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ABSTRACT

Under a Stackelberg game structure, we investigate the optimal R&D portfolio of a single-product monopolist
investment in product and process innovations of a South-country firm. The research is conducted using a
dynamic game with knowledge accumulation. The South-country firm is a manufacturer (the Stackelberg leader)
with a two-market framework, in which it supplies products for its domestic market and a North-country firm
(the Stackelberg follower). Consumers in the two markets have different green preferences and price sensitiv-
ities. Two conventional results reveal that: (a) the investment decisions in product and process innovations are
complementary; and (b) the optimal investment efforts positively respond to a learning rate and a knowledge
accumulation rate. Specifically, we find that: (a) the optimal innovation efforts of the manufacturer are more
heavily affected by the green product preferences of the Stackelberg follower than that of itself; and (b) when
consumers’ marginal willingness to pay for green products is sufficiently high, optimal investment efforts are
higher in the profit-seeking optimum than that in social welfare seeking optimum. In addition, we demonstrate
that under both the monopolist optimum and the social optimum, a unique saddle steady-state equilibrium

exists.

1. Introduction

Innovation is crucial for the sustainable development and compe-
titiveness of a firm and it can boost the products’ profit of the firm. For
instance, a power-conserving electrical system can help a firm attract
more users, and a more efficient machine helps produce more products
in less time. Statistically, in 2005, the G20 accounted for 92% of global
spending on research. Canada, the United States, Germany, South
Korea, Japan, and China devote 1.71%,2.79%, 2.93%, 4.23%, 3.29%, 2.07%
of their GDP on R&D expenditure, respectively. In recent years, many
companies have paid increasing attention to R&D expenditure.
According to the latest available data from the UNESCO Institute for
Statistics, global spending on R&D has reached a record high of almost
$1.7 trillion. About 10 countries account for 80% of the total spending.
To pursue sustainable development goals, countries have pledged sub-
stantially increased public and private R&D spending as well as the
number of researchers by 2030. According to data from OECD, Amazon
invested "$"17.4 billion in 2017, which is almost 30 times its investment
in 2004. In this paper, considering the direct impact of product and
process innovations on a firm’s performance, we focus on technological
innovations. Specifically, product innovation is an effort that aims to
make products better, for example, higher quality or greener
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(Lambertini & Mantovani, 2009; Pan & Li, 2016). Process innovation
represents an effort to reduce the production cost and leads to change in
production function, allowing a firm to place the product at a compe-
titive price (Lambertini & Orsini, 2015; Li & Ni, 2016). For instance,
designing more efficient machines may save more human labor and
materials during production.

Firms’ incentives to innovate in product and process have received
much attention in the existing literature. However, most studies are
related to optimal problems (Cohen & Levinthal, 1989; Hatch &
Mowery, 1998; Xing, 2014; Lambertini & Orsini, 2015; Li & Ni, 2016;
Lambertini, Orsini, & Palestini, 2017). In this article, we consider the
R&D portfolio of a manufacturer in a more complex and realistic cir-
cumstance, where the complexity originates from three aspects.

(1) We discuss the product and process innovation in a game structure.
Specifically, the manufacturer is a South-country firm (a firm from
a South country) under a two-market framework, and it will pro-
duce products for two different markets: for its domestic market
and for a North-country firm (a firm from a North country). What
we want to emphasize is not the optimal strategies of an individual
manufacturer, but that of a system in which the manufacturer will
interact with the North-country firm in the view of the supply
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chain. Therefore, the scenario described by game structure is closer
to the reality. A tariff applied to exported goods will increase the
product cost. As in Aparicio, Gonzalez-Esteban, Pinilla, and Serrano
(2018), importing governments encourage foreign commodity im-
ports through relevant economic and administrative measures. For
instance, the Ministry of Finance of China and the Ministry of
Commerce of China have jointly issued import discount interest
funds for encouraging import (http://en.pkulaw.cn/Display.aspx?
lib=law&Cgid =223938). Yiwu Municipal Government of China
has offered some specific subsidy measures for promoting the de-
velopment of import trade (http://www.yw.gov.cn/
11330782002609848G/a/04/03/02/201801/t20180108_
2860079_2.html). Therefore, in this work government subsidy will
be considered for the imported goods for the North-country firm.
Further, consumers in North and South markets have different
green product preferences and degrees of price sensitivities. The
manufacturer, as the Stackelberg leader, pursues two goals: max-
imizing the economic surplus consisting of the product’s net rev-
enue from domestic and foreign markets, and minimizing the pro-
duction cost and tariff cost by adopting two kinds of innovations.
The Stackelberg follower is the North-country firm, which has only
one goal, that is, maximizing its product’s revenue. A possible si-
tuation is that when process innovation is involved, the Stackelberg
follower is allowed to be able to commit to a non-Stackelberg future
action, for example, in the cases where customer adjustment costs
are a significant concern McElheran (2015) or process innovation is
considered as a form of countering firms’ weak internal capabilities
Hervas-Oliver, Sempere-Ripoll, and Boronat-Moll (2014). However,
in this work, our setting is that the manufacturer produces a pro-
duct with product and process innovations, and sells it both to its
domestic market through itself and to overseas markets through the
North-country firm. The North-country firm in our model plays the
role that a downstream retailer in a traditional supply chain plays.
The manufacturer’s goal of product and process innovations is to
cater to the needs of two markets.

