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Abstract

In this paper, we address the problem of a magazine publishing firm facing stochastic demand
over multiple periods. We model the dynamics of customer subscription and retention/attrition.
We identify the key decision variables to enhance magazine profitability: production quantity,
subscription price and newsstand price.

First, we provide a dynamic programming formulation of the firm’s problem and then propose
a single-stage reduction which admits a classical newsvendor characterization. For both the finite
and infinite horizon cases, we characterize the optimal policy of the firm where the decision
variables are one, two or all three of the aforementioned variables. Next, we consider the
duopolistic setting, where firms benefit from the overflow of the competitor’s unmet demand,
and we provide analytic solutions in the case of uniform demand distributions. Finally, we report
on computational experiments both in the monopolistic and duopolistic settings and provide
managerial insights.

1. Introduction

1.1 Motivation and Literature Review

In this paper, we address the problem of maximizing profit of companies in subscription-based
industries. In these industries, such as the magazine publishing industry, there are two main
sources of revenue. One is advertisement revenue, and the other is sales of the magazine in the
form of either direct sales at the newsstands (spot market) or subscription sales. Information from
Audit Bureau of Circulation (2006), Magazine Publishers of America Fact Sheets (2006) and The
Magazine Handbook (2006) shows that since 1991, more than 80% of magazine sales in unit volume
have been through subscription as opposed to single-copy sales at the newsstand. This ratio has
reached 86% in 2004. During the same period, subscription revenue as a fraction of total revenue
(excluding advertisement) ranged between 67% and 69%. According to the same sources, magazine
publishing companies generated 21.3 billion dollars of advertising revenue in 2004, accounting for
54% of their total revenue and 48% of their printed pages.

Our interest in the area of subscription-based products stemmed from a close collaboration,

during this past year, between the authors and the managing board of Columbia Journalism Review
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(CJR), a leading journalism publication. CJR shared detailed historical operational data and
business insights with the authors, which motivated the models and functional forms of the customer
dynamics proposed in this paper.

In these subscription-based industries, the key levers to enhance profitability are price (both
newsstand price and subscription price) and production quantity. In operations management liter-
ature, many mathematical models have been proposed to address pricing and production quantity
decisions. Below, we provide a brief literature review of quantity decision models, pricing decision
models and joint quantity-pricing models.

An extensive number of papers have studied quantity decision models in inventory literature,
dating back to Edgeworth (1888). Prices are given exogenously and the objective is to minimize
the expected cost. In many of the multi-period models, solving these problems optimally is known
to be difficult even with deterministic and known demand. Zipkin (2000) and Porteus (2002)
provide general treatments of inventory models. In this paper, we consider multi-period models
with stochastic demand. The most-studied stochastic inventory model is the classic newsvendor
problem, where the manager, facing uncertain demand, chooses a stocking quantity to minimize
the sum of overage and underage costs. This is a single-period model, and the solution is given by
a fractile of the demand distribution. In the analysis of this paper, we use the newsvendor model
and its variants.

Another line of research closely related to this paper is dynamic pricing literature. Here, the
decision variable is the price over time, while changing the stocking quantity (replenishment or
scraping) is usually not a part of the decision. See, for example, Bitran and Mondschein (1995),
Gallego and van Ryzin (1994), Smith and Achabal (1998) and Feng and Gallego (1995). There
has been recent interest in literature in making the pricing and stocking decisions jointly. Petruzzi
and Dada (1999) consider an extension of the newsvendor model where the demand distribution
depends on the price set by the newsvendor. In this single-period model, they characterize the
optimal solution under fairly general conditions. The multi-period version of this problem has been
studied by Federgruen and Heching (1998), where the manager makes both price and inventory
replenishment decisions in each period. They consider both the finite and infinite horizon cases.
See also Chen and Simchi-Levi (2004a) and Chen and Simchi-Levi (2004b). In this paper, we
consider both quantity and pricing decisions. Furthermore, we use two types of prices in each
period (newsstand price and subscription price), which differ from single-price-type models that
are common in dynamic pricing literature.

While the above discussion is in the monopolistic setting, we also consider competition in our



paper. Our duopoly model is based on Parlar (1988), where each firm has an initial exogenously-
given demand allocation and the unmet demand of a firm (if any) will spill over to the other firm.
This work was extended by Lippman and McCardle (1997) for more general demand distributions.
They prove the existence of an equilibrium in this single-period game and derive the necessary
and sufficient conditions for an equilibrium point. We use their result to find the equilibrium of a
single-period competition that is analytically equivalent to the multi-period dynamic game of our
paper.

We also mention that there is extensive literature on pricing and/or quantity games in a com-
petitive environment, dating back to Cournot (1838 - 1897, English translation by N.T. Bacon)
and Bertrand (1883). For example, Kirman and Sobel (1974) consider a game where firms compete
on both quantity and price decisions. The demand allocation depends on the price decisions of all
firms, and no spill-over effect exists. Bernstein and Federgruen (2004) consider a game where firms
compete on price and service level and analyze it using supermodular games. In these papers, the
dynamics of competition is different from our model. Furthermore, while they show the existence

and the structural properties of the equilibrium, they do not provide closed-form solutions.

1.2 Contributions and Paper Structure

Ahn and Olsen (2005) propose a general model for duopolistic competition in subscription-based
industries. Competition occurs in two stages: first through quantity and then through subscrip-
tion prices. They show that there exits a Markov perfect equilibrium under certain technical
assumptions. They consider a finite horizon model, and their analysis appeals to the theory of
supermodular games introduced by Topkis (1998) and focuses on theoretical existence results.

In this paper, we build on their work. We consider not only the finite horizon case, but also the
infinite horizon case. In addition to production quantity and subscription price, we add newsstand
price as a decision variable. Furthermore, in our model, we allow subscription prices to change over
time. We choose more specific, thus tractable, functional forms of dynamics, which allow us to
derive closed-form solutions both in the monopolistic and duopolistic settings, and from which we
derive managerial insights. Our ability to extend their work and derive closed-form solutions stems
from a one-stage reduction of the problem that is analytically equivalent to the classic newsvendor
problem.

The paper is organized as follows. In Section 2, we describe our model in the monopolistic
setting and propose an equivalent reformulation as a one-stage problem. In Section 3, assuming a

specific behavior for subscription and retention dynamics, we derive closed-form solutions that bring



insight to the problem. We first analyze the model where the production quantity is the sole decision
variable. We then extend our results to the case where subscription price is also a decision variable
and further extend it to the case where newsstand price is a third decision variable. In Section 4,
we extend our model to the duopolistic setting, where firms compete over production quantity and
subscription prices. The firms interact through the fact that the demand that is unmet by one firm
overflows to the other. The results from the monopolistic case carry over to the duopolistic case. We
compute the equilibrium production quantity and subscription price decisions in closed-form. Based
on the cost structure of the firms and the loyalty of their customers, different types of equilibria
emerge and are characterized. We show that a tatonnement scheme converges to the equilibrium
point of the competition which is analytically computable. This result indicates that even if the
firms do not consider the full range of their choices and just act with the best response to their
competitor’s choice of production quantity, they will eventually converge to the equilibrium policy.
In Section 5, we perform a comprehensive computational analysis. For instance, to characterize
market separation, we examine customers’ tendency to switch magazines. We observe that when
the cost structures of the two firms are very different, a firm might produce more than the upper
bound of its initial stochastic demand in anticipation of the overflow of unsatisfied demand from
the other firm. On the other hand, in the case where the firms are not radically different, they both
produce within the support of their original stochastic demand. Finally, in Section 6, we provide

conclusions and future steps in the analysis of this problem.

2. Model Definition and the Single-Stage Reduction

In Section 2.1, we formally describe our model. In each period, a firm produces a certain number
of magazines and sells them either through the newsstand or to the subscribers. We formulate this
problem as a multi-period dynamic program (DP) in Section 2.2. In Section 2.3, we provide an
alternative representation of this dynamic program, which is analytically equivalent to a series of

single-stage problems.

2.1 Model Definition

We consider a firm in a multi-period setting, where the firm makes a production decision as well
as pricing decisions in each period. There are two kinds of demands that the firm faces: (i) the
demand at the newsstand and (ii) demand from the subscribers, which we model as follows. In
each period, a stochastic demand is realized at the newsstand and this demand is satisfied to the

extent possible based on the stocking quantity of the magazines at the newsstand. Then, a portion



of the satisfied demand subscribes to the magazine. We assume that the only way to subscribe
the magazine is to purchase a copy of the magazine and become a subscriber. At the end of each
period, some subscribers cancel their subscription, decreasing the number of total subscribers for
the following period.

The objective of the firm is to maximize the expected discounted profit over the planning
horizon. The revenue consists of three components: direct sales at the newsstand, subscription and
advertisement. The only cost we model is the variable cost of production. The revenue and cost
functions are described later in this section.

We index periods forward by ¢t = 1,2,...,T. (Here, we allow the case where T is either finite or
infinite.) At the beginning of each period ¢, let N! represent the number of subscribers, which the
firm observes. Then, the firm publishes N* 4 ¢’ copies of the magazine, where ¢’ is the number of
copies sent to the newsstand, and N! copies are sent to the subscribers. We denote the stochastic
newsstand demand by D!. (We allow the distribution of D! to be price-sensitive and dependent
on the newsstand price.) Let ®' = min{q’, D'} be a random variable representing the quantity of
newsstand demand satisfied. The number of new subscribers is given by Al - ®! where A € [0, 1]
represents a random fraction. Let §' = FE[A!], which we call the conversion rate. We can interpret
ot at a macro level as an expected ratio of new subscribers to the satisfied newsstand demand and
at a micro level as a probability that an individual will subscribe to the magazine after purchasing
a copy from the newsstand.

