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Abstract According to new features of distributed technology innovation collaboration of complex
products of China’s aviation, in the multi-agent collaborative R&D process, between main manufacturer
and suppliers, this paper summarizes the organizational structure and characteristics of collaborative
mode of distributed technology innovation of complex products, basing on the technological innovation
and resource integration of complex products, and treating resource contribution rate as a key param-
eter. It establishes multi-agent resource integration collaborative symbiosis model under distributed
collaborative technology innovation mode based on symbiosis theory. And finds that some factors such
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ity analysis and simulation analysis, which provides a theoretical basis for the main manufacturer to

optimize the behavior of suppliers’ resource integration.

Keywords distributed technology innovation collaboration; resource integration behavior; main manu-

facturer-supplier; complex products

Received June 21, 2017, accepted October 9, 2017

Supported by the National Natural Science Foundation of China (71372080, 71573115, 71373117, 71433006),
Fundamental Research Funds for the Central Universities (3082018NJ20160083), Jiangsu Postdoctoral Fund
(1601102C)



Modeling Analysis of Complex Products Resource Integration Behavior Under ... 215
1 Introduction

Complex products refer to the large capital goods or infrastructures, which have large re-
search and development (Hereinafter called as “R&D”) investment, high technology content
and single or small batch of customers, such as large telecommunication system, mainframe
computers, aerospace and energy chemical complex synthesis of large products, systems or in-
frastructures. The development production of complex products has the characteristics like
technical difficulty, high product quality requirements and high knowledge intensity, which em-
bodies a country’s highest level of design and manufacturing capability. The success of system
innovation of complex product can bring the upgrade of technology to the entire industry, also
improve and promote the national competitiveness. Therefore, technical innovation of complex
product is essential to national competitiveness, which directly determines the improvements of
production efficiency and upgrading of industrial structure in the whole manufacturing industry
and has become an important strategy to improve national design and manufacturing capacity.
But the technological changing accelerates, the period of product life cycle shortens and the
enterprises’ living environments change dramatically due to the aggravation of market compe-
tition. People come to realize that limited resources for research and development of complex
products will become increasingly difficult and we must rely on the internal knowledge.

The collaborative development model of complex products, as an effective mode of inter-firm
cooperation, has outstanding performance in dispersing risk and reducing R&D costs. Taking
Spanish companies as examples, Bayona, et al. researched and found that the difficulties for
the R&D of enterprises lie in the complexity of technology, the uncertainty of R&D technology
and the high cost of R&DM. The absorptive capacity of enterprise’s technology and resources
have an important influence on the cooperative effect. Market access, opportunity search and
other factors have no significant impact on R&D cooperation. The research also finds that large
enterprises are more willing to carry out research and development cooperation. Enterprises
hope to innovate through collaboration.

At present, China’s aviation manufacturing enterprises pay more attention to cross-industries,
and collaboration across borders. And try to promote the level of technology innovation by
strengthening the efficient allocation and integration of resources in affiliated enterprises. Due
to China’s aviation manufacturing industry resources are relatively dispersed, the core tech-
nology resources are relatively lacked and numbers of suppliers across regions and borders are
very large. Compared to the main manufacturers of complex products, large supplier group
shows the characteristics of “distributed”. Based on the traditional complex equipment’s “main
manufacturer-supplier” cooperation mode, people currently pay more attention to the multi-
agent distributed collaborative innovation in the process of development and production of
aviation complex products, which includes the use of external resources, cooperation seeking,
resources sharing and complementary advantages to promote the innovation of enterprises. If
traced back, the phenomenon of supplier’s distributed collaboration is determined by the rela-
tive lack of resources specialization of China’s aviation manufacturing enterprises and the core
technology. Also by the diverse demands of product R&D resources, and our advancement of
strategic high-tech industries, and the realistic demand of accelerating the realization of the