For example, as a global home appliance manufacturer, Haier is the
leader in household appliances in China and number four in the
world (Van Agtmael, 2007). As illustrated in Andersson and Wang
(2011), Haier has stepped out of China to the world and its glo-
balization does not simply involve selling its products to overseas
markets, but occupying markets in developed countries such as
Europe, America, Japan, relying on its high-quality products. In this
case, the manufacturer has more dominance in the game. Therefore,
it’s the Stackelberg leader.

The manufacturer makes its pricing decision and innovation in-
vestments not only related to the interplay with the Stackelberg
follower but also concerned with the impacts of its knowledge ac-
cumulation resulting from learning-by-doing on innovation invest-
ments. Learning-by-doing is the result of knowledge accumulation
generated by experience in the production process Arrow (1962).
However, the existing literature has seldom addressed the dynamic
role of learning-by-doing on product and process innovation. We
consider the effect of learning-by-doing on the two kinds of in-
novation investments in this paper.

We introduce a more general-state dynamic of production cost
function, which relates to the product’s green level. This approach
depicts a more real production scenario. André, Gonzalez, and
Porteiro (2009) and Lambertini and Tampieri (2012) demonstrate
that green high-quality goods explicitly involve higher marginal
production cost. In Lambertini et al. (2017), an example about the
car industry is listed. Green hybrid cars are costlier (to producers
and consumers alike) than brown ones, all else equal, for two rea-
sons: more production cost is needed for a manufacturer to allow
the manufacturing firm to abate large initial R&D investments re-
quired for investing, designing, putting into production electrical
power units; the marginal production cost of hybrid propulsion is
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largely affected by the marginal production costs of the assembled
final products.

The goal of this study is to explore the optimal R&D portfolio in-
vestment in cost reduction and quality improvement as a Stackelberg
leader. We discuss and compare two equilibria of the manufacturer,
namely, the profit optimum and the social welfare optimum. The gap
between the optimal innovation levels of the two different equilibria
can be used to measure the efficiency of the monopolist’s R&D choice of
the South-country firm. We will address the following questions:

(1) In a Stackelberg game structure, do the manufacturer’s (the lea-
der’s) optimal investment levels of product and process innovations
rise, drop, change nonlinearly compared with the scenario without
considering the interplay with the Stackelberg follower? How do
the green product preferences of different kinds of consumers affect
the optimal R&D portfolio of the manufacturer, and which coun-
try’s consumers more heavily affect the manufacturer’s R&D port-
folio? We answer these questions in Propositions 3 and 7.
Lambertini and Orsini (2015) obtain that the two kinds of innova-
tion are independent of each other. Furthermore, Lambertini et al.
(2017) state that both of the innovations are complementary, based
on the assumption that the state functions of the production cost
and the green level of products are not coupled. In this paper, we
couple the state functions of production cost and the green level of
products. In this case, are the two kinds of innovations still com-
plementary? Or can we reveal other new insights? We give answers
in Propositions 2, 6, 7.
(3) How does the knowledge accumulation of learning-by-doing affect
the optimal innovation investments? We answer this question in
Propositions 1 and 5.

(2)

In our analysis, we first explore the North-country firm’s (follower’s)
optimal response to the South-country firm’s pricing policy, and then
embed this response into the South-country firm’s problem to derive its
optimal pricing and innovation-level strategies. Specifically, we in-
troduce a more general-state function of production cost and compare
the variation of the optimal innovation levels in different optimum-
seeking scenarios: profit maximum and social welfare maximum. Our
analysis generates some core insights.

Insights for the Stackelberg game. We analytically obtain the
unique saddle point equilibrium of the Stackelberg game where both
sides seek profit maximum. The analytical saddle point equilibrium for
a profit-maximizing northern firm (the follower) and a social welfare-
maximizing southern firm (the leader) are also easier to obtain by using
the same method. We have omitted it for simplicity.

Insights for the Stackelberg leader. Our core result is that con-
trary to the conventional wisdom (as expressed, e.g., in Li & Ni, 2016)
that the investment levels of both product and process innovations are
lower under the monopolist optimum than under the social welfare
optimum, in a Stackelberg game structure, the Southern firm’s in-
novation levels may be higher in profit-seeking optimum than under
social welfare seeking optimum. The case will occur when the Stack-
elberg members have higher green preferences, especially for the
Stackelberg followers. When the South-North markets are sufficiently
rich, this case is prevalent. Our other first-proposed result is that the
optimal innovation levels of the Stackelberg leader are more heavily
affected by the green product preference of the Stackelberg follower
than that of the Stackelberg leader itself. The essential reason for the
phenomenon may lie in the tariff cost from the exported goods. In ad-
dition, although we extend the state function of production cost into a
more general case, as defined in (3), we obtain the same results as those
described as conventional wisdom (Li, 2018; Lambertini & Mantovani,
2009; Chenavaz, 2012): process innovation and product innovation are
complementary and promote each other; the learning rate and the
growth rate of knowledge accumulation in learning-by-doing are
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substitutable on the innovation investment and they both promote the
relatively optimal investment level.

The remainder of the paper is organized as follows: The relevant
literature is reviewed in Section 2. The basic setting of models are
presented in Section 3. The Stackelberg game models are presented in
Sections 4 and 5, where the South-country firm seeks profit maximum
and social welfare maximum, respectively, and the North-country firm
pursues its profit maximum. Section 6 summarizes and discusses future
research.

2. Literature review

Our study is related to two streams of literature: operations man-
agement and economics.

