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Abstract: Civil-military integration enables the symmetry development of dual-use technologies in
the defense and civilian areas. In this paper, we used stochastic differential game theory to build
theoretical models of the dual-use technology conversion between a military firm and a civilian
firm. The models include three directions of dual-use technology conversion, namely, spin-off,
spin-in, and mix. In particular, we incorporate the dynamic development of dual-use technology
into the research framework. Our results show that the order of the Pareto optimality results is
mix, spin-in, spin-out, including the best effort, the highest revenue, and the most technology
value-added. The results also indicate that: (1) Some random interference factors can affect the
transfer efforts, such as the coefficient of technological innovation capability and cost coefficients.
(2) The military subsidies factor is an inventive mechanism that can promote dual-use transfer from
the civilian firm to the military. (3) The military enterprise only earns more than the civilian firm
in spin-in. (4) The growth of models in the dual-use technology conversion process faces increased
technology uncertainty.
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1. Introduction

As a sustainable development policy, civil-military integration was listed in China’s national
strategy by the Chinese government in 2015. Subsequently, the conversion of dual-use technology
has received widespread attention from policy-makers and enterprise managers. In 2017, the Chinese
government included the conversion of dual-use technology in its national development planning.
Dual-use technology refers to technology developed and used for both economic and defense aims [1].
The conversion of dual-use technology means that the technology is generated in the military (or civilian)
enterprise and is applied in the civilian (or military) market, or is directly used in dual-use production.

Defense expenditure, economic development, and technological innovation have been the
focuses of scholarly attention [2]. In addition to the technological and economic environment,
changes in international competition have driven the transformation of military and civilian enterprises.
Military firms are state-owned enterprises (SOEs) under the control of CSTIND (the Commission for
Science, Technology, and Industry for National Defence). Due to the self-sufficient system and the
military’s role as a monopsonistic buyer, redundancy in personnel and low efficiency of productivity
could be a barrier to military enterprises [3]. In contrast, civilian companies need to survive in a
fast-changing, competitive market but are nonetheless attracted by high and stable military demand.
These issues encourage the transformation of military and civilian enterprises. Dual-use technology
conversion can activate the interactions of the defense innovation and economic systems, thereby solving
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the problem of promoting a high-tech military technology under limited budgets, and improving
economic value [4]. Dual-use technology conversion is becoming inevitable in civil-military integration
(CMI) in China [5].

Dual-use technology conversion is a process of technology transfer and development [6]. It is
implemented through the introduction of external technologies, expansion to another market,
and continuous innovative activities to develop dual-use technologies [7]. Military and civilian
enterprises can be both the suppliers and the recipients of the technology under different conditions.
Thus, three models of convergence are provided in the technology sources [8], namely, “spin-off,”
“spin-in,” and “mix” [9]. Scholars have studied the characteristics of these three models and the issues
to be addressed.

First, dual-use in which defense technology is used in commercial applications is referred to
as spin-off [10]. Due to the state ownership of the military enterprise, a military firm needs to
adjust its characteristics to an entirely competitive market environment. Institutional reform, security,
and technology need to be taken into account when transferring dual-use technology. Jing [5] studied
how the military firm converted into the civilian market from the institutional regime’s perspective.
Mowery [11] argued that the natural precision and exclusiveness of military technology requires
supporting facilities at a level that far exceeds the typical facilities present in a civilian production
system. FitzGerald and Parziale [12] pointed out that, although the presence of military products is
expanding in the private market, defense technologies are declining.

Second, the use of civilian production facilities to produce arms or military products is referred
to as spin-in [13]. Regarding the means by which the civilian use of knowledge is embedded in the
military area, numerous scholars have examined patent citations, competitive pricing, military agency,
etc. [10,14]. These studies found that higher technical standards and specifications act as a technology
transfer barrier for the civilian industry [15]. A military firm purchases from the civilian sector when
technology and products meet or exceed defense standards [16]. A civilian enterprise is eligible to
provide ancillary production services for the defense system only if it has passed the audit and received
“Three Military Certificates” [8]. Furthermore, it is difficult for the civilian enterprise to gather defense
demand information because private companies are outsiders to the defense system [17].

Finally, the production of technology used in both economic and defense areas is referred to as
mix. Although technology can be used for both sides [18], the final product needs to be implemented
across different product lines and serve different areas [19]. The military production process needs
advanced research, and production begins after the completion of the design [20]. In contrast,
commercial manufacturers tend to compress the time of the product development cycle to decrease
costs and improve market competitiveness [21]. If one firm specializes in military and civilian
operational modes simultaneously, high efficiency and high cost will co-exist [22]. Thus, it is argued
that dual-use technologies are more likely in the early stage of development, which has more generous
room for an experimental variety [1], and the differences in objectives often tend to reduce the potential
of dual-use technologies.

Scholars have studied the dual-use technology conversion from the perspective of the three
conversion models, spin-off, spin-in, and mix. Based on these three models, the symmetry relationship
between military and civil enterprises is shown in Figure 1. However, most research adopts one or two
transfer modes in one framework. Furthermore, both military firms and civilian firms, regardless of the
model adopted, can pay an additional bill for the transfer cost, which can be considered in both sides’
willingness and behavior.
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In addition, the conversion of dual-use technologies is also reflected in technology development.
The process of technology transfer leads to changes in the dynamics of technology development.
Teece (1976) pointed out that technological transfers between many companies are entirely different
from the R&D process itself. When the receiver absorbs external technology, there is “learning by doing”
in the transmission process. The receiver makes adjustments according to their own needs and expands
the feasibility of the technology to meet its standards. Thus, technology undergoes continuous
development and change. This dynamic evolution will interact with the behavior of decision-makers
in uncertain conditions [23], and should be allowed for in the study of dual-use technology conversion
to address active competition and cooperation over a continuous period [24].

