR�

1 =@a, @pR�
1 =@e1, @qR�

1 =@a, and @qR�
1 =@e1 can

be identified using Eqs. (7), (9), (11), (12), (15), and (17).
Stricter private protection increases the copy cost and thus
increases the demand, which enables the firm to raise the
price: @qR�

1 =@e1 > 0 and @pR�
1 =@e1 > 0 where R = {NSI,SC,

SS}. The effect of stricter public protection varies in differ-
ent types of equilibrium. In the SC equilibrium, it results
in an outward parallel shift in demand, as one can verify
with Eq. (11), and content providers raise the price and
quantity. In SS and NSI equilibria, stricter public protection
lowers the slope of the demand curve (�1/a), as indicated
by Eqs. (7) and (15). With the less elastic demand, the
content providers now target only the high-valuation
consumers, i.e., sell less quantity, and charge them a higher
price.

To see the effect of an increase in public protection on
the optimal level of private protection, let us first define
eR�

1 ¼ R1ða; eR�
2 Þ and eR�

2 ¼ R2ða; eR�
1 Þ as the optimal levels of

private protection, where R* = {SS*,SC*}. Differentiation of
the equilibrium condition eR�

1 ¼ R1ða;R2ða; eR�
1 ÞÞ yields

deR�
1

da
¼ 1
ð1� @R1=@e2 � @R2=@e1Þ

@eR�
1

@a
þ @R1

@e2

dR2

da

	 

: ð24Þ

At a stable equilibrium with j@R1/@e2j < 1 and j@R2/@e1j < 1,
the denominator on the right hand side of Eq. (24) is al-
ways positive. The sign of deR�

1 =da thus depends on three
factors: (1) @eR�

1 =@a which is the direct effect of a on eR�
1 ,

(2) @R1/@e2 which is the slope of the reaction function,
and (3) dR2/da which is firm 2’s response to an increase
in a.6 Proposition 3 and Table 4 summarize the results of
the comparative statics.

Proposition 3. If the government strengthens the public copy
protection,

(a) the firms will decrease their DRM efforts in the SS equi-
librium, but increase in the SC equilibrium;

(b) the firms will raise their prices in the SC equilibrium,
but the effect in the SS equilibrium is mixed (raise price
if b is sufficiently high but lower price otherwise);

(c) fewer consumers will choose to buy (i.e., more will
choose to copy the products) in the SS equilibrium,
but more consumers will buy in the SC equilibrium.
Proof. See Appendix A.

The intuition underlying Proposition 3 is as follows. In
the SS equilibrium, the direct effect is negative for both
firms: @e1/@a < 0, @e2/@a < 0. It is, however, partly offset



Table 4
Summary of comparative statics.

eR� pR� qR�

Strategic substitute deSS�

da 6 0; deSS�

db P 0 dpSS�

da P 0; dpSS�

db P 0 dqSS�

da 6 0; dqSS�

db P 0

Strategic complement deSC�

da P 0; deSC�

db P 0 dpSC�

da P 0; dpSC�

db P 0 dqSC�

da P 0; dqSC�

db P 0

No strategic interaction deNSI�

da 6 0 dpNSI�

da P 0 dqNSI�

da 6 0
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by the strategic decisions of the firms: firm 1 responds to
lower e2 with higher e1 in the SS equilibrium. As a result,
an increase in public protection exerts two opposite effects
on the optimal level of DRM, but the net effect is a lower
level of DRM.

In the case of the SC equilibrium, an outward-parallel
shift of demand following an increase in the public protec-
tion level makes the content providers respond with a
higher DRM level, which expands the demand further. This
effect is further augmented by the strategic complemen-
tarity of the firms’ decisions in the SC equilibrium. There-
fore, a change in the level of the public protection is
accompanied by direct and strategic effects on the optimal
DRM level in the same direction.

The total effect of a higher level of a on firm 1’s profit
can be identified by taking the total derivative of pR

1 with
respect to a:

dpR
1

da
¼ @p

R
1

@a
þ @p

R
1

@eR
2

deR
2

da
: ð25Þ

The first term on the right-hand side is the direct effect,
and the second term is the strategic effect caused by the re-
sponse of firm 2 to the change in a. The firm always prefers
a higher level of public protection since direct and strategic
effects on the profit are both positive in both types of equi-
librium. However, the components of the strategic interac-
tions are different: @p1/@e2 and de2/da are both negative in
the SS equilibrium, but positive in the SC equilibrium.

Most national governments are concerned about piracy
and are taking steps to curb unauthorized reproduction
(McCary, 2007). If private protection is insufficient, the
government may want to increase the public protection le-
vel. However, as shown in Proposition 3, higher level of
public protection does not necessarily result in stronger
overall protection. In the SS and NSI equilibrium, a higher
level of public protection leads companies to reduce their
DRM levels, while in the SC equilibrium the DRM levels
increase. It follows that careful investigation of the
strategic interaction in the market is of critical importance
for the policymakers to obtain a desired level of overall
protection.