We now give a recursive formula for the number of subscribers at the beginning of the next
period t + 1. We classify subscribers at the beginning of period ¢ based on when they started
their subscription. Let N** be the number of subscribers at the beginning of period ¢ who started
subscription in period k, where k < t. Thus, N* = S4_L Nt Let Nt = (N*|k = 1,2,...,t — 1).
For each k and ¢ satisfying k < t, B** ¢ [0, 1] denotes a random fraction representing the retention
rate, the percentage of N** who keep their subscription at the end of period t. We assume that
the retention rates of new subscribers in period k are such that the sequence of random variables
(B*|t = k4 1,k +2,...) are independent and identically distributed. Let 8% = E[B'] where

t = k + 1, which we refer to as the retention rate. Then, for ¢t > 1,
t
NTFE = AL @'+ Y ONTEE where N'TWE = BN fork=1,...t.
k=1

(Note that N'! represents the number of subscribers at the beginning, which is one of the input

parameters. Without loss of generality, we assume N' = 0.)



Now, we describe the revenue and cost functions in each period. The production cost is linear
in the number of magazines produced in each period, where ¢ > 0 represents the per-unit cost, i.e.,
the production cost in period t is ¢+ (N? + ¢'). Note that at the beginning of period ¢, the value of
Nt is observed, and thus c- (N +¢') is a deterministic quantity. The revenue in each period consists
of three parts. The first part comes from direct sales at the newsstand and is given by p’- ®¢, where
pt > 0 represents the newsstand price in period ¢t. The second part comes through subscription.
We assume that the subscribers pay the subscription price at which they started subscription and
that a subscriber’s price does not change over time. Let s* > 0 be the subscription price for the
customers who subscribed in period k. Then, the subscription revenue in period ¢ is 22;11 sENtk,
The third part of the revenue comes from advertisement. We assume that the advertising revenue
is proportional to the number of subscribers, i.e., m - N, where m > 0 is advertising revenue per
subscriber. Therefore, the expected profit of the firm in period ¢ is given by

—c-(¢" + E[N']) + p'E[®"] + Z_:skE[Ntk] + mE[N'] .
k=1

Notice that while the above expression depends on both ¢’ and p', the subscription price s! in
period t does not affect the profit generated in that period. We let o denote the discount factor
for the profit, where a € (0, 1).

If the planning horizon T is finite, we make the following assumptions regarding the end of the
horizon. The value of the firm at the end of the planning horizon is given by a fixed-plus-linear
function, ¥ + NT*1y, where © > 0 is the value of the firm regardless of the number of subscribers,
v > 0 is the value of each subscriber and NTH! is the number of subscribers at the end of the
planning horizon. The variable component of the salvage value above reflects the fact that the firm
is more valuable if it has a larger number of subscribers.

The decision variables in each period ¢ are all or some of the following: (i) the stocking quantity
q' at the newsstand, (ii) the subscription price s’ and (iii) the newsstand price p’. The random vari-
ables used in the model are endogenous and controllable by the decision variables; more specifically,
demand D? depends on the newsstand price pf, the retention fraction B** depends on the subscrip-
tion price s*, and the conversion fraction A! depends on both prices st and p. We sometimes
make the above dependencies explicit in the notation, e.g., D!(pt). For any fixed-price decisions,
we assume that all of the random variables are independent.

The model described in this section is valid for the monopolistic case, and we extend this model

for the duopolistic case later in Section 4.



2.2 Dynamic Programming Formulation

In this section, we present a multi-period dynamic programming formulation for the model described
in Section 2.1. We consider the above problem in the following three settings based on the set of

levers available to the firm.

t

e Model Q: Both the newsstand price p' and the subscription price s’ are exogenously given,

and the firm decides on the newsstand stocking quantity ¢.

e Model QS: The newsstand price is exogenously given, and the firm decides both the stocking

quantity and the subscription price.

e Model QSP: The firm decides all three decision variables, namely the stocking quantity and

both the newsstand and subscription prices.

Recall Nt = (N*|k =1,2,...,t — 1) where N** is the number of subscribers at the beginning
of period t who started subscription in period k. Define st = (s*|k = 1,2,...,t — 1,t) to be the
vector of historical subscription prices. We now present the dynamic programming formulation for

the firm. The objective is to maximize V!(s?, N!), where

Vis'™I N = max Wi, s, p', N fort <T (1)
Wi(g',s",p"\N') = g¢'(¢",s",p",N') + o VITI(s' N for ¢t <T
VT (T NTHY) = o7+ gTH(NTH),

Above, the maximization is taken over {¢'}, {¢%, s'} or {¢, s', p'}, depending on the application of
Model Q, QS or QSP. Furthermore, the single-period expected profit function g and the evolution

of the quantities of interest are defined as follows:
t—1
g'(¢",s '\ N") = —cq' + p'E[@"] + Y (s"+m—oEN"] Vi<T
k=1
o' = min{¢",D'} Vi<T
N = AL 9! vi<T
Nt-i-l,k — Btk . Ntk‘ Vi<t < T

T
gT-i—l(NT—H) = 04+ v- ZE[NT—HJﬂ
k=1
shatpt > 0 VE<T.
In the above formulation, the dependencies of the the random variables on ¢f, s' and p’ are sup-

pressed in the notation.



2.3 Reformulation of the DP: One-Stage Representation

The formulation (1) presented in Section 2.2 is a multi-period dynamic programming formulation,
and the expected profit function g’ in period ¢ depends not only on the decisions made in that
periods, but also on decisions made during all previous periods. In this section, we present an al-
ternative representation of the dynamic program such that it is equivalent to a series of independent
single-stage problems.

A key observation that enables the reformulation is that the single-period expected profit func-
tion ¢’ can be expressed as a sum of ¢ expressions, where the k’'th expression depends only on the

decisions made in period k, for k < t¢. For k < ¢, note from the recursive relation,
Ntk: — Btfl,k(sk) . Bk+1,k(5k) . Ak(sk,pk) . min{qk, Dk(pk)} ’

which depends on (¢*, s*, p*) and not on other decision variables. It follows that the expression of
g' in (1) is separable in (¢¥, s*, p¥) for k = 1,...t.
For each t = 1,2,...,T, define ¢'(¢!, p') = E[min{qt, D!(p')}]. Also, define

T
ﬁt’T _ pt + (St(st,pt) (St +m— C) Z Ozj_tﬂt(st)j_t_l +u- aT—t—i-lIBt(st)T—t , (2)
j=t+1

where 3!(s') = E[B"*1!(s")] is the retention rate, and d*(st, pt) = E[A!(s?,p!)] is the conversion
rate. It can be shown that the T value above represents the lifetime value of a customer who
purchases a single copy at the newsstand. See Kotler and Armstrong (2007) for more information

on customer lifetime value (CLV). In the special case of T' = oo, the above expression becomes

3)

.00 st+m—c)-a
e = pt o4 5t(8t7pt>[( ) }

T—a 35"
Now, define

Wr(g st ') = o e ) —erdt (4)

Proposition 1 below shows that solving the multi-period DP (1) is equivalent to maximizing a series

of h! functions separately.

Proposition 1 The dynamic programming formulation (1) is the equivalent to
T
max » a7 (g, s pl) (5)
t=1

If (¢, s', p') mazimizes the h'T function for eacht < T, then {(¢,s',p') | 1 <t < T} is an optimal
solution to (1).



The key idea behind the proof of Proposition 1 is that the lifetime of a single-copy at the newsstand
is not affected by any decision that the firm makes in the future periods. Proofs of all results,
including Proposition 1, can be found in the appendix.

In this paper, we assume that there is no subscriber at the beginning of the planning horizon,
i.e., N! = 0. In the case of N!' > 0, the objective function of (5) differs only by an additive
constant. Thus, Proposition 1 remains valid.

One can interpret the definition of h%? in (4) as a difference of revenue and cost. In the
first term, p“7 represents the expected revenue generated by a single customer who purchases the
magazine at the newsstand in period ¢. This revenue consists of (i) the immediate revenue at the
newsstand and (ii) the expected subscription and advertising revenue for the remainder of planning
horizon. The second term represents the cost of production for the newsstand stocking quantity in
period t.

The problem of minimizing the single-stage function h*T is related to a generalization of the

classical newsvendor problem, and the details are discussed further in the following sections.

3. Monopoly Results

In Section 2, we described the model in a monopolistic setting, which we analyze in this section.
(The duopolistic setting will be discussed later in Section 4.) In each of the three subsections, we

study the models described in Section 2.2.

3.1 Monopolist with Quantity Decision

In this section, we consider Model Q defined in Section 2.2. In this model, both the newsstand

t are exogenously given, and the firm decides on the newsstand

price p' and the subscription price s
stocking quantity ¢'.