“made in China” to “created in China”.
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Therefore, in order to improve the development of China’s complex products more sci-
entifically and effectively, to be the main manufacturer of complex aeronautic products, then
exploring the distributed collaborative innovation model between the self and the supplier group
under the new situation is the premise of management. In the process of innovation, there are
multiple behavioral undertakers and different stakeholders who have different roles, which means
that the subject of innovation is not single, with a complex of intrinsic structure, namely, the
multi-agent cooperation. Under the multi-agent distributed innovation cooperation, the pro-
duction resources of complex products are very extensive. The integration of these resources can
truly make full use of advantage, maintain the core competitiveness and achieve the sustainable
development of enterprises. Accordingly, detailed analysis of multi-agent resource integration
behavior under distributed collaborative innovation model is an important basic work for the
main manufacturer to adjust and optimize the multi-agent resource integration behavior. This
paper is based on the perspective of the main manufacturer management coordination and
outlines distributed collaborative innovation model of complex products, using resource inte-
gration among distributed subjects as the focal point, and utilizes the symbiosis mechanism
to construct a multi-agent resource integration behavior theory model of complex products,
under distributed collaborative technology innovation mode then carry out the corresponding

simulation analysis.

2 Literature Review

Distributed technology innovation collaboration is a cooperative model with distributed
features, which is aimed at technological innovation. O’Sullivan thought that distributed in-
novation is an innovation built on a special internal interconnection network throughout the

(2]

supply chain!®/. Bowden considered that distributed innovation is formed by various innovation

activities!®). Tt is a new technical service development mode which creates high quality prod-
ucts and services through sharing internal and external knowledge and resources. Damanpour
thought that distributed innovation management is the process of managing innovation both
within and across networks of organizations that have come together to co-design, co-produce
and co-service the needs of customers®. Liu believed that distributed innovation is based
on resource sharing, which is an innovation activity in different geographical areas between
enterprises with supply chain partnership!®’. Luo thought distributed innovation is a kind of
enterprise choice behavior, which is derived from the knowledge complementarity and the pur-
suit of resource innovation!®. It is a process of developing the heterogeneous knowledge based
on the complementary synergistic effect.

Investigation found that: distributed innovation mainly concentrates on high tech and in-
formation concentrated fields!”. The proportion of the whole research and development expen-
diture in these areas is relatively higher than in other industries around the world!®). Besides,
distributed innovation behavior includes many cooperative subjectsl®). Only the effective distri-
bution and balance of the distributed innovation benefits realize, can the stability of the multi

[10] Anderson and Joglekar considered innovation is a

subject innovation cooperation achieves
complex system, prone to emergent opportunities and risks!'']. Bogers and West showed the

strategic implications of the research on distributed innovation by discussing the nature and
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sources of distributed innovation, how firms can increase the supply of such innovation, and
how they can capture the value that is created as such('?l. Kanto, et al. thought that the

distributed innovation model which integrates the customer knowledge can effectively help the

enterprise to perceive market opportunities which are fast and dynamic!*?!.

Under the distributed technology innovation coordination, it is necessary to integrate the
available resources of multiple subjects and realize the product development ultimately. The

integration of technological resources refers to the behavior of integrating resources needed for

(14]

technological innovation"*. In supply chains, integration is a means to ensure coherency. Inte-

(15] Chandra studied the integration and optimization

[16],

gration can be technological or logistical
of supply chain and constructed a supply chain model based on collaborative system method
According to a study, Awasthi, et al. found that lack of resource sharing (integration), lack
of organizational compatibility, lack of information sharing, lack of responsibility sharing, and
lack of planning of supply chain activities are as top five barriers in supply chain integration*?).
Ghobakhloo, et al. found that process integrating of supply chain is an important multidi-
mensional intermediate organizational capability through which the value of IS resources for
supply chain management can be materialized!*®. For the manufacturers of complex prod-
uct, the behavior of technology innovation resources integration is cross-organizational, global
and complex. With the development of economic globalization, the communication of capital,
technology, information and other resources between aviation manufacturing enterprises has
exceeded the national boundaries.