Proposition 3 also reveals that, in the SS and NSI equi-
librium, enhanced public protection can cause more con-
sumers to turn to pirated products. In the SC equilibrium,
however, an increase in public protection leads to higher
demand for legitimate digital goods and thus less piracy.
When the objective is to discourage piracy, a policy to-
wards stronger public protection can achieve its goal only
in the SC equilibrium. In the SS and NSI equilibrium, the
government should do the opposite, i.e., lower the level
of public protection.

3.2. The effects of higher similarity between DRM systems

Another interesting subject of comparative statics is
how a higher degree of similarity between DRM systems
affects the optimal levels of DRM, the prices, and the quan-
tities. Using the same procedure, we obtain the results pre-
sented in Proposition 4 and Table 4.

Proposition 4. If DRM systems become more similar across
firms, in both SS and SC equilibrium,

(a) the firms will decrease their DRM efforts;
(b) the firms will lower their prices;
(c) fewer consumers will buy legitimate goods.
Proof. See Appendix B.

In 2006, France passed a controversial law that would
require sellers of digital-music players, e.g. Apple’s iPod,
and online music services, e.g. Apple’s iTunes, to make
their technical standards available to other companies.
The purpose was to make different music tracks and play-
back devices ‘‘interoperable” (Hesseldahl, 2006). Other
European countries might follow suit (Carlin, 2007). A
strong objection was raised on grounds that such laws
would lead to ‘‘state-sponsored piracy” (Hesseldahl,
2006). In a similar vein, the International Federation of
the Phonographic Industry blamed a ‘‘culture of state-tol-
erated apathy toward illegal file-sharing” for the continu-
ous decline in global music sales (Pfanner, 2010).

Proposition 4 shows that more similarity (i.e., lower b)
between DRM systems would lower the DRM levels, the
prices, and the demand for legal products. Therefore, when
the firms are forced to adopt similar DRM systems by law,
the demand for legitimate products would decrease even
though the prices would be lower (i.e., a positive relation-
ship between price and demand). The higher synergy effect
in piracy resulting from the higher DRM similarity would
motivate consumers to obtain (free) pirated products, in-
stead of buying legal products, despite the cheaper prices.
Our results clearly support the ‘‘state-sponsored piracy”
argument.

4. Conclusion

This paper examines how different types of strategic
interaction between two digital-goods firms influence the
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optimal DRM levels and prices. We first develop a model
that includes three types of strategic interaction between
the firms: strategic substitutes, strategic complements,
and no strategic interaction equilibrium. Then, we derive
the optimal DRM levels, prices, and demand functions for
the legitimate products for each type of strategic interac-
tion. Our analysis offers the following insights. First, stric-
ter public copy protection would lead to reduced firm-level
protection and more piracy among consumers in the SS
and NSI equilibrium, but higher DRM levels and less piracy
in the SC equilibrium. Second, lower degree of dissimilarity
between the protection systems lowers DRM levels and in-
creases piracy. Third, when the protection systems are very
similar, a monopoly would choose lower DRM levels and
lower prices than a duopoly.

We provide some new and important insights for the
literature on piracy. Most of the related studies examine
monopoly situations, and only a small number of studies
deal with duopoly cases (e.g., Johnson, 1985; Park and
Scotchmer, 2005). Those studies that do have duopoly set-
tings usually focus on prices of information goods, rather
than directly address the issue of how the level of private
copy protection, such as DRM, is determined. This paper
incorporates the DRM levels chosen by the firms, as well
as the prices of digital goods, as the key endogenous
variables in a duopoly setting. With this more flexible
approach, we have illustrated that, even if firms are
independent of each other in the price-setting game, they
may become interdependent through DRM competition
when a significant portion of consumers prefer pirated
goods.

Finally, we offer some suggestions for future research.
One possible direction would be to allow the two firms
to cooperate or collude with each other, which is in line
with the work of Park and Scotchmer (2005). In the current
paper, the two content providers set their optimal DRM
levels separately. How would the results change if the con-
tent providers jointly develop a protection system and
share the cost of DRM? Would this be a better approach
to dealing with piracy? Would consumers be better off?
Would the overall industry be better off? These are impor-
tant and interesting research questions that need to be ad-
dressed. Another direction would be to include content
producers and content sellers as separate players in a mod-
el. In the current paper, firms produce and sell digital goods
to consumers. In reality, however, content producers are
not usually content sellers. Music companies and movie
studios produce content, but they usually are not engaged
in selling their products directly to consumers. Rather, they
make their products available to consumers through online
and offline retailers. How would this setup change the
optimal levels of DRM and prices for digital goods? Re-
search in this direction will be a meaningful extension of
this paper.
Appendix A. Proof of Proposition 3

Total differentiation of the optimal levels of private
copy protection with respect to a under different equilib-
rium types yields
deSS�

1

da
¼ 1
ð1� @R1=@e2 � @R2=@e1Þ
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dR2

da|{z}
ðþÞ

2
6664

3
7775

¼ bð2v � 1Þ
2ðm� b2Þ

P 0; and

deNSI�

1

da
¼ � v
ð2am� 1Þ2

6 0:

With these results, we can determine the effect of a on the
equilibrium price and quantity under different equilibrium
types.