Recall from Proposition 1 that the firm’s total profit is a separable function of ¢'’s, namely the
sum of htT functions. Each AT function, consisting of the revenue and cost generated by decision
¢' over the planning horizon, is independent of all other ¢'’s, where ¢’ # ¢. Thus to find the optimal

htT only. Each of these separate problems can

stocking quantity decision ¢*, we need to consider
be reduced to a classical newsvendor problem, where the cost parameter depends on the period

index t. Proposition 2 below shows how to find the optimal stocking quantity ¢'.

Proposition 2 Consider Model @ in the monopolistic setting. The optimal stocking quantity in



the t* period is the newsvendor quantity q* satisfying:
P[Dt > qt] = c/ﬁt’T (6)
where pT is the virtual price defined in (2) and (3).

The above result holds both the finite horizon case and the infinite horizon case. We now study
the sensitivity of the optimal quantity decision with respect to prices. If the conversion rate 6 and
the retention rate 3! are not affected by the changes in the subscription price, then the following

monotonicity results hold.

Lemma 1 Suppose that the newsstand price is constant, i.e., p' = p for all t, and the subscription
prices are decreasing (increasing). If the conversion rate 6 and retention rate 3 are independent of

subscription prices st then,

(i) In the infinite horizon case, the optimal stocking quantities g is decreasing (increasing) in t.

1) In the finite horizon case, the optimal stocking quantities q* is decreasing (increasing) in
i) In th ite hori th timal stocki tities q* is d ) ) ) n t

provided

sstm—-ct+a-v-8 > v. (7)

The condition (7) in Lemma 1 is a weak requirement and displays an interesting interpretation.
Suppose that a firm continues operation for one more period and then salvages the business. Then,
a current subscriber generates the profit of s' +m — ¢ in the current period, and this subscriber
will continue subscription with probability 3, in which case he is “sold” at the rate of v. Thus, the
left side of (7) represents the expected total discounted profit of a current subscriber in these two
periods. The right side of (7) represents the value of a current subscriber if the firm is salvaged in
the current period. Thus, condition (7) means that it is better to run the business for one more
period than to salvage it.

It is interesting to note that this condition is not required for the infinite horizon case. However,
consider a variation of the model where the manager may salvage the firm and receive v per
subscriber (without any fixed salvage value of ¥). In such case, it can be shown that the above
condition is a sufficient condition for the firm to continue operation and never exercise the salvage
option.

It can be seen from the proof of Lemma 1 that if both the newsstand and subscription prices
are fixed over time, then the the optimal stocking quantity ¢’ is strictly decreasing in ¢ (in a finite

horizon model). We will further explore this effect with numerical examples in Section 5.
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3.2 Monopolist with Quantity and Subscription Price Decision

In this section, we add the subscription price to the decision variables of the firm and analyze Model

QS of section 2.2. We assume that in each period, the firm chooses a subscription price s’ to offer

to new subscribers, while the subscription price for the previous subscribers remains unchanged.
Recall that §%(-) and B!(-) are conversion and retention rates. Typically 6'(-) and B!(-) are

* over an interval [s], s!]. For practical purposes one

decreasing functions of the subscription price s
can assume sf = 0 and s!, = p. These monotonicity assumptions follow from the real life observation
that with the increase in the subscription price more people tend to cancel their subscription and
less people tend to subscribe. Moreover, we assume that these rates satisfy the following regularity
conditions.

Regularity Conditions (RC): We assume that the following assumptions hold for §*(s?) and
B(st): 6t(s') and B!(s') are decreasing in s € R, both are differentiable and the following limits

hold:

1 limge o st-6%(s') =0

2 limg_ . B(s!) = 0.

The first limit means that the revenue generated through subscription will be 0 when the subscrip-
tion price is arbitrarily large. Note that this also implies the conversion rate will be 0. The second
limit means that the retention rate will be 0 when the subscription price is arbitrarily large. Hence
no one will subscribe and all current subscribes will cancel at high subscription prices. Using these

assumptions, we derive the optimal subscription price for the firm.

Proposition 3 Under (RC) in the infinite horizon case, the optimal value for the subscription

t

price s' is either a positive solution to
), adlsht) 08 | L) _ .
st+m—c 1—a-Fst) Ost Jst B
or st =0.

Note: A similar result can be obtained for the finite horizon case which is not stated here.

Observation 1: If the revenue from advertisement (m) is 0, the optimal subscription price (s!)
will be positive, but if the advertisement revenue is a positive value, the optimal subscription price
can be 0.

If the advertisement revenue is equal to 0, setting subscription price to 0 will yield a high

number of subscribers but it will not generate any revenue for the firm. In this setting, increasing

11



the subscription price by a small amount € > 0 will decrease the number of subscribers, but at the
same time will generate a positive subscription revenue. It also will not affect the stand sales. Thus
the optimal subscription price will be non-zero when advertisement revenue is 0.

The second part of the above claim occurs when the revenue generated through advertisement
is high enough to offset the decrease in revenue caused by setting a zero subscription price. In other
words, the high advertisement revenue justifies lowering the subscription price to zero to attract a
larger number of subscribers.

Observation 2: Equation (8) is independent of the stocking quantity q', so the firm will first
determine its optimal subscription price and then the optimal stocking quantity calculations will
be carried out as in section 3.1. This happens since the subscription revenue increases linearly per
customer. Basically, the problem of choosing the optimal subscription price reduces to problem
of maximizing revenue per customer, and thus the number of customers does not have any effect.

Proposition 4 formalizes this claim.

Proposition 4 The stocking quantity (q') decision of a monopolist is determined through equation
(6), and in the infinite horizon case the subscription price (st) is determined independently of the

stocking quantity through equation (8).

Again a similar result can be derived for the finite horizon case.

3.3 Monopolist with Stocking Quantity, Subscription Price and Newsstand
Price Decisions

In this section we consider Model QSP of section 2.2, where stocking quantity ¢', subscription price

st and newsstand stand price p! are the decision variables of the firm. In this setting, we consider

specific functional forms for subscription and retention rates that make the problem analytically

tractable through the one-stage stage representation in section 2.3.

3.3.1 Optimal Subscription Price

We assume that the dependency of subscription rate (0) on newsstand and subscription prices is of
a multiplicative form, i.e. &*(st,p') = §1(s')d"2(pt). Under this assumption, the optimal value for
the subscription price in period ¢ is derived in the same fashion as section 3.2. This follows from
the separability of §°(+) function in newsstand price (p') and subscription price (s'). The equation
determining the optimal subscription price will be independent of the newsstand stocking quantity

and the newsstand price, and thus it can be solved separately.

12



Proposition 5 In the infinite horizon case of a monopolist with quantity, subscription price and
newsstand price decisions, if 6*(-) and B*(-) functions satisfy reqularity conditions and &'(s*,p') =

5t (s4)0%2(p%), the optimal value for the subscription price satisfies equation (8).
3.3.2 Optimal Stocking Quantity and Newsstand Price

After we find the optimal subscription price (s!), the one-stage problem can be reduced to a price-
setting newsvendor problem.

Recall that the newsstand demand D?!(-) is a function of the newsstand price (p'). We need to
clarify the type of randomness in the demand function. Two common models used in literature
to specify randomness in demand functions are additive and multiplicative forms. In the additive
case, we assume that demand is of the form D!(p') = a — bp' + € where € is a random variable and
a and b are strictly positive numbers. We retain the assumption of the multiplicative form of §%(-)
function and furthermore assume §' (s!) and 62 (p') are linear functions. We also assume that the
retention rate function 3!(-) is a linear, decreasing function of subscription price s'. In summary,

we make the following assumptions with the following notation:

5t(3t’pt) = (as — bsst)(ap + bppt)
B'(s") = ap—bss'
t.00 as — bgst)(a, + b,pt) (st +m — ¢
e g as by + ) )

1 — afag — bgs?)

Notice that there is a one-to-one linear relation between newsstand price (p) and virtual price

(). Thus, using the above equations, one can derive:
p'o= byt + apee
where
bt = <1 + (as 1_5292(;12;;) 0) bp> -1

—b.st) (st _
a/p't,oo — - (as SS )(8 + m C) ap bﬁt,oo .
1 — afag — bgs?)

Observe that At .00 and bf,t,oo are constants. The above transformations are derived for the infinite
horizon case. These transforms can be derived for the finite horizon case in the same fashion.

Under the above assumptions, the demand function will be a linear function of virtual price p'.

13



This directly follows from the linear relation between p' and pt°°.

Dt(ﬁt,w) — &t o Btﬁt,oo +e
b = bbse
at = a-— bat,co

In the multiplicative form case the demand function is of the form D!(p') = a(p!)~’e where a is
positive and b is greater than 1. In this case, after applying the above the transformations, demand
as a function of ph>° will be D*(p">°) = a(bs.cp"> + al;t,oo)*be.

The following propositions characterize the optimal newsstand price and newsstands stocking

quantity of the firm under the above assumptions. In the rest of this section, we present the results

in the infinite horizon case. For the sake of brevity, we drop the oo from the superscripts.