Therefore, we aimed to analyze the dual-use technology conversion between military and civilian
firms, including the three models of dual-use technology transfer and dynamic development during the
CMI process. The military firms studied belong to the top ten military-industrial groups, and the related
civilian enterprises are mostly large organizations. Thus, several models of CMI exist simultaneously.
This paper fills the gap in the analysis regarding the comparison of dual-use technology transfer modes
and considers the development of technology, realization of the transfer, and development within the
same research framework.

Recently, game theory has emerged as a mainstream model to study technology conversion.
As examples, Wang and Blomström studied multinational technology transfer [25], and Koessler
studied technology transfer using the Bayesian and three-stage game models [26]. Podvezko applied
this theory to the process of building technology and management [27]. Game theory leads to accurate
decisions and can clearly describe the actors’ characteristics and explain the relationship between
them [28]. However, standard game theory cannot resolve the problem of dynamic development. Thus,
we chose to use the stochastic differential game theory to describe dual-use technology conversion
between military and civilian firms in the CMI. Stochastic differential game theory can address the
military and civilian firms’ characteristics, identify the uncertainty of their relationships, and analyze
the dynamic development of dual-use technology in one mode.

Therefore, according to the three directions of dual-use technology conversion, we chose a military
enterprise and a civilian enterprise as the two players and applied three types of stochastic differential
game (Nash non-cooperative game, Stackelberg game, and cooperative game) to interpret spin-off,
spin-in, and mix. This research aimed at building a reasonable and practical theoretical model to study
the conversion of dual-use technology in the three CMI models.

The paper’s structure is organized as follows: In the next section, we provide the dual-use
technology conversion’s stochastic differential game formulation for military and civilian firms.
We resolve models of spin-off, spin-in, and mix with the Nash non-cooperative game, Stackelberg game,
and cooperative game, respectively. Then, we compare and analyze the equilibrium results and present
a simulation. Conclusions are drawn at the end of the paper.

2. Model Design

Military and civilian technological production occurs in two different market environments.
Military technology has lengthy experimental and production cycles, with high technical demands and
costs in an independent and autonomous market. In contrast, the civilian industry exists in an open
and quickly changing macroeconomic environment, which needs lower prices, higher qualifications,
and more product functions to attract consumers. Hence, when military and civilian firms enter
each other’s market, they could face complex competitive and cooperative relationships in the process
of dual-use technology conversion.

Stochastic Differential Game Models

To simplify the dual-use technology conversion between defense and economics innovation
systems in civil-military integration (CMI), we divide them into two economic groups: military firms
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(M) and civilian firms (C). We assume that the participating groups are entirely rational, possess full
information, and aim to maximize their profits [29].

As the technology provider and receiver, military and civilian firms’ intentions could be affected
by technical confidentiality and the ownership interest in the access to dual-use technology [30].
Moreover, as a result of China’s long-separated defense and civilian innovation systems, the distinction
between military and civilian technology is institutional rather than intrinsic. These differences
potentially lead the military and civil firms to a “lock-in” phase of the path-dependent process [31],
restricting technology transfer options. Military and civil enterprises need to make additional efforts
and payments for communication and external management. Let EM(t) denote the technology
conversion effort level of military firms at time t, and EC(t) denote the effort level of civilian firms in
the dual-use technology transfer. Given the convexity of cost, the functional expression of the cost of
technology conversion for military and civilian firms can be denoted by cM(EM(t), t) and cC(EC(t), t),
respectively, which uses quadratic functions to describe the relationship with cost and effort level at
time t. Consider:

cM(EM(t), t) =
µM

2
EM(t)2 cC(EC(t), t) =

µC

2
EC(t)

2 (1)

where µM and µC respectively denote the cost coefficients of military and civilian firms at time t.
In the process of the CMI, the dual-use technologies will be transferred with cooperation and

communication between military and civilian firms. External acquisition and internal transformation
of dual-use technologies will continuously improve the development of the overall technical
level [32]. Dual-use technologies upgrade as they are exported from one enterprise and received by
another. The provider may regulate the technology at output according to the other side’s situation.
Throughout “learning by doing,” the recipient accepts the new technology in a way that the researchers
and facilities need. In a sense, technology development is charged by the conversion effort of military
and civil firms. Let K(t) denote the level of dual-use technologies, which is governed by the stochastic
differential equation: {

dK(t) = [αEM(t) + βEC(t) − δK(t)]dt + ε(K(t))dz(t)
K(0) = K0 ≥ 0

(2)

where δ ∈ (0, 1] is the attenuation coefficient of dual-use technology; α and β represent the coefficients
of the technological innovation capability of military and civilian firms on the improvement of technical
level; z(t) and εK(t) are the standard Wiener process and random interference factors of military and
civilian firms at time t; K0 is the initial technology level. It can be seen that K(t) is an increasing
function of diminishing marginal returns. The dual-use technology development function K(t) is
bounded when other factors being constant.

The demand function in the process of dual-use technology conversion comprises two parts:
national defense demand and economic demand. The demand function can be expressed by Equation (3),
whereλ is the coefficient for military and civilian firms of the national defense demand, and θ represents
the coefficient of economic demand.