In the operations literature, several studies address the relationship
between product and process innovations or focus on firms’ dynamic
R&D investment activities. Utterback and Abernathy (1975) empirically
argue that the product innovation necessarily precedes process in-
novation through a product’s life cycle model, and this perception is
reinforced by the work of Adner and Levinthal (2001) and Damanpour
and Gopalakrishnan (2001). Bonanno and Haworth (1998) answer
whether the regime of competition affects a firm’s choice between
product and process innovations within a model of vertical differ-
entiation. Lambertini and Mantovani (2009) investigate the substitut-
ability and complementarity of product and process innovations in a
multi-product monopolist model. Lambertini and Orsini (2015) in-
vestigate the R&D portfolio of a monopolist investment in cost reduc-
tion and quality enhancement R&D, and find that the two kinds of in-
novation are independent of each other. Xing (2014) investigates the
optimal choices of R&D risk in a market exhibiting network ex-
ternalities of a Hotelling spatial model. Lambertini et al. (2017) con-
tribute to the related theoretical debate, focusing on the possibility of
having superior product quality levels at lower marginal production
cost over time by investigating the optimal R&D portfolio of product
and process innovations; they demonstrate that R&D efforts are com-
plementary in the neighborhood of the steady-state equilibrium. Li and
Ni (2018) model production decision and product innovation under
quality authorization. They find that jumps may occur in the innovation
investment and production rates over time. In addition, some works
study the green product and process innovations based on the game
theory model, such as Guo, Qu, Tseng, Wu, and Wang (2018), Yang,
Shi, and Li (2018), Madani and Morteza (2018). All the above works
focus on designing investment activities to obtain more economic rev-
enue, and these works are limited to optimal control problems. As
mentioned before, our work differs from the above in several dimen-
sions; most importantly, the question we address is broader. Our model
is similar to the above in that we also discuss operational details of the
manufacturer’s investment portfolio and study the relationship between
them. However, we extend the manufacturer’s optimal control problem
to its optimal decision problem as a Stackelberg leader, facing different
green-sensitive consumers and the tariff cost of the exported goods.

In the economic literature, many works have demonstrated that
innovation is a major driver for strengthening a firm’s competitive
ability. However, few works emphasize the influence of knowledge
accumulation on the investment of product and process innovations.
Knowledge accumulation from learning-by-doing affects a manu-
facturer’s strategies in product and process innovations. Cohen and
Levinthal (1989) reveal that R&D investment and learning are mutually
reinforcing. Gopalakrishnan, Bierly, and Kessler (1999) reexamine the
characteristics of product and process innovations and find some stra-
tegic implications in knowledge-based dimensions. Some scholars of
information system agree that IT positively affects corporate innova-
tion, specifically by supporting knowledge-intensive activities relative
to innovation (Bardhan, Viswanathan, & Shu, 2013; Kane & Maryam,
2007). Hatch and Mowery (1998) analyze the relationship between
process innovation and learning-by-doing in the semiconductor
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industry. Pan and Li (2016) demonstrate that the accumulation from
learning-by-doing promotes the optimal innovations. Trantopoulos,
Krogh, Wallin, and Woerter (2017) offer a theoretical model explaining
how a firm’s IT and external search activity jointly influence process
innovation performance, thereby lowering the cost of producing a good
or service. Zhang, Tang, and Zhang (2018) consider the influence of
learning effect on product innovation in a differential game model. The
questions we discuss in this paper are similar to those addressed by the
above works, but the framework is different. A rather common as-
sumption in the economics literature is that a firm’s cost in production
is related to the process innovation and the obsolescence (or decay)
rates of productive efficiency; for example, see the work of Li and Ni
(2016, 2018) or the recent treatment by Lambertini et al. (2017). In
many cases, however, increasing product quality (referring to the green
level in this article) brings up production cost. This case is underlined in
our modeling framework.

To some extent, our work can be viewed as an extension of Dai and
Zhang (2017), which ignores the production cost and investigates the
green process innovation and differential dynamic pricing strategies for
a Southern firm under a two-market framework. We consider the factor
of production cost in our model. Our paper can also be viewed as an
extension and continuation of the work of Lambertini and Orsini (2015)
and Li and Ni (2016), which discuss the relationship of process and
product innovations. In addition, in their work, production cost and
product green performance are decoupled. Compared with the work of
Dai and Zhang (2017), Lambertini and Orsini (2015), and Li and Ni
(2016), in this paper, we add the following:

(i) We consider the interplay of the supply members. Specifically, the
monopolist’s instantaneous decision relies on the Stackelberg fol-
lower.

(ii) We consider product and process innovations in a product life
cycle, and propose a more general instant production cost function,
which is affected by production cost, the product’s green level, and
the green product innovation.

(iii) Most importantly, we discuss the effects of knowledge accumula-
tion and different green preferences on the optimal innovation
decisions. Furthermore, we compare the optimal R&D portfolio of
product and process innovations for the profit maximum and the
social welfare maximum.