Proposition 6 If §'() = (as — bss')(ap + byp') the optimal (p*,q"*) decision of the monopolist
facing additive or multiplicative demand functions with a uniform [0,1] noise term, (e = U|0,1])

satisfies the following equations.

o Additive Noise:

¢ = @1 = (9a)
p
0 = % +a' —2b'p — 2572 T cb! (9b)
o Multiplicative Noise
& = a(p™ —¢) (102)

ﬁt*(bﬁtﬁt* + aﬁt)b
ﬁt* — C b bf)t (ﬁt* — C)

0 = 1-— — . 10b
Qﬁt* Q(bﬁtﬁt* + a];t) ( )

Call the set of (p*,¢"™*) that satisfy the necessary conditions of Proposition 6 I'f and T for

multiplicative and additive cases respectively. Also define I'}* as follows:
ry = {(#d")| (4" €Ty, bpp' +az >0} U{(—aﬁt/bﬁt,at + 1+ cbye /az + baz)}

The following proposition shows how to deduce the optimal stand price p' from the virtual

optimal price p'.
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Proposition 7 The optimal newsstand price and stocking quantity decision vector (p**, ¢**) is equal
to (bsep™ + age, q™*), where (p™,q™*) is derived as follows:

(ﬁt*a qt*) = arg max H(ﬁt7 qt)a
(#*,a')E T orT%,

where TI(p, ¢') = p'ot(pt, ¢') — cq' is the newsvendor objective function of the one-stage represen-

tation.

4. Duopoly Results

4.1 Formulation

In this section, we consider a duopolistic environment. Following the previous notation, we intro-
duce the following additions to the model. All the parameters defined before are firm specific, so
they will be indexed by subscript i € {1,2} to show that they belong to a specific firm. We also
modify the demand functions to show how the competition occurs. The new demand function D!

is defined as follows:
D! = Al - )

The interpretation of the new demand function is as follows. Each firm ¢ has a separate loyal
customer base at time ¢ which is a random number A!. The firm gets this demand regardless of its
competitor’s effort. In addition to this demand, the firm also gets a fraction 7; of the unsatisfied
demand of the competitor (A; — q§)+. Notice that now the effective demand D! is a function of
the vector (pf, qz) and indirectly pz-, as each firm’s initial demand is a function of its own price
(A] = AL(p7))-

Remark: One can interpret v; as a measure of market separability. If the two markets are
very separate (i.e. there is not much overflow of demand), then the ; value is low. If the markets
are not separate and customers shift companies easily, this translates into a high value for ~;. This
interpretation is more tangible when the vy; = vs.

Given the above notation the dynamic programming problem of each firm can be written as

follows: Maximize V;}(s?,s%,,N}), where

VisihsGhND = max Wi(qfqlysi s ol ply NG for t < T (11)
Wzt() = gf(vaqizvs§7siz7p§7pt—zaN:) +a- ‘/'it+1(slv§751€—i>N§) for ¢ S T
VIET NTH) = T gl N
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Above, the maximization is taken over {q!}, {¢}, st}, or {q, s!, p'} depending on the Model Q, QS or
QSP. Furthermore, the single-period cost function gf and the evolution of the quantities of interest

are defined as follows:
t—1
gi() = —cd + PiE®) + > (si+mi—c)E[N{*] Vi<T
k=1
®! = min{¢,D!} Vt<T

7

NV — ALL®l vi<T

(2

Nit—i-l,k

= B*.N* VE<t<T

T

GINITY = b+ e YD BINTY
k=1
sf,qf,pg > 0 Vi<T.

We note that the duopoly magazine competition model with the above demand function was first
studied by Ahn and Olsen (2005). In this paper, we extend their model in the sense that we can
handle multiple subscription prices in one period easily. We use linear dynamics for conversion and
retention rates, which simplifies the model and hence allows us to find analytical solutions. Finally,
our approach to the model is different in the sense that we first build a monopoly model with
minimal decision variables and then extend it to a competition model with a full array of decision
variables. This approach allows for an evaluation of the effect of each decision variable separately
and gives insight on how different decision variables affect the total profit. We also present a single-
stage reduction of the problem, which links this problem directly to a newsvendor problem with a
redefined price/cost structure. In this fashion, we solve the problem of the newsvendor and deduce

the optimal solution to the dynamic programming problem from the newsvendor solution.

4.2 Competition with Quantity Decision
4.2.1 Characterization of Equilibria

In section 4.2.1, we assume there are two firms which will be competing over the quantity they
send to the stands, while the subscription and stand prices are fixed. The problem in this case will
be reduced to the case of two competing newsvendors. The following proposition shows that the

one-stage representation introduced in Proposition 1 is still valid.

Proposition 8 The problem of the firm i in the duopolistic setting facing dynamic programming

problem (11) is equivalent to

T
t,T
max Zat ’ hz (qqut—ivsast—i?p;pt—i) . (12)
t=1
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where hZ’T(.) is defined as in (4) with the modification presented in subsection 4.1. If (qt,st,p!)

mazimizes the hE’T function for each t < T, then {(q},st,pt) | 1 <t < T} is an optimal solution to
(11).

Using the above proposition, we can reduce the problem to the problem of two competing
newsvendors. The following proposition characterizes the equilibrium point of this competition.

Before proceeding to the result, we define the following parameter. Let
g; = C; / ﬁl

This parameter is the ratio of the cost to the virtual price p. Recall that virtual price is the expected
revenue a single copy sale on stand will generate over the the planning horizon (taking into account
the subscription and advertisement revenues).

Next, we assume that the demand is uniformly distributed. Without loss of generality, we

assume the demand is U|0, 1], and we carry out this assumption in the remainder of section 4.2.

Proposition 9 If the two firms are working in markets which are separate enough (with regard
to the overflow parameter 7;), the equilibrium point (¢'*, ¢**) of the duopolistic competition of two

firms with demand functions D; = A; +v;(A; — qj)T where A; and Aj are U[0, 1] is:

1. If o9 < \/201/71 and o1 < \/202/72 (1) the equilibrium point is the unique solution of the
following equations in which q3 , ¢ € [0,1]:

c1 o (1 —g3)?

9 - qogy+r "B 13a

5 (1—q}) 5 (13a)
1—qg* 2

2 gy 2 (130)

D2 2

2. If 09 > \/201/7 and o1 < \/209/7v2 (1) the equilibrium point is the unique solution of the
following equations in which ¢ € [1,1+ y1032] and ¢ € [0, 1]:

e2q” + erqi +e0 =0 (14a)
c
G=1-= (14b)
b2
where
62:%
- (1,
€1 = (’Yl—i_ﬁz)
oo, 1mé 1
€0 = 5, ﬁl+2ﬁ§ +271
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3. If 09 < \/201/7 and o1 > \/209/72, then analogous result holds as above.

The ~y; parameters should satisfy v; < (1 —0y)/0;.

Remark: In many settings, the conditions on ~; values are satisfied naturally. In a typical
newsvendor problem, where there is an overage (b) and underage (h) cost (this can be an extension
to our model that will consider the loss of goodwill if we do not satisfy the demand), we might
have h > b. It can be shown that A > b is a sufficient condition to guarantee the above mentioned

bounds on the ~;’s.

4.2.2 Interpretation of Different Equilibrium Behaviors

The following argument interprets condition (f). Expand the condition as follows:

o9 < \/201/71 = 02 < \/2/m1+/o1 (upper bound on cy/p2)

01 < V/203/72 = 01 < V/2/12/02 = 172/2 < 02 (lower bound on /)

Since 0 < v; <1 and 0 < ¢; < p; we get that 0%72/2 <1< \/ﬂﬁ and the above bounds
for o9 are consistent. Analogous bounds can be derived for o;. These bounds show that for both
firms to produce an amount in the interval [0, 1] (their initial loyal customer demand bounds), their
cost structure should not be very different. (For example, if o3 = 0.9, 09 = 0.1, and 7; = 1, these
conditions do not hold.)

Notions of Equilibrium: As stated above, when condition (f) holds, both firms will be
producing within the bounds of their initial demand. Another interpretation is that both firms will
be using the same functional form of best response functions, i.e. equations (13a) and (13b) which
are of the same functional form. We call this type of equilibrium symmetric (Type I). On the
other hand, if condition (1) holds the firms will be using different functional forms of best response
functions, i.e. (14a) and (14b). We call this type of equilibrium asymmetric (Type II). Notice
in the asymmetric equilibrium one firm is producing more than the upper bound of its initial loyal
customer demand.

The following proposition shows that for any two non-identical firms, if the markets are separate

enough (thus the overflow coefficient 7;’s are low), the symmetric equilibrium emerges.

Lemma 2 For any combination of (c1,p1) and (c2,p2), there exists v* such that the equilibrium is

symmetric for all v1, v2 < v*.
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The above proposition states that if the firms work in separate enough markets, the symmetric
equilibrium will emerge. Another interpretation for ; can be the degree of substitutability of
products. Later on we give another interpretation for ~; which is useful when firms have different
~; values.

We can now interpret condition (). As mentioned in the proof, this case is equivalent to firm
1 producing more than the upper bound of its initial demand (more than 1 unit). This will be
optimal, if the cost-profit structures of the two firms are very different. For example, firm 2 might
be producing much less because of a high oo (cost to price ratio) value relative to firm 1. In this
case, the amount of overflow to firm 1’s market justifies firm 1 producing more than 1 unit (the
upper bound of its initial demand). Another argument might be that firm 1’s o1 (cost to revenue
ratio) value is so low that it justifies producing a lot in the expectation of firm 2’s overflow. Either
way, this means that firm 1 is producing more than the upper bound of its initial demand in the
anticipation of the overflow of unmet demand from firm 2.

Figure 1 shows how different values of o7 and oy correspond to different equilibrium types in

an example.