Q(t) = λ[EM(t) + EC(t)] + (λ+ θ)K(t) (3)

The demand can be reflected in price and non-price factors [33], which can influence the market
through separation and multiplication. However, military and civilian enterprises are more supported
and constrained by Chinese policies. In this context, the conversion is more supply-oriented from
technology than demand-oriented from the market, which indicates that the price elasticity coefficient
of demand is not clear. Hence, this article considers the impact of production on demand due to
technology growth in the non-price component. Depending on the bureaucratic system represented
in state subsidies and accounting procedures [34], domestic defense demand comes from military
procurement in China, which has implications for enterprise behavior. Therefore, the demand function
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reflects positive defense demand due to both sides’ efforts and dual-use technology development.
Economic demand is affected by the technology level. In other words, economic demand is highly
sensitive to technical production, which is the non-price factor.

The other factors are shown in Table 1.

Table 1. Notation.

Notation Description

M A single military firm
C A single civil firm

E(t) The effort level of dual-use technology conversion
c(t) Conversion cost
K(t) Dual-use technologies level
µ Cost coefficients

α and β Coefficient of technological innovation capability of military and civilian firms
δ The attenuation coefficient of dual-use technology

Q(t) Total revenue of dual-use technology conversion
λ Coefficient of military and civilian firms on the national defense demand
θ Coefficient of economic demand
t At time t
ρ The discount rate of dual-use technology
π The revenue distribution coefficient of civil firm
η Subsidy of dual-use technology conversion
J Objective function
V Optimal revenue function

E(K(t)) Expectation
D(K(t)) Variance

f (x) A quadratic continuous differential function
B(t) Brownian motion
z(t) Standard Wiener process
ε Random interference factors

The differential game models include three control variables EM(t), EC(t), and η, and one state
variable K(t). Since the model cannot be solved in the non-fixed parameter case, we assume all the
model parameters are positive fixed parameters with time irrelevance. Both military and civilian firms
face the same game in infinite time. Thus, both players make static decisions and get corresponding
static feedback equilibrium in this paper [35].

Based on the above assumptions, we elaborate on three different modes (spin-off, spin-in, and mix)
to describe the relationships of military and civilian firms according to three dual-use technology
conversion directions.

3. Equilibrium Analysis

3.1. Resolving Models of Spin-Off

To resolve technical bottlenecks in the civilian field and improve the range and quality of civilian
products, the government pushes military firms to undergo conversion, which means using defense
technology and facilities to make civilian products (spin-off). In China, the military firm is more
easily able to obtain R&D funds, technological talent, social resources, and faceless political resistance
than the civilian firm. The initial technology and applications can be used in the production of
the military firm, leading consumers to trust military technology due to its characteristics of high
technical content and high reliability. Thus, military technology is competitive in the market. When the
military firm enters the civilian market, military and civilian firms form a mutually independent and
equally competitive relationship in one market. Both military and civilian firms aim to maximize
profits and make independent and rational decisions under the regulation of market mechanisms.
This non-cooperative decision-making combination reaches the Nash equilibrium state. Therefore,
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we used the Nash non-cooperative game to describe the mode of spin-off. We combined game theory
and differential equations and expressed the objective function that integrates over an infinite time
horizon [36]. The objective functions of military and civilian firms can be shown as follows:

JM =

∫
∞

0
e−ρt[(1−π)Q(t) − cM]dt (4a)

JC =

∫
∞

0
e−ρt[πQ(t) − cC]dt (4b)

where ρ is the discount rate of dual-use technology of the military firm and the civilian firm, ρ ∈ (0, 1].
Dockner (2000) [37] indicated that if the end of the planning period in a differential game is unknown
or very far in the future, the discounting factor is especially important to discount returns. Military and
civilian enterprises aim to maximize efficiency; thus, we use demand, which incurs the benefits from
joint production, minus cost to represent the objective function [38].

To achieve the Nash equilibrium in this state, it is assumed that VM(K) and VC(K), which are
bounded and continuously differentiable, are optimal revenue functions for military and civilian firms,
respectively. With the condition of an infinite time horizon, the bounded optimal function, and the
positive discount rate, we can use the Hamilton–Jacobi–Bellman equations to calculate the optimal
revenue functions as follows:

ρVM(K) = max
EM≥0

{
(1−π)[λ(EM + EC + K) + θK] − µM

2 EM(t)2 +VM
′(K)(αEM + βEC − δK) + ε2(K)

2 V′′M(K)
}

(5a)

ρVC(K) = max
EC≥0

{
π[λ(EM + EC + K) + θK] − µC

2 EC(t)
2 +V′C(K)(αEM + βEC − δK) + ε2(K)

2 VC
′′ (K)

}
(5b)

For profit maximization, we use extreme conditions and locate the optimal effort for military and
civilian firms by setting the first partial derivative equal to zero:

EM =
(1−π)λ+ αV′M(K)

µM
(6a)

EC =
πλ+ βV′C(K)

µC
(6b)

Substituting Equation (6a,b) into (5a,b), we can get:

ρVM(K) =
[
(1−π)(λ+ θ) − δV′M(K)

]
K +

[(1−π)λ+αV′M(K)]
2

2µM
+

[(1−π)λ+βV′M(K)][πλ+βV′C(K)]
µC

(7a)

ρVC(K) =
[
π(λ+ θ) − δV′C(K)

]
K +

[
πλ+ αV′C(K)

][
(1−π)λ+ αV′M(K)

]
µM

+

[
πλ+ βV′C(K)

]2

2µC
(7b)