3. Basic setting

In a typical South-North framework, the South countries (e.g.,
China) (denoted as “s”) are regarded as developing countries while the
North countries (e.g., the US) (denoted as “n”) are regarded as devel-
oped countries (Masoudi & Zaccour, 2013). In this paper, we describe a
transparent production problem where the South-country firm manu-
factures the same kind of products for two different markets: the do-
mestic market and the Northern market. Consumers in different mar-
kets have different levels of green preferences and pricing sensitivities.
Specifically, the South-country firm not only produces and sells pro-
ducts in its domestic market, but also exports products to the North-
country firm. The southern and northern firms play a Stackelberg game
over continuous time t € [0, +o0) where the former is the leader and
the latter acts as the follower. In this circumstance, at any instant, the
Stackelberg leader makes pricing decisions and chooses the investment
levels of process and product innovation under learning-by-doing.
Meanwhile, the Stackelberg follower decides its optimal retailer price.
Assume that no stock for products exists; all the demand is satisfied and
all production is sold. Following Dai and Zhang (2017), the demand

function of the South and North countries can be written as
Di(t) = o — Bip; (1) + rx(t), i =s, n, @

where a; describes the basic market potential; the negative impact of
product price on demand is traced by parameters — 5, and 3, > 0;x(t)
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denotes the green level of products arising from the product innovation;
and r > 0 is the positive impact of green level of the products on de-
mand, as illustrated in Liu, Anderson, and Cruz (2012) and in Zhang,
Wang, and You (2015). In this paper, we assume 3, > §, and r, < r,, to
distinguish the South and North markets. This assumption depicts a
South market where consumers are more price-sensitive but less green-
conscious, and the North market is the opposite case, as described in
Copeland and Taylor (1994), Dai and Zhang (2017).

In the cross-border production of South and North countries, the
carbon tariff is a policy intended to address carbon emission associated
with production of the exports. The carbon emission of the exports from
the South to the North is taxed by the Northern government. Following
Dai and Zhang (2017), the instantaneous cost of tariffs on the unit
exported good for the South-country firm is

Ce(t) = 1(eo — gx (1)),

where e, > 0 represents a basic unit of emissions if no innovation is
exerted; parameter g > 0 captures the contribution of the green in-
novation to cut down emission; therefore, ey — gx(t) is the actual
emission amount of per-unit product; and r is a constant carbon tariff
rate per unit of emission. As in Krueger (1989), Brammer and Walker
(2016), Simula and Consultant (2014), Aparicio et al. (2018), importing
governments encourage foreign commodity imports through relevant
economic and administrative measures. Specifically, Krueger (1989)
explains why import-competing industries tend to be more highly
protected than industries producing exportables; Brammer and Walker
(2016) shows that governments are increasingly concerned with en-
suring that the way firms or consumers buy goods and services has
beneficial impacts on economic, social, environmental sustainability.
This approach has been termed sustainable procurement, which is the
pursuit of sustainable development objectives through the purchasing
and supply process. Therefore, governments will provide some public
procurement policies for green products (Simula & Consultant, 2014).
In this paper, on the basis of the above discussion, we make the as-
sumption that North-country government totally subsidizes the tariff
profits to the North-country firm.

At any instant t € [0, + ), the South-country firm chooses the in-
vestment levels of product green innovation k; (t) and production pro-
cess innovation k, (t) through learning-by-doing. In most of the previous
studies (Lambertini & Orsini, 2015), for simplicity, the green perfor-
mance x(t) and production cost c(t) are decoupled; i.e., each state x ()
or c(t) only appears in its own dynamic equation. Lambertini et al.
(2017) demonstrate that although the above two states are decoupled,
they simultaneously appear in both control equations and the two kinds
of innovation efforts k (t) and k,(¢) are not separable. In addition, as
discussed in André et al. (2009) and Lambertini and Tampieri (2012),
green high-quality goods explicitly involve higher marginal production
cost than brown low-quality ones. Therefore, to be more general, we
define the state dynamics describing the evolutions of x (¢t) and c(t) over
time as

x(1) =k (6) — &ix(0), (2)

¢(t) = =k (t) + d2c(t) + hx(t), 3)

where §, and 6§, are two exogenous obsolescence (or decay) rates of
quality and productive efficiency, and they are both positive and time-
invariant, and h > 0 describes the effects of the green level of products
on production cost. The special case of h = 0 has also been considered
in many studies for different problems (Chenavaz, 2012; Xing, 2014; Li
& Ni, 2016; Lambertini et al., 2017; Li, 2018). In this paper, we will
discuss the cases of h > 0 and h = 0, and find some new insights.

We define the cost functions of investing product and process in-
novations are %bklz(t) and %skzz(t), respectively, which measure the
instantaneous costs of producing a product using machinery and/or
skilled labor operating at decreasing returns. In our model, we also
consider the effects of learning-by-doing on the costs of the above two
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techniques. Following the work of Thompson (2010) and Li and Ni
(2016), we model the knowledge accumulation in product innovation
or process innovation with an exponential smoothing process of the
corresponding historical investment as

A= [Ayg + p f) €7k (T)d],
Ay()=e®! [Ayy + £ [ e7hy (1) dT],

where u and £ are the growth rates of knowledge accumulation of
product and process innovations, which reflect the positive effect of the
accumulated innovation efforts. The assumptions about A4; (¢) and A, (t)
are consistent with empirical studies of learning-by-doing, in which
experience is generally measured as cumulative production (Argote &
Dennis, 1990). According to Arrow (1962), innovation cost function
decreases in knowledge accumulation. Now, the instantaneous cost
functions of product and process innovation Cy(¢) and C.(t) with cor-
responding knowledge accumulation are given by the following forms,
respectively:

Ce(D=3bk (1) — e1(Ai (1) — Ay),
Ce(t)=35K3 (1) = €(Ax (1) — Anp),

where ¢; > 0 and c, > 0 are the learning rates of innovations on the
product and process, which reflect the positive rate of knowledge ac-
cumulation for cost reduction. Also, as we have made the assumption
that North-country government totally subsidize the tariff profits to the
North-country firm, the North-country firm’s instantaneous profit is
given by

Dy ()(p, () = Py (1) + 1 (€0 — gx (1)),

where p, (t) is the product’s retail price in the northern market, and
D, (1) is the wholesale price decided by the South-country firm. The
total instantaneous profit of the South-country firm is given by

Dy (0)(py, (1) — 1 (e — gx (1)) — (1)) + Dy()(p, (1) — ¢(1)) — Cx(8)
- Cc(t),

including the net revenue from the North market, the domestic market,
the costs of technology innovations.