0.8

Type Il
0.6 4
Type |
0.4 4
0.2 4
Type Il
’ 0 0-2 D;l oy 0-6 08

Figure 1: Equilibrium Points

4.2.3 Convergence of Best Response Functions in Symmetric Equilibrium

One interpretation of the results in Proposition 9 is as follows. The equations (13a) and (13b) are
best response functions to other firm’s quantity decision. The following proposition shows that if

the firms choose the best response to the other firm’s production quantity, they eventually converge
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to the equilibrium point of the competition. Moreover the convergence rate in case 1 of Proposition

9 is linear.

Proposition 10 In the uniform demand and symmetric equilibrium setting, a tatonnement scheme

to solve the system (13a) and (13b) converges linearly to the Nash equilibrium point.

For further information on tatonnement scheme, please refer to Vives (1990).

4.3 Competition with Quantity and Subscription Price Decisions

In this subsection, we consider the case that firms decide both on their optimal quantity and
subscription price, while we assume that the newsstand price is exogenously given. In each period,
firms choose a subscription price, and coefficients d; and (; are functions of the subscription price
(i.e. §; = &;(st) and B; = B(s!)). The macro and micro level interpretation for § and 3 presented
in the monopolistic case are still valid. Now we proceed to find the optimal decision of each firm

in this setting which leads to the equilibrium.

Proposition 11 If regularity conditions (RC) hold, in the infinite horizon case the optimal value
for the subscription price of the firm i competing in a duopoly is either a solution to

di(ss) adi(si)  9Bi(si) L 00; (i, i)
sitmi—c  1—a-Bi(si) Os 0s;

=0 (15)
ors; = 0.

As noted by the above proposition, in this case the two firms first decide on the optimal
subscription price like in the monopolistic case. This follows from the observation that each firm’s
optimal subscription price decision is independent of the other firm’s quantity and price decision as
seen in equation (15). As a result of this independence, each firm will set its subscription price like
a monopolist through equation (15), and the problem reduces to the same problem as the previous

section.

Proposition 12 Two firms (as in the setting of Proposition 9) competing with quantity and sub-
scription price first set their subscription prices like a monopolist and then choose their production

level as in Proposition 9. This decision will determine the unique equilibrium point.
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5. Numerical Analysis

In this section, we look into a numerical analysis of the above models and analyze how certain
parameters affect the outcome of the model. Our goal here is to focus on certain observed behaviors
of the model that are interesting and characterize optimal stand price (p*), subscription price (s*),

production quantity (¢*), profit (II), subscription rate (§) and retention rate (/3).

5.1 Effect of Increasing the Current Subscribers’ Sensitivity to the Subscription
Price in the Monopolistic Setting
This effect is captured through the change in the bg parameter of the retention rate (recall that
the retention rate is 3(s) = ag—bgs). As one might expect, with the increase in the sensitivity
of customers, the optimal subscription price decreases, and as a result of this, the subscription
rate (§) increases (recall that subscription rate: 6(s,p) = §'(5)6%(p) = (as — bss)(ap + byp)). The
optimal production quantity and the total profit also decrease. An interesting behavior we observe
in this case relates to the retention rate the firm faces (see Figure 2 for more details). The retention
rate of the firm does not change monotonically with the change in the sensitivity of subscribers.
This means for two firms with the same cost structure, the firm with more sensitive subscribers
might show a higher retention rate than the other one. This illustrates that as the sensitivity of
the customers to subscription price increases, firms do not adjust for this change with the same
speed. They prefer to suffer from a lower retention rate but generate profit at a higher price from a
smaller customer base. When customers become too sensitive, loss of advertisement revenue forces
firms to lower their subscription price to increase the retention rate. This behavior is observed in

monopoly models both with and without stand price decisions.

5.2 Effect of an Increase in Spot-buyers’ Sensitivity to the Stand Price

This effect is captured through the change in the b, parameter of the subscription rate (recall that
subscription rate is d(s,p) = §1(s)6%(p) = (as — bss)(ap + bpp)). See Figure 3 for more details. An
interesting observation is that with the increase in the sensitivity of spot-buyers, the total profit of
the firm increases. Indeed, as stand-price sensitivity increases, more spot-buyers tend to subscribe
and pay a lower subscription price, which increases the revenue of the firm through advertisement.
Here, we also observe that with the increase in stand-price sensitivity, the stand price that the firm
sets increases. This shows that if a firm is facing a customer base which is very sensitive to stand
price, it can take advantage of this behavior and execute a reasonable increase in stand price to

shift spot-buyers to subscribers, hence gaining more profit.

21



0.95

0.946

0.942 +

Retention Rate

0.938 4

0.934 4

0.93 T T T T T T T T 1
0 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009

Sensitivity Measure bg

m ¢ Qg bs ap by ag «
8 1 0.1 0.0045 0.3 0.001 0.05 0.95

Figure 2: Retention Rate as a Function of Subscribers’ Sensitivity to Subscription Price
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Figure 3: Profit as a function of Sensitivity of Spot-buyers to Stand Price

5.3 Value of Optimization

In many real-life settings, companies act as price takers with regard to stand price. In this setting,

the two levers that a company has are the subscription price and the quantity it produces. In this
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Table 1: Effect of Optimizing Production Quantity and Subscription Price

Opt(q) — NoOpt Opt(s,q) — Opt(q)
a. Naive Firm NoOpt Opt(q)
eq=5% e;=10% e4=15%
es =95 1.5186% 6.3637%  15.5557% 0.0670%
es = 10 1.5201% 6.3710% 15.5751% 0.2683%
es =15 1.5229%  6.3832%  15.6076% 0.6058%

b. Responsive Firm
eq=5% e;=10% e,=15%

es =5 1.5184%  6.3635%  15.5553% 0.0669%
es = 10 1.56110%  6.3704%  15.5736% 0.2683%
es =15 1.5226%  6.3820%  15.6043% 0.6057%

m ¢ as by ap b ag bg a a b p

30 27.5 0.5 0.009 0.3 0.001 0.05 0.0001 095 30 0.5 28

section, we try to compare the effect of optimizing these values on the profit of the firm. As our
base case, we consider the setting characterized by Table 1.

In this case, the optimal subscription price and production quantity are (s*,¢*) = (26.128,16.467).
We consider two behavior types of firm: naive firms and responsive firms. A naive firm chooses
both its production quantity and subscription price randomly around the optimal decisions. A
responsive firm chooses its subscription price randomly around the optimal subscription price and
then chooses the optimal production quantity for its randomly chosen subscription price.

In order to evaluate the performance of a naive firm, we assume that the firm selects (3, q)
decision according to (§ = s*+e,-s*, § = ¢*(s*)£eq-¢*(s*)), where both e, and e, take values of 5%,
10% and 15%. These errors are uniformly distributed, and we implement it using a discretized grid
of size 501 x 501. In the case of a response firm, the firm selects (5§ = s*+es-s*, ¢ = ¢*(5)xeq-¢*(3)),
where e is defined similarly as above, and ¢*(§) represents the optimal choice of ¢ for given 3.

In Table 1, NoOpt refers to the average objective function value when the (s, q) vector is chosen
randomly in the relevant range. Opt(q) shows the case when s is chosen randomly and then an
optimization problem is solved to find the corresponding optimal q. Opt(s,q) refers to the case
where both s and q are solved optimally. This example was constructed in a way that two criteria
are met, namely s* < p and ¢ < p. From the above example, we observe that the performance of

the firm (regardless of being naive or responsive) certainly improves when the firm optimizes both
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q and s; however, most of the improvement can be captured by optimizing over a single decision
q, as evidenced by the last column of the table. This observation is consistent with the range of
parameters that we have tested. It is notable that if these conditions are relaxed, specifically if the
stand price is chosen to be lower than the production cost, the magnitude of profit improvement
from optimization dramatically increases. Furthermore, in such cases we observe that the value
from optimizing subscription rate s is higher than that of subsequently optimizing production
quantity q.

Another interesting observation related to the relationship between demand price and cost can
be made. As mentioned previously, in the monopolistic setting with quantity and subscription

decisions for the finite horizon case, the optimal quantity is given by the following formula:

C
p+(s+m—c)d E]T:_()i(aﬁ)j + ol —iyfT—i§ -

1—-Fp(q) =

Discarding the second and third terms in the denominator reduces the problem to the case of a
newsvendor with no subscription and advertisement revenue. In that case, for the company to be
profitable it is required that ¢ < p, but as the above relation suggests, it is quite possible for a
subscription-based firm to price its stand price below the production cost and still make a profit,
due to future advertisement and subscription revenues.

It is also notable that if the regularity condition of Lemma 1 (st +m—ct+a-v-8> v) holds,
the optimal quantity decision will be increasing in the planning horizon. Ahn and Olsen (2005)
observe the same behavior. Since they consider the end-of-horizon values to be 0, the values in
their model automatically satisfy the above regularity condition. Figure 4 shows how the optimal

quantity decision changes with the increase in the planning horizon.

5.4 Effect of Awareness of Existing Competition in the Duopolistic Setting

In this section, we study the value of considering the competitor’s effect on a firm’s profit. In a

duopolistic setting, two firms can operate on one of the following situations.

1. Both firms are aware of the competition and optimize their decisions considering the other

firm’s actions.
2. One firm is aware of the competition but the other one is not.