It can be seen that the linear optimal return function for K is the solution of the HJB equation. Let:

VM(K) = m1K + m2VC(K) = n1K + n2 (8)

where m1, m2, n1, and n2 are constant.
After substituting Equation (8) into (7a,b), we can derive m1, m2, n1, and n2 as follows:

m1 =
(1−π)(λ+ θ)

ρ+ δ

m2 =
(1−π)2[λ(ρ+ δ) + α(λ+ θ)]2

2µM(ρ+ δ)2ρ
+

(1−π)π[λ(ρ+ δ) + β(λ+ θ)]2

µC(ρ+ δ)2ρ

(9a)
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
n1 =

π(λ+ θ)

ρ+ δ

n2 =
π(1−π)[λ(ρ+ δ) + α(λ+ θ)]2

µM(ρ+ δ)2ρ
+

π2[λ(ρ+δ)+β(λ+θ)]2

2µC(ρ+δ)
2ρ

(9b)

We obtain the optimal effort level and optimal revenue function of dual-use technology conversion
of military and civilian firms when we substitute m1, m2, n1, and n2 into Equations (6a,b) and (8).
The optimal effort level in the model of spin-off can be expressed as follows:

EN
M =

(1−π)[λ(ρ+ δ) + α(λ+ θ)]

µM(ρ+ δ)
(10a)

EN
C =

π[λ(ρ+ δ) + β(λ+ θ)]

µC(ρ+ δ)
(10b)

The optimal revenue function for military and civil firms in the model of spin-off can be expressed
as follows:

VN
M =

(1−π)(λ+ θ)

ρ+ δ
K +

(1−π)2[λ(ρ+ δ) + α(λ+ θ)]2

2µM(ρ+ δ)2ρ
+

(1−π)π[λ(ρ+ δ) + β(λ+ θ)]2

µC(ρ+ δ)2ρ
(11a)

VN
C =

π(λ+ θ)

ρ+ δ
K +

π(1−π)[λ(ρ+ δ) + α(λ+ θ)]2

µM(ρ+ δ)2ρ
+
π2[λ(ρ+ δ) + β(λ+ θ)]2

2µC(ρ+ δ)2ρ
(11b)

The whole optimal revenue function in the CMI system is:

VN = VM(K) + VC(K) =
λ+ θ
ρ+ δ

K +
1−π2[λ(ρ+ δ) + α(λ+ θ)]2

2µM(ρ+ δ)2ρ
+
π(2−π)[λ(ρ+ δ) + β(λ+ θ)]2

2µC(ρ+ δ)2ρ
(12)

We can see that the payoff of military and civilian firms is closely related to the improvement
of dual-use technology. To understand the dynamic development of dual-use technology, we use
expectation and variance to describe its numeric characteristics. Under the Nash equilibrium, we can
obtain the limit of expectation and variance of dual-use technology transfer. The result of substituting
Equation (11a,b) into Equation (4a,b) can be expressed as follows: dK(t) =

[
ΩN
− δK(t)

]
dt + ε(K(t))dz(t)

K(0) = K0 ≥ 0
(13)

where ΩN =
α(1−π)[λ(ρ+ δ) + α(λ+ θ)]

µM(ρ+ δ)
+
βπ[λ(ρ+ δ) + β(λ+ θ)]

µC(ρ+ δ)
. For further analysis, let

ε(K(t))dz(t) = ε
√

Kdz(t).
We can use Itô’s lemma to find the differential of a time-dependent function of a stochastic

process. When t ∈ ∀, Itô’s lemma assumes f (x) is a quadratic continuous differential function; thus,
Itô’s equation is expressed as:

f (B(t)) = f (0) +
∫ t

0
f ′(B(s))dB(s) +

∫ t
0 f ′(B(s))ds

2
(14)

where B(t) is Brownian motion.
According to Itô’s lemma and Equation (13), we can get d(K(t))2 =

[(
2ΩN + ε2

)
K − 2δK

]
dt + 2Kε

√
Kdz(t)

(K(0))2 = (K0)
2 (15)
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Hence, the expectation E(K(t)) and expectation squared E(K(t))2 of the dual-use technology level
satisfy the non-homogeneous linear differential equations as follows: dE(K(t)) =

[
ΩN
− δE(K)

]
dt

E(K(0)) = K0
(16a)

 dE(K(t))2 =
[(

ΩN + ε2
)
E(K) − 2δE

(
K2

)]
dt

E(K(0))2 = (K0)
2 (16b)

Then the limit of expectation and variance can be expressed as follows:

E
[
KN(t)

]
=

ΩN

δ
+ e−δt

(
K0 −

ΩN

δ

)
, lim

t→∞
E
[
KN(t)

]
=

ΩN

δ
(17)

D
[
KN(t)

]
=
ε2

[
ΩN
− 2

(
ΩN
− δK0

)
e−δt +

(
ΩN
− 2δK0

)
e−2δt

]
2δ2 , lim

t→∞
D
[
KN(t)

]
=
ε2ΩN

2δ2 (18)

3.2. Resolving Models of Spin-In

In recent decades, by the implementation of supporting facilities of weaponry or subcontracting
scientific research and production tasks, the civilian firm has enthusiastically participated in the CMI
(spin-in). Rapid socio-economic development and the accelerating speed of technology upgrades have
allowed numerous civilian firms to obtain core technologies and make breakthroughs in high-tech
fields. In addition, the stable demand and high profits of the military market have encouraged the
civilian firm to actively participate in the CMI program. For the military firm, the introduction of
advanced civilian technology can mitigate the pressure associated with the high risk of R&D and long
production cycles.