Multiple cooperation of complex products between multi-agent enables the repeated ex-
changes and integration of resources, also makes the multi-agent’s cooperative behavior become
a kind of collaborative symbiotic relationship. This symbiosis is a subject resulting from the
spontaneous cooperation union behavior, with the aid of external resources to achieve product
innovation. In the supply chain, industrial symbiosis is a form of supply chain cooperation in
industrial networks in order to achieve collective benefits by leveraging each others’ by-products

191 Shi and Wu applied symbiosis theory and conception into

and sharing services and utilities!
supply chain alliance, established alliance profit allocation mechanism of supply chain from a
new perspective, provided a reliable reference method for the efficient and effective operation

[20]

of alliance to cope with vigorous market competition Ding, et al. explored the monitoring

problem on the symbiotic stability of the supply chain alliance, with a view to prevent the

21]

potential risks in supply chain alliancel Zhuo and Wang used evolution games to analyze

formation and evolution of supply chain alliance symbiosis/?2l. Holgado found that industrial
symbiosis can help improve the overall efficiency of the industrial system!?/. The positive
impact of implementing symbiotic exchanges between companies would benefit their host re-
gion through increased job creation and reduced environmental stress, meanwhile, the entities
engaged could benefit from a combination of additional revenue streams and reduced costs.
The current research of distributed innovation mainly focuses on basic theory analysis and
operation mechanism analysis of enterprise collaboration. Existing literature and research
achievements laid a theoretical foundation for the distributed technology innovation collab-
oration of complex products. Although there is little literature about distributed innovation

and resource integration in the complex products, most scholars think that distributed innova-
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tion is used in the high-tech enterprises with high technical content and multi-disciplinary areas
collaboration, especially for the detailed analysis of the multinational innovation collaboration.
This is very similar with the current R&D model of China’s complex products. Therefore,
based on the theories of the above literature research, this article systematically analyzes the
distributed technology innovation collaborative mode of complex products. And focuses on the
operation mechanism of multi-agent resources integration behavior and analyzes main factors

of impacting the main manufacturer-supplier resources integration behavior.

3 The Subject Definition Of Distributed Technology Innovation Col-
laboration and Resource Integration

3.1 Overview of Distributed Technology Innovation Collaboration Model

Distributed technology innovation collaboration of complex products refers that the avi-
ation manufacturing enterprise and its cooperative suppliers take technology innovation as a
common goal, by means of resources sharing and information exchanging between different
regional enterprises to cooperate together, and to complete the complex products R&D coop-
eration model. In this cooperation mode, the subjects take the “main manufacturer-supplier”
organization mode as the basic cooperation framework. Distributed technology innovation col-
laboration of complex products starts from technology innovation distribution and redefines
the “main manufacturer-supplier” collaborative model. It is a collaborative innovation cooper-
ation behavior, which highlights the cooperation between the main manufacturer and suppliers.
This behavior takes the pursuit of technological innovation as an important target, and uses
complementary resources as the basic cooperation premise.

The cooperation subjects of distributed technology innovation collaboration are divided into
two categories. One is the main manufacturer and the other is a supplier. The main manufac-
turer is the helmsman and manager of complex products development project, in the absolute
heart of cooperation. The supplier is a partner, who belongs to the helper of project research
and development, at the subordinate position in collaborative cooperation. Thus, distributed
technology innovation collaboration model can be summarized into three main features: 1)
Emphasize the cooperation in cross-region and cross-organization; weaken the importance of
geographical position. 2) Emphasize the complementary resources in cross-disciplinary and
cross-domain; focus on complementary knowledge. 3) Emphasize the consistency and syn-

chronicity of cooperative behaviors; focus on the identity of cooperation.

3.2 Distributed Technology Innovation Collaboration with the Multi-Agent Re-

source Integration

Resource integration refers to a series of related process of comprehensive utilization of
resources?4. Distributed technology innovation collaboration resources are the generic terms
of material resources, technical resources, management resources and other resources which are
needed to invest in the development and production process of complex products. This kind
of resource is the exclusive resource of the supplier, which represents the core competence of
the supplier and is also the key reason for the supplier to win the cooperation opportunity of

complex products. As a result, the main manufacturers are more concerned about the dedicated
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resources of suppliers, with the scientific research of human resources, equipment resources,
proprietary technology, resources as the key points. Therefore, the distributed technology
innovation collaborative resources in this paper refers to the establishment of human resources,
material resources and patent technology, three aspects on the basis of specific resources that
supplier can provide.