3. Both firms are oblivious of competition.
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Figure 4: Effect of Planning Horizon’s Length on Production Quantity

In the following subsections, we present numerical examples of how certain variables affect the
profit of the firm in the settings described above. Below, we suppose that the stand price p is

exogenously given and that the decisions include both the quantity ¢ and the subscription price s.

5.4.1 Effect of an Increase in Production Cost for Symmetric Firms

Figure 5 illustrates the profit improvement of one firm that takes into account the existence of its
competitor, while the competitor remains oblivious of competition.

As the cost of production increases (see Figure 5), it becomes more important to consider
competition, when a firm decides on the optimal production quantity. The firms are identical in
this simulation, and each line shows this effect at a certain level of market separability . For the

ease of exposition, v, and 2 are taken equal (y; = 2 = 7).
5.4.2 Effect of an Increase in the Stand Price for Symmetric Firms

Figure 6 shows the value of considering competition as a function of the stand price, which is
exogeneously given. Like the previous case, the graph shows this value for various levels of market

separability ~.
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Figure 6: Effect of Stand Price Increase on Importance of Considering the Competition

5.4.3 Value of Considering Competition for Asymmetric Firms

In this subsection, we compare the benefits of considering the competition for asymmetric firms.

We analyze two types of asymmetry: asymmetry in the cost structure or in the loyalty of customers.

e Cost Structure Asymmetry:
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Figure 7: Effect of Cost Structure Asymmetry on Competition

Figure 7 shows how the profit of a company changes when the cost of production or the stand
price increase. As one expects, profit decreases in the first case and increases in the second case.
The interesting behavior can be seen by comparing this trend with the trend of a firm’s gain by
considering competition. It is more important for high cost-basis companies to consider competition
than low cost-basis companies. Figure 7-b shows that companies that enjoy a higher stand price

gain less from considering the competition effect than the companies with a lower stand price.
e Customer Loyalty Asymmetry:

In this subsection, we introduce a new interpretation for the « parameter. Previously, we described
~ as the degree of separation of the markets. This interpretation is more applicable when v values
of firms are equal. Another interpretation of v is as loyalty of customers. A firm with a high + value
has more loyal customers since its customers shift to the other firm at a lower rate. Alternatively,
one can interpret v as the attraction power of one firm. The firm with a higher « can attract the
unmet demand of the other firm at a higher rate. Figure 8 shows how firms with different ~ values
benefit from competition.

In this case, we consider two firms which are identical in all parameters and are only different in
their v values. The graphs show how one firm’s profit from considering competition changes when

its v value changes.
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Figure 8: Effect of Customer Loyalty Asymmetry

We observe that as firm 1’s customer attraction power ; increases, the profit improvement
benefit resulting from considering the effect of competition also increases. This can be explained by
the fact that the increased attraction power of a firm results in a higher amount of overflow demand
from the competitor, which when properly accounted for results in a higher increase in revenue. In
the extreme case where 7 is equal to zero, the firm does not gain anything by considering the effect

of competition.

6. Conclusions

In this paper, we formulate the problem of a firm which has two sources of revenue: 1) sales of its
product either through direct sales or subscription and 2) advertisement revenue. We propose a
model that captures the dynamics of customer subscription, retention and attrition. Specifically,
we assume certain functional forms for the rate at which firms acquire new subscribers and the rate
at which current subscribers unsubscribe. Based on these dynamics, we formulate the problem of
a profit maximizing firm as a dynamic program.

This problem can be hard to solve in the original format, since the revenue generated in each
period is affected by all of the decisions taken in any of the previous stages. The revenue of each
period depends on the number of customers which subscribed in the previous stages, which is
affected by the pricing and production quantity decisions of every stage. We propose a method to
reduce this multi-stage problem to a series of single-stage problems by introducing the concept of

virtual price. This price represents the revenue generated by a single copy sold over the horizon,
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as opposed to only the revenue it generates in the period it is sold. Using this concept and taking
advantage of the functional form of the dynamics of the system, we are able to reduce the problem
of the firm to a series of single-stage newsvendor problems. Each of these problems can be easily
solved, and the result can be translated to the multi-stage form. This line of analysis is carried
over for the monopolistic case in three different scenarios: 1) when a firm has only a production
quantity decision, and the subscription and stand prices are exogenous and fixed; 2) when a firm
has the production quantity decision and also should decide on the subscription price, but the stand
price is fixed; and finally, 3) when the firm has to choose the production quantity and both the
subscription and stand prices.

We then consider a duopolistic setting where each firm benefits from the overflow of unsatisfied
demand from the other firm. We study different types of equilibria that can emerge in this situation
and provide economic interpretations for each type of equilibrium. We use a demand function
which can capture the concepts of 1) customer attraction power and 2) customer loyalty /market
separability.

Finally, we perform a numerical analysis on the model. We analyze the effect of increasing
certain parameters on customer retention and profit of the firm. We also compare the bottom-line
impact of each decision variable (i.e. production quantity, subscription price, and stand price) by
examining the incremental benefit of optimizing each one. The results show that each of these
decisions can be important for the firm and neither of them should be dismissed. We show that
as the cost of production and/or the length of the planning horizon increases, it becomes more
important for symmetric firms to consider the effect of competition, whereas the increase in the
stand price has the opposite effect.

The case of asymmetric firms is also studied to identify which firms benefit more in a competitive
setting. We show that firms which have more loyal customers benefit more from the competition.
We also consider the impact of production cost and stand price on the value of competition.

For future work, we intend to extend the duopolistic result to a general competitive case where
more than two firms compete. We would also like to consider more general functional forms for the
dynamics of the model and derive numerical solutions in these cases. We will also try to extend our

model to determine the optimal price and user-accessability for online web versions of magazines.
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A. Appendix

A.1 Proof of Proposition 1

Let the objective function of the dynamic programming formulation of the T" period problem be

denoted by Jr. From (1):

T t—1 T
Jr=3Ya'|—cg' +p'ot + D (sF +m— BN + " |5 + v > BINTHL
= h=1 k=1

From the definition of N** we have E[N*] = 3tk § ¢ for all k < t — 1 and E[NV'71] =4 - ¢.

Replacing these values in the objective function and expanding the summations we obtain:

Jr = a-cq' +p'o']
+ a?[—cq® —p*¢? + (s' + m — )5t o]
+ o’ [—eq® —p*¢® + (s' +m — )86 ¢! + (7 +m — )5 ¢
n
+ oo + v (B0 + (BH)TT262 %+ )]

Now collect all the terms with (¢t, s*, p') decisions together

T-1
JT - [qu +p1¢1 + Z(Sl +m— C)(/Bl)k_151¢lak +OZT’U(61)T_1 61 ¢1]

k=1

T-1

+ 2 [—CC_[ 2¢2 (82 +m— C)(ﬂZ)k7262¢2ak71 + anlv(ﬁQ)TfQ 52 ¢2]
k=2
T-1

+ a3 [—cq _p3¢3 (83 +m— c)(ﬂS)kfi’)éS(bSaka + an2,U(/83)T73 53 ¢3]
k=3

+

+ aT+1~

Rearranging the above expressions, we get

T—
Jr = a{ p1~l—61<s +m —c¢) Z +v~aT(ﬁl)T_1>] qbl—cql}

1
+ 012{ p2 +52 <(52 +m— C) ak_l(ﬁ2)k_2 +u- aT_l(/QQ)T_1>] ¢2 _ Cq2}

+ oz3{

+ 4ot

| >—\

T
I
— o

p*+4° <(83+m—6) o 2(EE o a2 ()T )] ¢3—cq3}

k=3
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Finally changing the summation limits we get

Jr = a{ p1+51<8 +m — Zak L —I—U-aT(ﬁl)T_l)] gbl—cql}
T
I az{ 0%+ 67 ( 2 4m—ec Zak 2(52)k=3 aT—l(BQ)T—2>] ¢2_Cq2}
k=3

T
+ as{ p3+53<5 +m—cZak 3By T—2(ﬁ3)T—3>]¢3_cq3}
k=4

+ 4ot

Thus we have
T
Jr=>Y o T, s'p") + "5 where APT(¢, s ph) = Pl p') —c-
t=1
Notice that o *1% is constant and has no effect on the optimal choice of decision variables, therefore

the oT T term can be eliminated from the optimization problem. [J

A.2 Proof of Proposition 2

The proof is based on the first order conditions of the one-stage representation of the problem. First,
notice that the objective function of the firm is a separable function of quantities produced in each
period (i.e. h%T(.)). Each of these separate functions is a classical newsvendor problem which has
a concave objective function, and thus the first order conditions are necessary and sufficient to find
the optimal point.

Note the optimal value of production in the t** period of a T horizon problem with ¢***. This
value can be determined using the Jr functions, defined in appendix A.1. Taking the derivative of
Jr with respect to ¢! and setting it equal to 0 yields equation (6).

Taking the limit of this optimal value yields the same result for the infinite horizon case. The
infinite horizon solution can also be derived directly by optimizing the one-stage representation of
the infinite horizon problem.

As mentioned above, in both cases the problem is sum of multiple separable classic newsvendor
problems which each has a concave objective function, and thus the first order conditions are both

necessary and sufficient. [J

A.3 Proof of Lemma 1

Since in this lemma the retention rate (3!) does not depend on the subscription price (s'), the ¢

superscript is dropped for brevity.
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(i) From equation (3) and (6) we know the optimal production quantity value is determined

through:

l—FD(Q>:pt + 8tpH) [(st+m—c)-a/(l—a-p)]

As we are considering the setting where the conversion rate () and the retention rate ()
are independent of the subscription price (st), decreasing the subscription price will increase
1 — Fp(q'). Since Fp(q') is an increasing function of the production quantity (¢*), this leads
to a decrease in optimal production quantity value. Thus the optimal production quantity

decreases over time.