In the model of spin-in, the relationship between a military firm and a civilian firm can be ideally
explained by a Stackelberg differential game dominated by the military firm. We consider the situation
in which the military firm can commit to the effort level of dual-use technology transfer and subsidies
for the civilian firm. Then, the civilian firm can observe the strategy of the military firm and decide its
own strategy. In the Stackelberg differential game, the military firm is the leader who needs to satisfy
their interests and the demand for national defense, and the civilian firm is the follower who aims to
maximize their benefits. It is assumed that both the military and civilian firms can obtain complete
information and potential opponents’ strategies. The partial differential equations can express the
objective functions of the military and civilian firms, respectively, as follows:

JM =

∫
∞

0
e−ρt[(1−π)Q(t) − cM − ηcC]dt (19a)

JC =

∫
∞

0
e−ρt[πQ(t) − (1− η)cC]dt (19b)

where η ∈ [0, 1] is the subsidies factor from the military firm to civilian firm; ρ ∈ (0, 1] is the discount
rate of dual-use technology.

To obtain the Stackelberg equilibrium, it is assumed that VM(K) and VC(K) are optimal revenue
functions for military and civilian firms, respectively, which are bounded and continuously differentiable.
Hamilton–Jacobi–Bellman equations are used to calculate the optimal revenue function of the civilian
firm as follows:

ρVC(K) = max
EC≥0

{
π[λ(EM + EC + K) + θK] − (1− η)µC

2 EC(t)
2 +V′C(K)(αEM + βEC − δK) + ε2(K)

2 V′′C (K)
}

(20)
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The optimal effort level of dual-use technology conversion can be computed by setting the first
partial derivative equal to zero, and the civilian firm’s optimal effort level can be expressed as follows:

EC =
πλ+ βV′C(K)

(1− η)µC
(21)

The military firm predicts the civilian firm’s effort level with historical information and a rational
reaction to decide on its dual-use technology conversion effort and the size of the subsidy factor.
Hamilton–Jacobi–Bellman equations are used to calculate the optimal revenue function of military
firms as follows:

ρVM(K) = max
EM≥0

{
(1−π)[λ(EM + EC + K) + θK] − µM

2 EM(t)2
− η

µC
2 EC(t)

2 + V′M(K)(αEM + βEC − δK) + ε2(K)
2 V′M(K) (22)

EM and η can be calculated by setting the first partial derivative equal to zero, to give:

EM =
(1−π)λ+ αV′M(K)

µM
(23)

η =
λ(2− 3π) + β

[
2V′M(K) −V′C(K)

]
λ(2−π) + β

[
2V′M(K) + V′C(K)

] (24)

The results of substituting Equations (21), (23), and (24) into Equations (20) and (22) can be
expressed as follows:

ρVM(K) =
[
(1−π)(λ+ θ) − δV′M(K)

]
K +

[
(1−π)λ+ αV′M(K)

]2

2µM
+

{
λ(2−π) + β

[
2V′M(K) + V′C(K)

]}2

8µC
(25a)

ρVC(K) =
[
π(λ+ θ) − δV′C(K)

]
K +

[
(1−π)λ+ αV′M(K)

][
πλ+ αV′C(K)

]
µM

+

{
λ(2−π) + β

[
2V′M(K) + V′C(K)

]}[
πλ+ βV′C(K)

]
4µC

(25b)

It can be seen that the linear optimal return function for K is the solution of the HJB equation. Let

VM(K) = f1K + f2VC(K) = g1K + g2 (26)

where f1, f2, g1, and g2 are constant.
After substituting Equation (26) into Equation (25a,b), we can obtain f1, f2, g1, and g2 as follows:

f1 =
(1−π)(λ+ θ)

ρ+ δ

f2 =
(1−π)2[λ(ρ+ δ) + α(λ+ θ)]2

2µM(ρ+ δ)2ρ
+

(2−π)2[λ(ρ+ δ) + β(λ+ θ)]2

8µC(ρ+ δ)2ρ

(27a)


g1 =

π(λ+ θ)

ρ+ δ

g2 =
π(1−π)[λ(ρ+ δ) + α(λ+ θ)]2

µM(ρ+ δ)2ρ
+
π(2−π)[λ(ρ+ δ) + β(λ+ θ)]2

4µC(ρ+ δ)2ρ

(27b)

Hence, the optimal effort level and subsidies factor in the model of spin-in can be expressed
as follows:

ES
M =

(1−π)[λ(ρ+ δ) + α(λ+ θ)]

µM(ρ+ δ)
(28a)
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ES
C =

(2−π)[λ(ρ+ δ) + β(λ+ θ)]

2µC(ρ+ δ)
(28b)

η =

{ 2−3π
2−π , 0 < π < 2

3
0, 2

3 < π < 1
(29)

The optimal revenue functions for military and civilian firms in the model of spin-in can be
expressed as follows:

VS
M =

(1−π)(λ+ θ)

ρ+ δ
K +

(1−π)2[λ(ρ+ δ) + α(λ+ θ)]2

2µM(ρ+ δ)2ρ
+

(2−π)2[λ(ρ+ δ) + β(λ+ θ)]2

8µC(ρ+ δ)2ρ
(30a)

VS
C =

π(λ+ θ)

ρ+ δ
K +

π(1−π)[λ(ρ+ δ) + α(λ+ θ)]2

µM(ρ+ δ)2ρ
+
π(2−π)[λ(ρ+ δ) + β(λ+ θ)]2

4µC(ρ+ δ)2ρ
(30b)