4. Equilibrium analysis of the profit-optimal strategies in a
Stackelberg game with South-North framework

In this section, we analyze the optimal strategies taken by the South-
country firm (the Stackelberg leader) and the North-country firm (the
Stackelberg follower) in the case that both sides seek profit maximum.
In particular, in a more general case as defined in (3), we seek to answer
whether the two forms of innovation efforts are complementary or
substitutable in the steady state. States and controls are labeled by “pp”
when they are in steady state.

On the basis of the aforementioned description and assumptions,
South-North country firms in the Stackelberg game must solve the
following infinite horizon problems to make their profit maximal. For
the North-country firm, the optimal problem is

I;Zi(ll))( b e D, ()P, () — p,,, (1) + 1(eo — gx(1)))dt, @
s.t.
x(t) = =6x(t) + ky (¢), x(0) = xo. 5)

For the South-country firm, the optimal problem is
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S e P D (1) Py (1) = 1 (2o — gx (1)) — ¢ (1))
+ Dy (O)(p, (1) — c())
~ (36K = (i 0) = Aw)

— (35K - () — 4n)) Jd,

max
Dy (0,5 (0,1 (£), k2 (£)

(6)
s.t.
x(t) = kg () — 81x(t), x(0) = xo, )
c(t) = —ka(t) + S2c(t) + hx(t), c(0) = co, 8
A (1) = pky (1) = 6141(1), A1(0) = Ay, 9
A1) = Ea(t) — 6,4,(1), A,(0) = Ay (10)

We use backward induction to solve the corresponding dynamic
game between the two multinational corporations. Specifically, we first
solve the retailer’s problem for given wholesale price, and then solve
the manufacturer’s problem by taking the retailer’s reaction function
into consideration.

For the follower, the Hamiltonian of (4) with state (5) is

H, = Dy (0)(p, (1) — p,,, (1) + r(eo — gx (1)) + An(0)(=0x (1) + ka (1)),

an
where 4,(t) is the dynamic costate of x(t). Using Pontryagin’s max-
imum principle, a necessary condition for solving the above optimal
control problem is that the p, (t) satisfies % = 0, that is,

PO = 2P = 370 = g (©) + - —(atn + 1 (0)

2B, 12
For the leader, the Hamiltonian of (6) with states (7)-(10) is
H, = Dy(0(p,,(6) = 7 (e = gx(0) = e(1)) + Dy(O(p, () = ()
= 30k = cr(A(®) = Aw) = (3520 = (A1) - Ax))
+ 4Ok () = 61x(0) + L(E)(—k(£) + S5¢() + hx (1))
+ (O uka (8) — 6,141 (1)) + A4 () (Eka () — 8,4:(8)),
13)
where A4 (t), L (t), 43(t), A44(t) are the dynamic costates of

x(t), c(t), Ai(t), Ay(t), respectively. After inserting (12) and (13), the
resulting first-order conditions on controls are

gl’f = 8,8, () + 1By (e0 — g5(0) + (e + () = 0, "
OH; _ _ _
a—ps = =2Bp,(t) + a; — Bc(t) + rx(t) =0, 15)
0H; _ _ _
o biki () + () + pds(t) = 0, 16)
O0H; _ _ _
e byl (t) — (1) + EA4(t) = 0. an
Furthermore, based on (14)-(17), the costate equations are
A =pu) = 5
= (p + 8DA(D) = ho(®) + (31 = 51) = (@t + 1x (D)
= 5. + 1x (D),
(18)

L) =ph() - 3
=(p + A1) = ;B + BIc(®) + (o + rx(0)) + 5 (o + rx (1)
+ rx (),
19)
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(1) = pAs (1) — :TI:I =(p + 0)A4:(t) — cy,
1

(20)
: O0H
Aa(t) = pAs(t) — — = (o + O)A4(t) — ¢,
4(t) = pAq() A, (o 2)A4(8) 2. 21)
with the transversality conditions
lim 4, (t)x (t)e™™ = 0, lim L (t)c(t)e ™ = 0,
t—o0 t—oo
lim A3 ()A4; (H)e ™ = 0, lim A4 () Az (t)e ™ = 0.
t—00 =00
Thus, imposing steady conditions on states (7) and (8) yield

kPP = 8,xPP, (22)
kfP = 8,cPP + hxPP. (23)

We now proceed to impose steady-state conditions on (18), (19),
(20), (21), and we can easily obtain

pp_ _C
43 61+p’
PP = _©2
4 62+p’°
APP = b kPP — K1
1 1K1 otp’
52}

AP = —bokef? + G

24
From (16), (18), (20), we know that

1

b
- 2'71(% + rx (1))
+ (@ + p)As (1) — eyl

3

k(0 = 1] @+ 800 = W) + e (3r = 3n) = 2+ Rx()