(ii) We need to show that if s* > s'*! and (s! +m — ¢) + avB > v then ¢**T > ¢*' 1T, So

(s"+m—c)+v-aB>v (A-1)
= (st m— )T Tt oy oTtHIgT—t > o Tt gT—t-1
T
- (St +m— C) Z aj_tﬂj_t—l +u- O[T—t—l—lﬂT—t
j=t+1

T
> (st tm—c) 3 @B gy Tt Tt
j=t+2
(&
p+o [(St +m—c) Z;‘.F:tﬂ Qi=tBi—t=1 4 4. aT—t—&-lﬁT—t}
C

<
p+o [(SH'I +m —c) Z;*.F:tH Qi=t=13i—t=2 4y . aT—tﬁT—t—l}

= 1-Fa(qd") <1 - Fa(¢'th

= qt > qt—l-l

t > s and the fact that we are adding greater

where the third inequality follows from s
terms to the left side of inequality and smaller terms to the right side. The last step follows
from the increasing property of cumulative distribution functions. This establishes (A-1) as

a sufficient condition for the lemma to hold. O

A.4 Proof of Proposition 3

The monopolist problem in the infinite horizon case is:

max ZT:ozt [(pt + 6'(s" pt)(st tm—o a) o'(¢"p") —c- ¢ (A-2)
pa Tl —a- Bi(sh) ’
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Using the first order necessary conditions the result follows. It only remains to show that the
optimal subscription price is not arbitrarily large. It suffices to show that firm’s revenue increases
by decreasing s! if st is arbitrarily large. As limg_, s'0%(-) = 0 (Condition RC), the firm does
not gain any subscription revenue when the subscription price is too high. Thus the revenue will
be limited to the stand stales and there will be no subscription or advertisement revenue. By
decreasing the subscription price, in addition to the revenue through stand sales, which will remain
unaffected, the firm will also be receiving some revenue through advertisement and subscription.
This shows that the optimal solution is not arbitrarily large. Thus the optimal solution is either

the solution to the first order condition or st = 0. O

A.5 Proof of Proposition 4

The optimal subscription price and production quantity decision of the firm are either boundary
points of the feasible region or stationary points inside the feasible region. In this setting ¢' €
[0,+00) and s! € [0,+00). Neither can be arbitrarily large with arguments similar to appendix

A 4. So either the optimal values are 0 or they satisfy the following set of equations:

5ht(qt’5t) A
5ht(qt73t) A

As shown in Proposition 3, the first equation only includes the subscription price (s') decision.
Thus the firm will first choose an optimal subscription price (s') independent of the production
quantity (¢') through A-3. In the next step, the optimal production quantity decision (¢*) will be

made through (A-4). In a more abstract form the objective function of firm can be viewed as:

f(s,q) = fi(q) + f2(q) - f3(s)

Knowing that fi(q) and fy(q) are positive values the optimal choice of s to maximize f(s,q) does
not depend on the value of q.

After finding the optimal subscription price, the problem reduces to finding the optimal pro-
duction quantity decision for a given subscription price, which is solved through Proposition 2.

O

A.6 Proof of Proposition 5

The proof for this proposition is similar to the proof of Proposition 4 and is omitted. [J
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A.7 Proof of Proposition 6

Given the assumptions stated in the proposition and the transformation presented in subsection
3.3.2, the firm’s problem as a one-stage problem will be as follows (we have dropped the ¢ superscript

for the sake of brevity):

max H(ﬁv Q) = ﬁE mln{D(ﬁ)? q} —cq

s.t. p,q=>0

In the additive case we have:

- q—a+bp ~ 1
I(p,q) = pEmin{a—bp+eqf—cqg=p (/0 (@ —bp+e)f(e)de + / L qf(é)d6> —cq
qg—a-Tbp

7 P’

2

~2~
a 79 b I
= —7p+abp2—7p—cq+pq+apq—bp2q—

where f(€) = 1.
Using the first order conditions, we find the optimal (p*,¢*) to be the solution to the system of
equations (9a) and (9b). Checking the boundary conditions also ensures that the optimal solutions
will be derived using the first order conditions, as II(p,0) = 0 and II(p, co) = II(oc0, §) = (00, 00) =
—00 (5 # 0). Thus the choice of optimal ¢ will not be on the boundary. It is also clear that p < ¢
(specifically p = 0) is not an optimal solution.

The solution for the multiplicative case is along the same lines, and in that case the simplified

profit function is:

N(p.q) = pEmin{a(bsp+az)~"¢ ¢} — cq
a/(a(bsptaz) ") X 1
= p /0 a(bsp + ap)” ef(e)de+/ qf(e)de | —cq

a/(a(bsp+az)—b)
. _ 1 q q
= p <a(bﬁp +ap) " x §(W)Q +q(1 - )> —cq

~ b
= g ULy
where f(e) = 1.
Again, using the first order conditions, the optimal (p*,¢*) decision is characterized as in (10b)
and (10a). An argument similar to the additive case shows that the optimal virtual price is neither
arbitrarily large nor on the 0 boundary. With the same argument, the optimal production quantity

(¢) is not on the 0 boundary, and if bsp + a; is positive, the optimal production quantity is not on

the co boundary either. [
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A.8 Proof of Proposition 7

As shown in the proof of Proposition 6, the optimal production quantity (g) solution is not on the
boundaries of the feasible region [0, +00). The optimal virtual price (p) also can not be arbitrarily
large since this will lead to an arbitrarily large newsstand price (p), which drives the sales to zero

b¢ = 0 in the multiplicative

and yields no profit. This follows since lim,_,o p - D(p) = limy, o pap™
model of demand and lim,_.ocp - D(p) = lim,—oo p(a — bp 4+ €)T = 0 in the additive model (recall
that in the linear demand model b > 0, in the multiplicative model a > 0, b > 1, and in both models
¢ = min{D(p), ¢} and € is a bounded random variable). But it is possible that the optimal virtual
price (p) results in a negative newsstand price (recall p = bsp + a;), which is not acceptable. In
order to tackle this, we 1) eliminate the virtual price (p) values that result in a negative newsstand
price (p) and 2) add the boundary point 0 to the set of possible choices for the optimal newsstand

price (p) and compare it with other feasible stationary points derived from equations (10b) and

(10a). This point is (p*,¢") = (—ap /by, a" + 1 + cbge faz + bag). O
A.9 Proof of Proposition 8

The proof of this proposition is same as Proposition 1 and is omitted. [J

A.10 Proof of Proposition 9

We use the result in Lippman and McCardle (1997) to derive the equilibrium points. They prove
that a pure-strategy Nash equilibrium exists in inventory levels (g1, g2) in case of two newsvendors
competing over quantity. This is proved using the theory of supermodular games by Topkis (1979).
The following result is due to Lippman and McCardle (1997):

Characterizing Equilibrium: The pair (¢7,q3) of inventory levels is a Nash equilibrium if each
firm stocks out with probability z%

P(D; > qf) = & fori=1,2
i

If the cumulative distribution of D; is continuous, then this condition is also necessary. Moreover,
if 1 =72 =1 (so all unsatisfied demand is reallocated), then qi + q3 > ¢*: competition never leads
to a decline in industry inventory.

In the above proposition, ¢* stands for the total production quantity that will maximize the
sum of the profits of both firms. Using this result, the equilibrium points for the two firms when

they face a uniform demand is characterized as follows. Since each firm faces the demand D; =
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Ai +7i(Aj — g;), the stockout probability for each of the firms is:

i
Ié =P(D; = qi) = P(Ai +7i(Aj — 4;)" = @) (A-5)
7
We know from the above theorem that the duopoly game has a equilibrium. We also know the
necessary and sufficient condition for the equilibrium point. Utilizing this information, we focus on
different sub-games of the original duopoly game and derive the equilibrium points (if any) that
might exist in each sub-game. Consequently, we derive the conditions that the equilibrium point

will emerge in a certain sub-game and not the other ones.

We analyze this problem in three cases by restricting domain of ¢;’s.
e Casel: ¢; > 1 for all ¢

There is no equilibrium that will satisfy the above criteria. The above condition refers to the setting
where both firms are producing more than 1 unit (the upper bound on their initial demand). Since
none of them is getting any overflow of unmet demand from the other firm, each of them is facing
a classic newsvendor problem and is better off by lowering its production quantity to less than 1.

Hence, this is not an equilibrium.
e CaseIl: 0 < ¢; <1 for all i

Assuming 0 < ¢; < 1 and conditioning on the value of A1, we get

PA+v(Ae—q)">q1) = 1—q)+Pri(Aa—q2) >q1 — Ai,qi > Ay)

@ .

= (1-q1)+ P(Agzqfl-i-QQ—f)dx
0 Al st
q1

= (1—Q1)+/ P(Azzﬂ-i-(n—i)dx
a+mae—m M ga!
q1

R L A T
a+y192—7 ga! m

1— 2
= (1-q)+ 71(2q2)

where the third equality follows from ¢; + v;q; — v > 0 (proved below) and that 0 < ¢ < 1.