The whole optimal revenue function of spin-in in the CMI system is:

VS =
λ+ θ
ρ+ δ

K +

(
1−π2

)
[λ(ρ+ δ) + α(λ+ θ)]2

2µM(ρ+ δ)2ρ
+

(
4−π2

)
[λ(ρ+ δ) + β(λ+ θ)]2

8µC(ρ+ δ)2ρ
(31)

Under the Stackelberg equilibrium, we can obtain the limit of expectation and variance dual-use
technology level. The proof process is the same as that of the spin-off model. The limit of expectation
and variance are shown as follows:

E
[
KS(t)

]
=

ΩS

δ
+ e−δt

(
K0 −

ΩS

δ

)
, lim

t→∞
E
[
KS(t)

]
=

ΩS

δ
(32a)

D
[
KS(t)

]
=
ε2

[
ΩS
− 2

(
ΩS
− δK0

)
e−δt +

(
ΩS
− 2δK0

)
e−2δt

]
2δ2 , lim

t→∞
D
[
KS(t)

]
=
ε2ΩS

2δ2 (32b)

where ΩS =
(1−π)α[λ(ρ+ δ) + α(λ+ θ)]

µM(ρ+ δ)
+

(2−π)β[λ(ρ+ δ) + β(λ+ θ)]

2µC(ρ+ δ)
.

3.3. Resolving Models of Mix

The mode of mix means a military firm and a civilian firm produce dual-use technology,
which requires the military firm and the civilian firm to have similar characteristics, including market
demand, technology standards, and equipment performance. Dual-use technologies meet both the high
standards characteristic of military technology and the practical applicability of civilian technology.
In mix mode, the relationship between a military firm and a civilian firm is complicated and includes
competition and cooperation. The maximization of overall utility is the common goal for both sides.
Both firms can choose their optimal effort levels and share the revenue function of dual-use technology
conversion based on the maximization of their total payoff. Therefore, we chose the cooperative game
to describe this model. We can assume that the objective function of Mix is:

J = JM + JC =

∫
∞

0
e−ρt[Q(t) − cM − cC]dt (33)

where ρ ∈ (0, 1] is the discount rate of dual-use technology.
To obtain the equilibrium of the cooperative game, it is assumed that V(K) is the optimal revenue

function, which is bounded and continuously differentiable. Hamilton–Jacobi–Bellman equation is
used to calculate the optimal revenue function:

ρV(K) = max
EMEC

{
λ[(EM + EC + K) + θK] − µM

2 EM(t)2
−
µC
2 EC(t)

2 + V′(K)(αEM + βEC − δK) + ε2(K)
2 V′′ (K)

}
(34)
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To maximize profits, we use extreme conditions and search for the optimal effort of military and
civilian firms by setting the first partial derivative equal to zero, to give:

EM =
λ+ αV′(K)

µM
(35a)

EC =
λ+ βV′(K)

µC
(35b)

By substituting the results of (35a,b) into (34), we can get:

ρV(K) = [λ+ θ− δV′(K)]K +
[λ+ αV′(K)]2

2µM
+

[λ+ βV′(K)]2

2µC
+
ε2(K)

2
V′′ (K) (36)

The solution of the HJB equation is a linear optimal return function for K as an independent
variable. Let:

V(K) = h1K + h2 (37)

where h1 and h2 are constant.
Substituting Equation (37) into Equation (36) gives:

h1 =
λ+ θ
ρ+ δ

h2 =
[λ(ρ+ δ) + α(λ+ θ)]2

2µM(ρ+ δ)2ρ
+

[λ(ρ+ δ) + β(λ+ θ)]2

2µC(ρ+ δ)2ρ

(38)

Hence, the optimal effort level and subsidy factor in the mix model can be expressed as follows:

EC
M =

λ(ρ+ δ) + α(λ+ θ)

µM(ρ+ δ)
(39a)

EC
C =

λ(ρ+ δ) + β(λ+ θ)

µC(ρ+ δ)
(39b)

The overall optimal revenue function for the military firm and the civilian firm in the mix model
can be expressed as follows:

VC =
λ+ θ
ρ+ δ

K +
[λ(ρ+ δ) + α(λ+ θ)]2

2µM(ρ+ δ)2ρ
+

[λ(ρ+ δ) + β(λ+ θ)]2

2µC(ρ+ δ)2ρ
(40)

Under a cooperative equilibrium, we can obtain the limit of expectation and variance of the
dual-use technology level. The proof process is the same as that for Equations (13)–(16). The limits of
expectation and variance can be expressed as:

E
[
KC(t)

]
=

ΩC

δ
+ e−δt

(
K0 −

ΩC

δ

)
, lim

t→∞
E
[
KC(t)

]
=

ΩC

δ
(41)

D
[
KN(t)

]
=
ε2

[
ΩC
− 2

(
ΩC
− δK0

)
e−δt +

(
ΩC
− 2δK0

)
e−2δt

]
2δ2 , lim

t→∞
D
[
KN(t)

]
=
ε2ΩC

2δ2 (42)

where ΩC =
α[λ(ρ+ δ) + α(λ+ θ)]

µM(ρ+ δ)
+
β[λ(ρ+ δ) + β(λ+ θ)]

µC(ρ+ δ)
.
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4. Comparative Analysis of Equilibrium Results

4.1. Comparative Analysis of Equilibrium Results of Optimal Effort Level

According to the above derivation of dual-use technology conversion between the military
firm and the civilian firm in the three models, we can demonstrate the comparative analysis of the
equilibrium results of the optimized effort levels as follows:

ES
M − EN

M = 0 (43a)

EC
M − ES

M =
π[λ(ρ+ δ) + α(λ+ θ)]

µM(ρ+ δ)
(43b)

ES
C − EN

C =
(2− 3π)[λ(ρ+ δ) + β(λ+ θ)]

2µC(ρ+ δ)
=

(2−π)[λ(ρ+ δ) + β(λ+ θ)]

2µC(ρ+ δ)
×

2− 3π
2−π

= ES
C × η

∗ > 0 (44a)

EC
C − ES

C =
π[λ(ρ+ δ) + β(λ+ θ)]

2µC(ρ+ δ)
(44b)

According to 0 < π < 2
3 , we can obtain EC

M > ES
M = EN

M and EC
C > ES

C > EN
C . The military and

civilian firms achieve the highest effort level in the mix mode. The military firm has the same effort
level in spin-off and spin-in modes. The effort level of the civilian firm is improved in spin-in compared
with spin-off. It can be seen that the degree of improvement is equal to the best subsidies factor from
the military firm to the civilian firm; this indicates that subsidies are an incentive mechanism that
encourages the civil firm to make a greater effort towards technology transfer.

4.2. Comparative Analysis of Equilibrium Results of Optimal Revenue

We find that the optimal revenue of dual-use technology conversion in the equilibrium results of
spin-in is better than in spin-off for both firms.

VS
M −VN

M =
(2− 3π)2[λ(ρ+ δ) + β(λ+ θ)]2

8µC(ρ+ δ)2ρ
(45a)

VS
C −VN

C =
π(2− 3π)[λ(ρ+ δ) + β(λ+ θ)]

4µC(ρ+ δ)2ρ
(45b)

VC
−VS =

π2[λ(ρ+ δ) + α(λ+ θ)]2

2µM(ρ+ δ)2ρ
+
π2[λ(ρ+ δ) + β(λ+ θ)]2

8µC(ρ+ δ)2ρ
> 0 (46a)

VS
−VN =

(2−π)(2− 3π)[λ(ρ+ δ) + β(λ+ θ)]2

8µC(ρ+ δ)2ρ
> 0 (46b)

According to 0 < π < 2
3 , the order of total revenue is VC > VS > VN. This indicates that the

overall system can achieve the best payoff when military and civilian firms cooperate to undertake the
bidirectional dual-use technology conversion. Furthermore, the overall system in the spin-in mode
under the Stackelberg equilibrium condition has the second-highest payoff.

4.3. Dual-Use Technology Development

Comparing the expectation and variance of the improvement degree of the dual-use technology
level in the three modes allows measurement of the stability of the technology development in the
conversion. The comparing process is as follows:

E
[
KS(t)

]
− E

[
KN(t)

]
=

1
δ

(
1− e−δt

)(
ΩS
−ΩN

)
> 0 (47a)
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lim
t→∞

E
[
KS(t)

]
− lim

t→∞
E
[
KN(t)

]
=

1
δ

(
ΩS
−ΩN

)
> 0 (47b)

Similarly, we can get

E
[
KC(t)

]
− E

[
KS(t)

]
=

1
δ

(
1− e−δt

)(
ΩC
−ΩS

)
> 0 (48a)

lim
t→∞

E
[
KC(t)

]
− lim

t→∞
E
[
KS(t)

]
=

1
δ

(
ΩC
−ΩS

)
> 0 (48b)

lim
t→∞

D
[
KS(t)

]
− lim

t→∞
D
[
KN(t)

]
=

ε2

2δ2

(
ΩS
−ΩN

)
> 0 (49a)

D
[
KS(t)

]
−D

[
KN(t)

]
=
ε2

(
1− 2e−δt + e−2δt

)
2δ2

(
ΩS
−ΩN

)
(49b)

The first derivative of 1− 2e−δt + e−2δt is greater than 0 for t ∈ (0,∞). 1− 2e−δt + e−2δt = 0 can be
obtained by t→ 0 , and D

[
KS(t)

]
> D

[
KN(t)

]
can then be obtained. Similarly, D

[
KC(t)

]
> D

[
KS(t)

]
can be obtained. Thus, there exists:

E
[
KC(t)

]
> E

[
KS(t)

]
> E

[
KN(t)

]
, lim

t→∞
E
[
KC(t)

]
> > lim

t→∞
E
[
KS(t)

]
> lim

t→∞
E
[
KN(t)

]
D
[
KC(t)

]
> D

[
KS(t)

]
> D

[
KN(t)

]
, lim

t→∞
D
[
KC(t)

]
> lim

t→∞
D
[
KS(t)

]
> lim

t→∞
D
[
KN(t)

] (50)

This indicates that the mix mode can develop dual-use technology more readily than the other two
modes, followed by the spin-in mode. In contrast, the greater the improvement of dual-use technology,
the less the stability achieved by the firms. When the military firm and the civilian firm cooperate and
jointly develop dual-use technology, they are subject to more risk and random interference factors.
This illustrates that dual-use technology development is significantly influenced by the mode of
conversion on increment and stability.

In the collaborative environment, both military and civilian firms make decisions with the goal of
overall system optimization, which can decrease the threshold of conversion, advance the efficiency of
technology innovation, and ultimately maximize the total benefits. Therefore, the mix mode can reach
Pareto optimality in terms of the effort, the revenue, and the technology development.