The behavior subjects of complex products resource integration are the main manufacturer
and suppliers. Generally speaking, the main manufacturer is the only, fully responsible for the
project control in the product development process, and is the main promoter and executor
of the resource integration behavior. Supplier is a large and complex enterprise group in the
process of distributed technology innovation collaboration of complex products. According to
the importance of the suppliers in the cooperation, all kinds of suppliers can be divided into
different levels. Primary subordinate subject refers to core suppliers who establish strategic
cooperative partner with the main manufacturer. They are in charge of partial core development
work of the complex product and also undertake resource integration management to suppliers of
next level (the i-th level affiliated subject). In short, resource integration subject in the process
of the complex products distributed collaborative innovation has a multisubject structure of
“l —n”. Resource integration behavior refers to a process of n different level of suppliers’

resources integrated and configured by the main manufacturer, as is shown in Figure 1.

\@re subject (main manufacturer)

One-level subordinate subject (suppliers)

N/

i-level subordinate subject (suppliers)

Figure 1 The behavior subject of resource integration

Combined with the above figure, we can find: Firstly, the distributed technology innovation
collaboration pattern of complex products distinguishes status difference of the main manu-
facturer and suppliers in the whole process of the project cooperation. Resource integration
behavior between the main manufacturer and suppliers is unequal. Cooperation among multiple
agents does not need to manage through the third parties, which is planned and managed by
the main manufacturer. Secondly, a vast network of suppliers shows that research and develop-
ment activities of complex products emphasize more on heterogeneous resource integration and
capacity complementation of enterprises in multi-disciplinary area. Resource integration under
distributed collaborative innovation of complex products is a comprehensive resource matching
problem with heterogeneous complementation. Both sides of supply and demand participating

in the resource integration follow the principle of “draw on each others’ strength”.
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4 The Basic Analysis of Multi-Agent Resource Integration Behavior
Modeling

4.1 Behavior Analysis of Multi-Agent Cooperative Symbiosis

In the whole production cycle of aviation products, the main manufacturer and suppliers is
the cooperation subject of distributed technology innovation collaboration of complex products,
and has a long-term cooperation relationship. Suppliers participating in distributed collabora-
tive innovation cooperation constitute a strategic partner group with benefit and risk sharing,
and long-term cooperation in the subsequent order reproduction and product improvement
process, until the complex product market ends, as is shown in Figure 2. This multiple cooper-
ative behavior between multi-subject promotes enterprise resources to repeatedly communicate
and integrate. It urges the multi-agent cooperative behavior into a collaborative symbiotic

relationship based on the premise of pursuing the maximization of aviation products value.

Design + R&D +

production Product
improvement +
production /...l
Termination of
A coopration

Aviation complex producfwhole life cycle

. Follow-up product A number of A
Collaborative R&D for . PP S Termination of
N improvement and cooperation in product N
the first time . . production
production market life cycle

Figure 2 Multi-agent cooperative symbiotic relationship in the whole production

cycle of aviation complex products

Multi-agent cooperative symbiosis of complex products is an outward manifestation of the
subject’s behavior and is a spontaneous cooperation alliance behavior, of which the subject
achieves product technology innovation and production with the help of the enterprise external
resources. There is an obvious enterprise difference among cooperative alliance members, the
difference between core enterprise (such as main manufacturer and the first-tier suppliers) and
non-core enterprises (such as the common supplier). It forms an asymmetric and mutually
beneficial symbiotic model through the complementary advantages of the resources and main-
tains the alliance symbiotic relationship through positive effects of multiple subjects. With the
development of the different stages of the whole production cycle, the cooperative symbiotic
relationship among multi-agents is also in the process of dynamic evolution/?®). Through the
existing research results, it can be found that the symbiotic relationship between the subjects
of cooperation is conducive to the discovery of the interaction between multi-agent cooperative
behavior and the mechanism of behavior evolution. In the whole life cycle of complex products,
based on the premise of resource complementation and long-term cooperation, the main man-

ufacturer and suppliers constitute an interdependent symbiotic relationship. Compared with
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cooperative symbiotic relationship of common products, there are five different aspects in the

symbiotic relationship of complex aeronautic products (as is shown in Table 1).