Imposing stationary conditions on the above equation and using
(22), we obtain

kP = 1 [ h

1 1 1
= heim m(—;(“n + rxPP) — S (as + rxPP) + (8, + B — rnxpp)

Mel

3 1 ;
+ CPP(Zrn - Ers) + 4%‘(0:,1 + 1xPP) + %(as + erPP)] +

s bié1+p)"
(25)
Similarly,
e = St na) Sk ) = 16,4 B
by(p+6) L4 2 47"
+ r,,xPP] + L
b2(6; + p) (26)

The last parts of (25) and (26) reflect the effects of learning-by-
doing on South-country’s decision, that is,

Proposition 1. The equilibrium investment efforts of product and process
innovations rely on their relative learning rates and growth rate of knowledge
accumulation: (a) the learning rate c; and the growth rate of knowledge
accumulation u (or ¢; and &) are substitutable on the innovation investment,
and they both promote the relative optimal investment level; (b) the learning
rate of one kind of innovation has no effect on the investment level of the
other kind of innovation.

Proposition 1 shows that the South-country firm does not need to
make efforts on the same dimension. This outcome is in accordance
with Li (2018), and it is a valuable complement to the results of stan-
dard models about product and process innovation (Lambertini &
Mantovani, 2009; Chenavaz, 2012). In the work of Lambertini and
Mantovani (2009), only the cases in which innovation investments af-
fect the shadow prices of product and marginal production cost, are

discussed. The results of Proposition 1 demonstrate that - (gci,;) and
101
fe2

S represent the effects of learning-by-doing on the two kinds of
2102
innovation investments, respectively.
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Given that we investigate the product and process innovations in a
game structure, in the equilibria, the complementarity or substitut-
ability between the two kinds of innovation efforts is a matter of great
concern. When h = 0 in (3), from (2) and (3), product and process in-
novations seem to be independent, and they have no influence on each
other. When h > 0, from (2) and (3), production cost c(t) seems to be
likely to increase with the increase in product green level x(t). In the
next, we perform a strict deduction to scientifically answer these
questions.

On the basis of (23) and (26), we obtain

cPP = _— [— L (=Lt + mx?) — L(a, + rxep)
bap+ )\ 4 2
2t ey Pn R et
- r,,xPP)
ez _
— hxPp = f (xPP
het? + b2(92+P)] = HOe).
(27)
Therefore,
kPP kP o,
okfP  OkfFloxPP  p 4 52%
dx.
= aJ >0
2t 1 N L
BGra A A ' 1+ 41;/3?;/3;) (28)
2(0+ 92

As seen from (28), both innovation efforts are positive. Therefore,
each one boosts the other in the neighborhood of the steady state. From
(22) and (28), we can observe that the product’s green level also affects
the efforts of process innovation investment. All these results are
summarized in Proposition 2.

Proposition 2. No matter whether h = 0 or h > 0 (h is defined in (3)) and
in the neighborhood of equilibrium: process and product innovations are
complementary; the efforts of process innovation investment not only depend
on the production cost, but also depends on the green level of products. In
fact, they are positively correlated (even if h = 0).

This finding shows the South-country firm that the equilibrium is a
global innovative content and the two forms of efforts are com-
plementary. This outcome is a valuable complement to the results of
Lambertini et al. (2017), which is a simplified case of h = 0. The sy-
nergy highlighted in Proposition 2 is also in line with the empirical
evidence in Cohen and Klepper (1996) and Damanpour and
Gopalakrishnan (2001).

Intuitively, the green product innovation effort of the South-country
firm will increase with higher green demand from consumers. In the
following, from (26) and (28), we can immediately derive

okfP 5xPP S xPp _okfP S0
on, 4by(p + 6;)  2by(p + 6y) or;

and therefore,

OkfP  OkfP okfP  OkfP okfP  OkfP 50

or, okrP dn, Ok PP ar or;

The above two formulas reflect that as preferences are greener, the
efforts of product and process innovations rise. Given that r, and r
represent the green preferences of consumers in South and North
markets and because r, > r; as we assumed above, the two kinds of
innovation efforts are more sensitive to r,. These results are summarized
in the proposition below.

Proposition 3. In the neighborhood of equilibrium, the two kinds of
innovation efforts improve with the increase of green preferences (r, and r;)
and they are more sensitive to the green preference of consumers in the North
market than the consumers in the South market.
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The above phenomenon can be explained as follows: in the
Stackelberg supply chain, all exports will be taxed for the carbon
emissions in their manufacturing; therefore, for the South-country firm,
exporting products means more costs. Facing higher green demand, a
South-country firm adapts more innovation efforts, which can not only
expand the foreign markets, but also decrease the total carbon tariffs on
the exports. Therefore, innovation efforts are more sensitive to the
higher green preference of consumers in the North country than that in
the South country.

Now, we analyze the stability properties of the steady-state equili-
brium of the Stackelberg game.

Using (25) and the steady-state condition (22), xPP can be written as
follows:

o — 1 o + 2ag & )
* b151<p+51)—W1—wowzvv3\W°W2(4bz<p+52) (e +620b2
h 1 1
— sralio + 5%)
man | ras
Y T zxss) 29)
where
1
Wo = 5 T ,
2+ ray P TR (30)
m=— (G ) By B
! p+&\4" 27) 48 28’ (31)
h +
CRT N
4o +6) 4 2 (32)
w —;(ér +lr)—h
T h+a)\a" 27T (33)

According to (27) and (29), the analytical expression of cP can be
easily obtained. Furthermore, from (14), (15), (22), (23), we obtain the
optimal strategies of the South-country firm as follows:

1 ap + mxPP
PP — — -PP —ckp ZnT a7
B = rey — gut) + Lo 4 St
1 ag + rgxPP
pp — Lopp 4 strsxtP
D PP+ w
kP = &xpp,

kPP = BcPP + hxoP.,

From (12), the North-country firm’s strategy in the steady state is

Lo _

1 1
! P Er(eo — gxPP) + —(a, + nxPP).