5. Simulation and Discussion

5.1. Generic Simulation

To illustrate the theoretical results, we conducted a numerical analysis. The values of the
parameters are shown in Table 2. The results under the three game models, in terms of the effort of
military and civilian participants, and each optimal revenue level, are shown in Table 3.

Table 2. Fixed parameter initialization setting.

Notation α β ρ δ λ θ µM µC π η

Initialization Settings 0.8 0.6 0.95 0.1 0.7 0.6 0.5 0.5 0.5 0.333

Table 3. Comparison of the results for the three game cases.

Spin-Off Spin-In Mix

EM 1.690 1.690 3.381
EC 1.443 2.536 2.886
VM 0.619K + 1.848 0.619K + 2.075 0.619K + 2.136
VC 0.619K + 2.052 0.619K + 2.324 0.619K + 2.136
V 1.238K + 3.90 1.238K + 4.31 1.238K + 4.271
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From Table 3, the differences between the military firm and the civilian firm in the cases of spin-off,
spin-in, and mix modes can be examined. The effort levels for both firms were improved sequentially
by the three modes. This is particularly the case for the civilian firm; civilian revenue was higher than
that of military participants in all three cases. Moreover, the total revenue was highest when the firms
chose the spin-in mode.

5.2. Dual-Use Technology Development in Three Modes

According to Equation (50), dual-use technology development in the three modes differs and
improves with the order of spin-off, spin-in, and mix. Simulations of the technology development
over time under the three differential games were investigated, as shown in Figure 2. We can see that
the steady-state of dual-use technological development was consistent with the model derivation.
Dual-use technology growth started at a similar point; then, the rate of technological development
led to differentiation, and eventually, to a steady-state. The mix mode grows fastest, at a rate double
that of spin-off, and takes twice as long to reach a steady-state as the other two modes. Over time,
technological growth eventually reaches a steady-state in which mix has the highest degree of
technological development, followed by spin-in. Spin-off has the lowest degree of development.Symmetry 2020, 12, x FOR PEER REVIEW 14 of 18 
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5.3. Individual and Total Revenue in Three Modes

According to Equations (45) and (46), revenue for each of the firms, military and civilian, and total
revenue, were consistent with the simulation, as shown in Figure 3. The ultimate benefits for both
military and civilian firms grow and ultimately reach a steady-state. Mix is the optimal choice to
maximize income for both military and civilian firms and in the context of overall returns. These trends
were also consistent with the growth of dual-use technologies. All three models of the CMI effectively
contribute to an increase in both firms’ earnings, and there is a positive correlation between the increase
in earnings and the state of technological development.
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5.4. Revenue Comparison between Military and Civil Firms

Both military and civilian firms improve overall earnings. However, there is a gap between the
two firms’ earnings in the same model, shown in Figure 4. In spin-off, the changes in the trajectory
of revenues for the military firm and the civilian firm almost overlap, with the military firm earning
slightly less than the civilian firm. This suggests that military technology’s entry into the civilian
sector has a similar catalytic effect on the increase in income for both military and civilian enterprises.
The revenue in spin-in is significantly higher than that in spin-off. Furthermore, the profit of the military
firm is significantly higher than that of the civilian firm. The entry of civilian technology into the
military goods market not only relieves the pressure on the R&D and production of the defense industry
but also stimulates the vitality of the defense market. In mix, because the distribution coefficients were
set equally in this study, the earnings trends for military and civilian firms are identical.
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6. Conclusions

In this work, we sought to establish a theoretical model for dual-use technology conversion in
civil-military integration. Unlike previous studies, we classified three dual-use technology transfer
modes, and more importantly, incorporated the dynamic development of dual-use technology
into a unified research framework. We developed a stochastic differential game of dual-use
technology conversion between a military firm and a civilian firm in the CMI. By considering the
directions of dual-use technology transfer, we used the Nash non-cooperative game, Stackelberg game,
and cooperative game to represent dual-use technology conversion in the modes of spin-off, spin-in,
and mix, respectively.

By analyzing and comparing the three methods, we identified apparent differences in the
transfer efforts, ultimate benefits, and technological development of dual-use technology conversion.
The equilibrium and simulation results indicate the following: First, the Pareto optimal results are
shown in the decreasing order of mix, spin-in, spin-off, for effort level; individual and total revenue for
the military firm and the civilian firm; and dual-use technology development. Second, the military
firm earns more than the civilian firm only in spin-in. Third, the greater the technological growth
of one mode, the greater the potential instability faced by the firms. In addition, the other findings
highlight that: (a) the optimal effort level has a positive correlation with the coefficient of technological
innovation capability and a negative correlation with cost coefficients; and (b) the subsidies factor from
the military firm can stimulate the civilian firm’s efforts.

From the above results, military and civilian firms should choose the mix model for maximizing
overall benefits and technological development. However, choosing this model implies more effort
from both firms, which means more costs are required. It is also necessary to consider the instability
caused by technological development. Therefore, we propose several conclusions. First, enhancing the



Symmetry 2020, 12, 1861 17 of 18

capability for technological innovation and lowering the associated cost is becoming essential. Second,
examining and controlling the risk-added problem caused by the value-added in the CMI to ensure the
stable development of dual-use technology. Moreover, because subsidies can influence the civilian
firm’s choice, the military firm can adjust subsidy factors to support the civilian firm’s initiative
according to their own needs.

However, some limitations in this paper are worth noting. These theoretical models only consider
dual-use technology conversion between the military and civilian firms and do not examine the
government’s role in guiding and promoting CMI. This issue warrants further study in the future.
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