Table 1 Comparison of the symbiotic relationship between complex products and common products

Serial Different Cooperative symbiosis of Cooperative symbiosis of
number items aviation complex products common products
o Main .
Symbiotic Core enterprises and
1 ] manufacturers . .
subject . satellite companies
and suppliers
9 Symbiotic Active and Core and
status follow-up non-core
The core enterprise has
the ability of
Independence of Are able . Y
. . independent development,
3 the main body to survive .
o . the development of satellite
of symbiosis independently . .
enterprises under the independent
case decay until death
Focus on the
L. technological value Focus on production output
4 Symbiotic goal > ] )
creation of under the unit resource input
the unit resource
Complementation Industrial linkage between
5 Symbiotic essence and integration of the up-stream and down-stream
heterogeneous resource supply chain

Based on this, this paper will use the symbiosis theory to build a symbiosis model un-
der the integration of multi-agent distributed resources, based on the heterogeneous resources

complementation and make correlation analysis.

4.2 Basic Assumptions of the Model

To illustrate the multi-agent cooperative symbiosis behavior model of complex products,
the following model assumptions are set up:

Assumption 1 A certain segment of relevant R&D work of a certain complex product can
be divided into a master subsystem P (namely the main manufacturer is responsible for the
R & D) and m subsystems P’ (i = 1,2,--- ,n) (namely, suppliers participate in collaborative
work).

Assumption 2 R&D of a certain Complex product is completed by a main manufacturer
M and n suppliers S; (i = 1,2,---,n). In order to facilitate the division of responsibilities and
simplify the study, it is assumed that there is a one-to-one correspondence between the number
of suppliers and the number of subsystems.

Assumption 3 In order to reflect the essence of resource integration in the process of
collaborative R&D of complex products, it is assumed that there is a resource complementation

between the supplier groups and supplier’s cooperative behavior will affect other subjects.



222 CHEN H Z, WANG Y, SONG L L, et al.

4.3 Basic Analysis of Model

Due to the influence of resources complementary, the symbiotic relationship between the
main manufacturer and suppliers has evolved into a symbiotic relationship based on promot-
ing economic growth by product technology innovation, which is under the essence of resource
integration. In this symbiotic relationship, coordination symbiotic value-added effect and re-
source integration value-added effects determine the development of the symbiotic relationship
between the main manufacturer and suppliers.

[Si¥nergistic symbiotic value-added effect and connotation

If the interest of the main manufacturers M is xg > 0, the interest of the supplier .S; is
z; > 0(t=1,2,---,n). When the main manufacturer and suppliers independently use their
own resources for R & D production, only consider the impact of resource input on interests,
the interests are

ri=a;R,, i=0,1,---,n. (1)

R means actual resource value of which the subject puts into production, under normal cir-
cumstances, enterprise resources in the short term will not produce significant changes. There-
fore, this paper assumes that resources of the subject R, has the maximum value R;; a; means
resource contribution rate under the condition of independent subject which is generally deter-
mined by the basic properties of the enterprise and the characteristics of the industry.

When the main manufacturer and suppliers collaborate, collaborative overall interests are
n
Re=) R,
i=0