@pSS�
1

@a
¼ @pSS�

1

@a|ffl{zffl}
ðþÞ

þ @pSS�
1

@e1|ffl{zffl}
ðþÞ

deSS�
1

da|ffl{zffl}
ð�Þ

¼
vam ð2am� b2Þ þ bð2� 3bÞ

� �
ð2am� b2Þ þ bð1� bÞ
� �2 T0;

@pSC�
1

@a
¼ @pSC�

1

@a|fflffl{zfflffl}
ðþÞ

þ @pSC�
1

@e1|fflffl{zfflffl}
ðþÞ

deSC�
1

da|ffl{zffl}
ðþÞ

¼ ð2v � 1Þm
2ðm� b2Þ

P 0;

@pNSI�
1

@a
¼ @pNSI�

1

@a|fflffl{zfflffl}
ðþÞ

þ @pNSI�
1

@e1|fflffl{zfflffl}
ðþÞ

deNSI�
1

da|fflffl{zfflffl}
ð�Þ

¼ 2vamðam� 1Þ
ð2am� 1Þ2

T0;

@qNSI�
1

@a
¼ @qNSI�

1

@a|fflffl{zfflffl}
ð�Þ

þ @qNSI�
1

@e1|fflffl{zfflffl}
ðþÞ

deNSI�

1

da|fflffl{zfflffl}
ð�Þ

¼ � vm

ð2am� 1Þ2
6 0;

@qSS�
1

@a
¼ @qSS�

1

@a|ffl{zffl}
ð�Þ

þ @qSS�
1

@e1|ffl{zffl}
ðþÞ

deSS�

1

da|ffl{zffl}
ð�Þ

¼ vð1� 2bÞbm

ð2amþ b� 2b2Þ2
6 0; and

@qSC�
1

@a
¼ @qSC�

1

@a|fflffl{zfflffl}
ðþÞ

þ @qSC�
1

@e1|fflffl{zfflffl}
ðþÞ

deSC�

1

da|ffl{zffl}
ðþÞ

¼ ð2v � 1Þm
2ðm� b2Þ

P 0: �
Appendix B. Proof of Proposition 4

Differentiation of the optimal level of private copy pro-
tection with respect to b under different equilibrium types
yields

deSS�

1

db
¼ 1

1� @R1=@e2 � @R2=@e1ð Þ
@eSS�

1

@b|ffl{zffl}
ðþÞ

þ @R1

@e2|{z}
ð�Þ

dR2

db|{z}
ðþÞ

2
6664

3
7775

¼ 2vaðamþ b2Þ
ð2amþ b� 2b2Þ2

P 0;



364 P. Choi et al. / Information Economics and Policy 22 (2010) 354–364
deSC�

1

db
¼ 1

1� @R1=@e2 � @R2=@e1ð Þ
@eSC�

1

@b|ffl{zffl}
ðþÞ

þ @R1

@e2|{z}
ðþÞ

dR2

db|{z}
ðþÞ

2
6664

3
7775

¼ ðð1� vÞ þ ð2v � 1ÞaÞðmþ b2Þ
2ðm� b2Þ2

P 0:

With the above results, we can determine the effect of b on
the equilibrium price and quantity under different equilib-
rium types.

@pSS�
1

@b
¼ @pSS�

1

@b|ffl{zffl}
ðþÞ

þ @pSS�
1

@e1|ffl{zffl}
ðþÞ

deSS�
1

db|ffl{zffl}
ðþÞ

¼ va2mð4b� 1Þ
ð2amþ b� 2b2Þ2

P 0;

@pSC�
1

@b
¼ @pSC�

1

@b|fflffl{zfflffl}
ðþÞ

þ @pSC�
1

@e1|fflffl{zfflffl}
ðþÞ

deSC�

1

db|ffl{zffl}
ðþÞ

¼ ðð1� vÞ þ ð2v � 1ÞaÞmb

ðm� b2Þ2
P 0;

@qSS�
1

@b
¼ @qSS�

1

@b|ffl{zffl}
ðþÞ

þ @qSS�
1

@e1|ffl{zffl}
ðþÞ

deSS�

1

db|ffl{zffl}
ðþÞ

¼ vamð4b� 1Þ
ð2amþ b� 2b2Þ2

P 0; and

@qSC�
1

@b
¼ @qSC�

1

@b|fflffl{zfflffl}
ðþÞ

þ @qSC�
1

@e1|fflffl{zfflffl}
ðþÞ

deSC�

1

db|ffl{zffl}
ðþÞ

¼ ðð1� vÞ þ ð2v � 1ÞaÞmb

ðm� b2Þ2
P 0:

h
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