26, (34)

Now, we analyze the stability properties of the steady-state equili-
brium {x?P, cPP, AP, Af?}. For the Stackelberg leader, we construct the
Jacobian matrix associated with the canonical system (7)-(10),
(18)-(21):

-6 0 0 0 0 0 0 0
h 5, 0 0 0 0 0 0
0 0 -6, 0 0 0 0 0
0 0 0 -6, 0 0 0 0
YY% rsz Is 3m
% T 54 0 0 p+8 —h 0 0
5 s 1
%4.% _Z(ﬁs+5n) 0 0 0 o+ 0, 0 0
0 0 0 0 0 0 P+ 6 0
| o 0 o 0 0 0 0 p+8]
(35)

Obviously, the characteristic equations of the Jacobian matrix (35)
yield five positive eigenvalues and three negative eigenvalues. There-
fore, the equilibrium {xPP, cPP, AP, APP} is a saddle point. For the
Stackelberg follower with canonical system (5), obviously, {xP?} is a
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saddle point. Accordingly, we have the following Proposition 4.

Proposition 4. Under the profit optimum, a steady-state equilibrium exists
for {xPP, cPP, APP| APP} for the Stackelberg members. Such a steady-state
point is the saddle-point equilibrium.

5. Equilibrium analysis of social welfare optimum of the South-
country firm in a Stackelberg game

To complement the analysis, in this section, we will discuss another
case. Here, the North-country firm is still the Stackelberg follower,
aiming to obtain its maximal net revenues, while the South-country
firm, instead of seeking to maximize individual profit, aims to maximize
the social welfare. This discussion helps assess the efficiency of the
monopolist’s R&D choices of the South-country firm. In this scenario,
all the states and controls are labeled by “sp” when they are in the
steady states.

For the Stackelberg follower, the North-country firm’s objective
function is unchanged, just as (4) with state (5). As consumer surplus,
also known as the net income of a consumer, reflexes the difference
between the highest total price, in which a consumer is willing to pay
when purchasing a certain quantity of a certain commodity, and the
total price actually paid, (Turnovsky, Shalit, & Schmitz, 1980), we de-
fine the instantaneous consumer surplus of the South country as

./‘(D‘S‘H'Sx([))/ﬁs
ps(0)

s

L(Ots + rx(t) —

cs
28,

Byp ()

(36)

(a5 — Bz + rx(1))dz =

This definition is also applied in Li (2018). The social welfare
function is given as

Social Welfare = Profit of Southern Firm + Consumer Surplus,
thus, the objective function of the South-country firm is
S e (DL (0P (1) = 7 eo — gx(1) = ()
+ Ds(0)(p, (1) — ¢(®))
(36RO - (A (®) - Aw))

~ (K20 = (A () = Ax)

o+ (0 = B, (t))z}dt.

max
Pon (05 (1) k1 (1), k2 (£)

37)

The state equations concerning the dynamics of
x(t), c(t), ki (t), ks (t) are the same as (7)-(10), respectively. Imposing
steady conditions on these state functions, we obtain

kP = & x°P, (38)

kZSP = 62CSP + hx*P, (39)

Similar to the analysis in Section 4, we can also obtain that the
optimal investments in steady state are

P= 1 [ h

Thie+é) | e+

(=2 + R = La + 1) + LB, + B)e” — rx)

3 1\ . .
+(Zr” - Ers)c‘P + %(an + 1xP) + Z%S(as + rxP) — rScSP]

Ml

b1(61+p)’
(40)
1 1 1 1
=t L@ 4 )+ Lok 1) = 6, + R0 4 ]
ez
b2(62+p)°
41

and the corresponding states are
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1 1 1 1
= T [— (—f(a,, + rx®) — =(a; + rxP)
bap+o)\ 4 2
bt oy Bt L b2t
— rnxSP)
593 _
—hxsP = sp
ot + bz(ezm] =50, (42)
sp—. 1 1 on+2as ez _ L(i 1 )
* b131(p + &1) — w1 — woww3 (W0W2(4b2(f>+52) + (o +62)b2 pre\adn + 3%
Tndn | Tsds
+43n + 26y )’
(43)
where w; is
Wy = wy — T, (44)

and wy, wy, wy, ws are defined by (30)—(33), respectively.
It follows from (40) and (41) that.

Proposition 5. Under the social optimum of the South-country firm,
learning rate c; and growth rate u of the knowledge accumulation (or c,
ak5P
"
This interpretation for Proposition 5 is merely analogous to that for
Proposition 1.
Similar to the deduction of (28), we can obtain

> 0.

sp
and &) are substitutable and % >0

kP kPl 6
kP OksP/ax® 4 5,k
oxsP
= % >0,
e N | R ——
Pt A B (45)

which produces the following same results as those in Proposition 2.

Proposition 6. Process and product innovations are complementary in the
neighborhood of the Stackelberg optimum where the North-country firm
obtains its maximal net profit and the South-country firm obtains its
maximal social welfare optimum.