n (2)
X, = Z z; + Xs.
i=0
X, expresses the symbiotic interests, X, expresses symbiotic added value under the inte-
gration of resources. When X > 0, the benefit of the cooperative behavior of each subject is
not simply linear superposition, it produces a very important “symbiotic added value” effect
in the process of resource overlay. Symbiotic value-added effect originates from the increase of
the contribution rate of each participant’s resources. Resource contribution rate is the ratio
of the income and the resource investment value. Complex product is a large system with
high technical content and high performance. Compared to the general product, its product
value has more obvious advantages. Therefore, for each subject participating in collaboration,
symbiotic value-added effect is based on the following condition: benefit of using resources to
collaboratively produce complex products, is larger than that of using the same resources to
independently produce ordinary products to obtain, as is shown in Formula (2).
[Rksource integration effect and connotation
Studies have shown that the diversity established under the heterogeneous resources com-
plementary cooperation is very favorable for forming the core competitive ability. Enterprises
achieve complementary advantages through the acquisition and resources exchange. Resource
complementation has a positive effect on the innovation performance of enterprises. Therefore,
for complex products, there is a significant correlation between the size of symbiotic value-added

effect and the matching degree of the resources involved in the subject.



Modeling Analysis of Complex Products Resource Integration Behavior Under ... 223

When the resource of the subject is more matched with the resources needed by the cor-
responding subsystem, resource complementation between the subjects is better. Then collab-
orative symbiotic value-added effect will be more obvious. It is assumed that the resources
matching degree is ;. ¥; = 0 means that the resources provided by the subject are completely
mismatched with the resources needed by the subsystem. 1; = 1 means the resources provided
by the subject are completely matched with the required resources. When the main manufac-
turer M and n suppliers S; make innovative collaboration of complex products, the interests of
the subject will be affected by the following factors: 1) Input resources value R;; 2) Resources
contribution rate a;; 3) Resources matching degree 1;; 4) The relative influence coefficient of
the subject j on the subject ¢ under the complementary effect of resources.

Therefore, as is shown in Formula (2), the overall interest of the main manufacturer-supplier

under innovation collaboration is expressed as follows:
n n n
Xe=)Y aRj+ X, Xo=) ) bR (3)
i=0 1=0 j=0

Make B = (bij)(n+1)><(n+1) and

boo bor boz -+ bon
bio by by - be--

B=| b bar b2 -+ b2y |. (4)
bnO bnl bn2 e bnn

When i = j, make b;; = 0. When ¢ # j, b;; expresses the influence coeflicient of subject j on
subject ¢. Only when mutual influence coefficient among enterprises is non-negative (b;; > 0),
enterprises can be collaborative. If b;; < 0, it is indicated that the benefit of enterprise col-
laboration will be damaged, the synergy will not happen. Therefore, the range of values b;; is
bi; >0

Make (3) unite like items and get:

n n
Xe=)Y_ (1 + Zbijwj)aiR;. (5)
i=0 §=0

At this point, the interests of main body 4 in the cooperation of technology innovation of

complex products:

n
X, = (1 + Z bm"(ﬂj)diRg. (6)
j=0

Apparently, E;L:O bi;1; means the sum of complementary resources degree of subject j to
subject 7 in the process of collaborative innovation. That is, when the resource matching degree
of other participants (including suppliers and main manufacturer) is higher and the influence
coefficient is bigger, the resource complementary effect among participants will be more obvious.
Through Formula (5), we can find that the “complementary effect of resources” is the basic

reason of the “symbiotic added-value effect”. The complementary resources of each subject
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make the contribution rate of the main resource to be further increased through the integration

of resources and produce the “symbiotic value-added effect”.

5 Multi-Agent Cooperative Symbiotic Resource Integrated Behavior
Modeling

Due to the subjects have long-term cooperation in the process of complex aeronautic prod-
uct innovation collaboration, we can assume that the interests of all participants continuously
change, then interest relative growth rate of subject is XL . %. The formula (1) shows that
the interest of the subject is related to the resource input’ and resources contribution rate. In
order to make a difference between the value of resource investment in the R&D of complex
products and that of same resources put into normal products, this paper assumes that when
the main manufacturer and suppliers are in the complex products collaborative innovation, to-
tal resources input is a relatively fixed value, resource contribution rate is developed with the
development of science and technology innovation. Thus, the interest relative growth rate of

the subject can be simplified as the growth rate of the resources contribution rate, which is
1 .dXs _ 1 da
X; dt — a; dt -

the collaborative mode of distributed technology innovation of complex products.