The same equation holds for the second firm, so we have to solve the following system of

equations:
c1 n(1 = g2)?
— = (1-q)+ A-6
2= o)+ (A-6)
c 1—q)?
2 = (1-@)+ el =a) (A-T)
D2 2
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Xy =J1-Ky )(22

\/ Kl/ 1st firm best response

2nd firm best response
X2 =J3- Ky X12

X2

X1

Figure 9: Best Response Functions

To analyze the general system of equations (A-6) and (A-7) look at the plot of the following

system in Figure 9.

rT = Jl — Kll'%
o = JQ — KQ(I?%
where in our model J; = ¢;/p;, K; = vi/2 and z; = 1 — ¢;.

In order for the above system to have a unique solution satisfying 0 < ¢1,q2 < 1, one of the

following sets of constraints should hold:
(t) J1 < [‘é and Jp < , Or
(1) 1> 1%2 and Jo > K1

First we investigate ():
Jo2 < \/£:>g2 < \/21/2
K D2
J1§/£:> [2 [c 2l &
Ko pl W\ 2 pl P2

Noting that 0 < ~; <1 and 0 < ¢; < p;, the above bounds for ¢y/py are consistent. So solving

the equations (A-6) and (A-7) will give us the equilibrium solutions.
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Now focus on the (f). Notice that:
J c 2 /e c
T > [ = 2> > = ()
K P2 MV o ;
Jo c1 2 [cg o « 1 e ¢
S22\ = =2 2= ==
Ky P1 Y2\ D2 T P2 P P2 P

c 2 fc [ 2 2p
— 20—/ =z —=mwn=—2=>1
p Myp p g c

where the last inequality follows from the fact that virtual price is higher than the cost. But by

So we will have:

definition v; is less than 1. Hence, the second set of constraints will never hold with our assumptions.

It remains to show that g; +;q; —~; > 0. Define wy as the solution to P(A1 > wy) = 01. Recall
Ay is a Uniform[0,1] random variable. Therefore, w; = 1 — 01. Compare w; with ¢;, where ¢ is
the solution to P(Dy > ¢q1) = 01. Recall Dy = Ay +71(A2 — q2)". Therefore ¢; > w;. Similarly we

can prove g > wy (where wy is defined analogous to wi). So
a/mte>1-0a)/m+l-m>0+l-0=1
where the second inequality follows from the assumption on the bounds of ~;’s.
e Caselll: 1 <¢g; and 1 > ¢_;

This is the setting where one of the firms is producing more than 1 unit. Without loss of generality,
assume ¢ > 1 and ¢ < 1.
In this case, because there is no overflow of demand from firm 1 to firm 2, the second firm will

be solving a classic newsvendor problem, and its optimal quantity decision will be:

Knowing this, the first firm’s demand function will be

Dy =Ar+m(Ay—1+ ;—z)#

Now, the first firm is also facing a classic newsvendor problem and we just need to specify distri-

bution of D;. This distribution is derived through Lemma 3.

Lemma 3 Distribution of sum of two independent random variables X1 = Unif[0,1] and Xy =

Unifl0,a], a <1 is
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1. 0<b<a: P(X1+ X2 <b)=b2/2a
3.1<b<1l4a: PX1+Xo<b)=—0b—-—a—-1)(b—a+1)2a+(b—1)/a

Proof: The proof is straightforward and omitted.

Dy is sum of two random variables: one of them is a uniform [0, 1], and the other one is a
random variable which has a mass probability 1 — ¢2/p2 on 0 and the rest is uniformly distributed
on the interval [0,7ic2/p2]. Assume Aj is a random variable which is uniformly distributed on

[0,v1c2/p2]. So the new random variable will have the following distribution:

P(Dy<a) = PAM<a, Ay <g@)+PA+A3<a, Ay >q5)
= P(A<a)1- )+ P(A+ A5 <a)(2) (A-8)
P2 D2

Using the Lemma 3, we can write the probability distribution of D;.

1. 0<a<myica/p2

P(D1<a) = al-2)+P(A+As <a)(2)
P2 p2
2
co 9 c2 c2 2 a
= al——)+a"/2=—) (=) =0a(l— =)+
(1= 2+ e/ 2) (2) =all - 2)+ 5

2. yiea/pa<a <1

P(D1<a) = a(1—2)+P(A1+A3§a)(C£)

20)2 C Zc)2 Y1, C
= a(l= )+ Ca-m2)/2 () =a— ()
3. 1<a<1l4vc/po
P(Dy<a) = ﬂ—%?+PMth§aX%)
C c c C2 Cc2 C2
=(P5?+FU@%£%@—W£—U@—ME+U+U@%QW—M%Q

c c2 2 1

= 1=+ [0 (a=mz —Da—mz +1)+ —(a—1)]
b2 P2 y2)

Co a? aca  1m C% 1 a

P2 2m1 P2 2 P35 2 m

Now, the solution to the newsvendor problem of the first firm will be P(D; > ¢}) = ¢1/p1. We are

looking for the equilibrium point in the sub-game where ¢} is greater than 1 (otherwise the second
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firm’s problem would not have been in the form we assumed), hence we have to use the third case.

So ¢; will be the solution to:

c *2 1 c 1 42 1 c
72_{_& 72)* 7712 _ 1

= —)q 5 —_—
P2 2m m Pt 2 P3 2vi ;1

1 9 1 co 1v cg 1 co 1
fa) =" - (—+)a+5—=5 +t5-+=——=—=0
() 2y ! (71 102) Y2 2 B h

It remains to investigate when the above equation has an answer. For that, we check the
discriminant of the quadratic equation.

1 c 1 1y 1 c c 2c
A==+ 2P A GoE + gt o — ) = = >0

Y1 D2 2n72 5 2m P2 P P
So there is always a solution. In order to make sure this solution is in [0,1] interval, we investigate

the value of the quadratic polynomial in its extreme points.

f(fﬁzl):% %)2—%:%03—01, f(q;‘:1+7162/132)=—% <0
Find the condition where f(gj = 1) > 0. Solving this inequality gives us the condition o9 >
\/m , which is the reverse of the condition for the previous case of duopoly game (symmetric
equilibrium condition). Hence, if this condition is met, the asymmetric equilibrium with firm 1
producing more than 1 unit will emerge. The analogous case will be when firm 2 produces more

than 1 unit and is not shown here for brevity. As shown in the proof of the symmetric equilibrium,

it is not possible to have o1 > \/202/72 and o2 > /201 /71 at the same time. [
A.11 Proof of Lemma 2

Any choice of (¢1,p1) and (c2, p2) will result in two unique values for o1 and oy. Thus one can find

the maximum ~;’s such that o; < ,/20_;/7*, and 7; < (1 — 0;)/o_; hold. Choose v* = min;{~;},

and the result follows from Proposition 9. [J

A.12 Proof of Proposition 10
From (13a) and (13b), we are solving a system of the following form:
1=k —ecizd (1)
Ty = ko — cox? (1)
This system of equations results in

1 < k1= ugo)

To < kg = ugo)
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We also know that z; > 0 = ZEO) and 9 > 0 = lgo). Now we show a round-robin scheme converges

for the above system.

2 2
(N) Il S ugk) = *ﬂ?% 2 7u§k) (g) T9 Z kQ _ CQng) = l§k+1)
2 2
T1 2 lgk) = —zf < —l§k) <k xo < ko — Cngk) = u;k+1)

k)? k+1 k)2 k+1
2 e W2 . ),

Similarly 1 > k1 — ciu and z1 < k1 — c1ly

Repeating the above iteration results in

2
o>k Clugk—l—l) :: l§k+2)

1 < ki — cll;’fH)Q — u D
So we will have
u§k+2) — l§k+2) = (k1 — Cll§k+1)2) ey — clugﬂﬂ)z) _ cl(ugk“)z - 15’““)2)
— 01(u§k+1) +l§k+1)>(u§k+l) B l§k+1))

2 2
(:) C1 (ugﬁ_l) + lé]ﬁ_l))(/@ — Cglgk) - k2 + 02u§k) )

= af il e + i) @ - i)

Notice that ugk) + l%k) is always strictly less than 2 (since in our setting ugo) =ki=o0;<1). If
(k) _ 4(k)
1 =4

= 1. But this can only happen if ugk_l) = lgk_l) =1 and
so on. Since we never start from u(lo) = ZEO)

it is equal to 2, then we need u
= 1, this will never happen.

In our problem ¢; = 7;/2 and v;, ¥, u¥ € [0,1], so the multiplier of (ugk) — l%k)) in the above

equation is between 0 and 1. Thus, we have established that u§k+2) — l§k+2) = m(ugk) — lgk)) where

m € [0,1]. Considering the above note on ugk) + lgk) being strictly less than 2, m is strictly less
than 1. This shows that a round-robin scheme to find the solution of the above system converges

linearly. OJ

A.13 Proof of Proposition 11

The proof is similar to the proof the monopolist case and is omitted here. It is important to notice
that the same proof holds since the choice of each firm’s optimal subscription price is independent

of its optimal production quantity and the decisions of the other firm as noted in equation (15). OJ

A.14 Proof of Proposition 12

The proof is similar to the proof of the monopolist case and is omitted here. Each firm can choose the
optimal subscription price through Proposition 11 independent of the optimal production quantity

decision, and then the problem reduces to the quantity game studied in Proposition 9. [J
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