Next, we compare the effects of different optimum objectives (profit
optimum and social welfare optimum) on the innovation investments of
the South-country firm. Consumers in a northern market are much more
green-conscious, namely, 1, > r,. Here, we make a reasonable assump-
tion that %rn > %rs + b,6,h, and then we can obtain Proposition 7.

Proposition 7. For the South-country firm in the Stackelberg game, ifh = 0
(defined in (3)) or if h>0 and 3r, + 35 > by(o + &,)h, the profit
incentives bring a upward perturbation of the optimal investment efforts of
product and process innovations, namely, ki¥ < k{P, kP < kP,

This concept is in striking contrast to Proposition 11 of Li and Ni
(2016), which states that the investment efforts of product and process
innovations are both lower under the profit optimum than under the
social welfare optimum.

Proposition 7 implies that under-investment or over-investment
largely depends on the green preferences (represented by r, and r;) of
the markets of the Stackelberg game, especially that of the North
country (represented by r,), and the parameters in production cost
(represented by 9, b,). When the green preferences and production cost
satisfy the conditions in Proposition 7, the South-country firm will in-
vest more innovations for profit maximum than for social welfare
maximum. Given that the two models in the Stackelberg game have an
infinite horizon, if the markets are sufficiently rich, or to say if the
richest consumers’ marginal willingness to pay for green products is
sufficiently high, then the case described by Proposition 7 may occur
prevalently.

For the South-country firm, when it makes strategies for profit op-
timum or for social welfare optimum, the southern firm will also
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consider the Stackelberg follower, namely, the North-country firm’s
decision. This idea is perhaps the reason for the difference between our
conclusion and Proposition 11 of Li and Ni (2016). In reality, in-
dividuals will consider their own optimum, by considering their players
in the game. Therefore, we think Proposition 7 is a more general case.
Certainly, when the conditions of %r,, > %rs + b6,k and
%r,, + %rs > by(p + 6,)h are not fully satisfied, it will be a more complex
situation; to explore this problem, we will conduct further studies in our
future work.
Below is the specific demonstration of Proposition 7.

Proof of Proposition 7. We rewrite (29) as

P — 1 ap + 2as (wng _ ) 502 m%n
x b161(p+51)—m—wmvv3(4co+6z> b )W
ras
+ 2ﬁs)
1
=14,
(46)
in which
3 1
WoWw, _ 4+ 8)(Gh — 37 — baboh)
b, B, + B) + 4(p + 62)br5,

It follows from the assumption %r,, > %rs + b,6,h that W‘;—:)Z —h>0.
Thus, A > 0. As xP? > 0, B> 0. We can easily see that wy, > 0 (as
defined in (30)). Moreover, from (46) we get

éc,
by(p + 65)

OxPP 1

5w2 _?

oy, + 20

[W0(4b2(p +o)

Case 1: When h = 0 in (33), then w; > 0, so % > 0. By comparing
(29) and (43), we know that xPP and x* have the same expression
except for w, and w,, w, = w, — r; < w,. Therefore, we have

)B + WOW3A].

XP < XPP,
Then,
kISP = 51xS1’ < 51x1’p = klPP.

From cPP = f, (x*P) (defined in (27)) and c* = f,(x*?) (defined in
(42)), we gain f,(x) = f,(x) = f(x). As kf? = §,cPP + hxPP (defined in
(26)) and kP =6,c% + hx® (defined in (41)), we define
kp = 8¢ + hx = 8,f (x) + hx. Obviously, there holds

5 1
Zrn + Ers 1

=4 gl
by(p +62) + B, + B, e

ok,

> 0,
ox

which, together with x*? < xPP, leads to
kP < k£

Case 2: When h > 0, only when %rn + %rs > by(p + 6,)h, there is
w3 > 0 (w; is defined in (33)), then we obtain the same result as that in
Case 1.

6. Conclusion

In this paper, we propose a more general dynamic description of the
production cost, and then in a Stackelberg frame, we discuss manu-
facturer’s decision-making behaviors, especially process and product
innovations. Specifically, we develop a Stackelberg differential game
that consists a manufacturer, the South-country firm as the leader, and
a retailer, the North-country firm as the follower. Consumers in the
North-South markets in this paper have different preferences for the
green level of products and product price. Therefore, the South-country
firm needs to consider the investment efforts of product and process
innovations under learning-by-doing to meet consumers’ needs. The
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North-country firm makes decisions to obtain its private profit op-
timum, while the South-country firm makes decisions from two per-
spectives: a personal representative (the profit maximum) and a social
planner (the social welfare maximum).

Several results of our analysis are worth emphasizing. First, higher
learning rate increases the investment efforts of process and product
innovations. Second, two kinds of innovations are complementary at
equilibrium, thus boosting each other. The above two results are in line
with those in Lambertini and Mantovani (2009), Lambertini and Orsini
(2015) and Li and Ni (2016), but the third result is converse to that in
Lambertini and Mantovani (2009), Lambertini and Orsini (2015, 2016),
Lambertini et al. (2017). In the framework of a Stackelberg game,
where consumers in the North country have a much greater green-
product preference, we obtain that for the South-country firm, the so-
cial incentive toward both kinds of innovations is weaker than the
private profit-seeking incentive.

In the future, we will conduct the same analysis in an oligopoly
model or extend the model to a duopoly case with multi-product pro-
duction and compare the possible difference from the monopolist case
in this paper.
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