Here is the construction of multi-agent cooperative symbiosis model under

5.1 Construction and Stability Analysis of Multi-Agent Cooperative Symbiosis
Model

Considering the subject’s scientific and technological innovation ability, the resource contri-

bution rate of the subject’s individual production meets the Logistic model:

dai a;
=kiai(1-—=.
dt “ ( a; > (7)

k; expresses the growth rate of resource contribution rate of the subject 7 under the indepen-
dent production, @; expresses the maximum value of resource contribution rate of the subject
7 under the limited situation of science and technology innovation ability.

There is a mutual influence of the subject in the cooperation process. Considering the
impact of the other n participants on the subject i, the main resource contribution rate of the

subject ¢ meets the following formula:
Qs (1= %3 ®)
au @ e E )

In order to simplify the operation, we take the “one main manufacturer and two suppliers”
as an example to analyze the synergy.

If n = 2, Formula (8) can be converted to:

da a a a
flao, a1,a2) = d_o = koag (1 -2y boﬂplzl + boz¢2:2> =0,
t ao a as
da a a a
g(ag,a1,a2) = d—l = kiay (1 — = +biotho— + 512¢2:2) =0, 9)
t aq ag a2

d
k(ao, a1, a2) = 2 — kpa (1 - Z:z + 5201#02:2 + 52111)1%) =0.
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The solution of differential equations (9) can obtain 8 equilibrium points:

_ — — — 1+b — 1+b
Pl(Ov 0, 0)7 P2(Oa 0, ag), P3(07 at, 0), P4(a07 0, 0)7 P5(a0 1_b$£;1ﬁtwo ;a1 1_5I¢?1ﬁ%¢0 ) O)a
— _ 1+bo2: —_ 14boo® —_ 1+bioy —_ 1+boiy
P (ao 1—b021/(1)§b2f)1/10 0, @2 1—b021/f§b2?)1/10 )’ P7(0’ a1 1—b121;;b2211/11 » 42 1—b12¢221b2111/11 )

To simplify the expression, make

w=bo1¢1b10%0 + bo2th2baotho + br2th2ba1h1 + bo191b1292b20tb0 + bo22b10¢0b21 11,
§o=bo191 + bo2P2 + bo191b1292 + bo22b21th1 — biathebar iy,
§1=b10%0 + b12P2 + bo2tP2b10to + bi2v2b2010 — bo2t2b20v0,
§2=bootho + ba1t1 + bo1¥1b20¢0 + b10vob2191 — bor1biovo.

(10)

1+ —1+& —1+4&
1—w ) a1 1—w ) A2 1—w )

The balance point Pg can be expressed as Pgs(ag

Combined with the resources integration problems under the distributed technology inno-
vation collaboration of complex products, polynomial represented by the above four parameters
w, &0, &1, & describes detailedly the mutual influence relationship between the main manufac-
turer and two suppliers.

[Realistic meaning of w

Based on complex products innovation collaboration, w expounds the comprehensive influ-
ence degree of resources integration behavior in cooperation. There are two kinds of influence
degree, one is the cross impact among the subjects, the other is the circulation effect. The
“effect” is expressed by the degree of complementation between the subjects. In the whole
coordination process, resource complementation between the subjects determines the resource
contribution rate of each other, as is shown in Figure 3. According to the expression of w, it
can be known that only when the main manufacturer and suppliers group have a positive effect,

the group can play a synergistic effect. So when w > 0, it has the economic meaning.

Main manufacturer

" .,
%, Do bayibow, o’
. LN "L

U7 N7 N T

’———~

D110, 0,01 >

\ — * HAY
supplier a,

P o
< »

supplier g

Figure 3 Schematic diagram of the comprehensive influence degree of resource

b,y 0,p,

integration on the whole body

[Rekalistic meaning of &; (i = 0,1,2)

Based on product innovation collaboration, &; expounds the influence degree of the other
participants in the contribution rate of the main resources ¢ by the complementary effect of
resources. Take the main manufacturer as an example, supplier S; and supplier Sy have an
impact on the main manufacturer. Besides, the mutual impact between the two suppliers will
also have secondary impacts on the main manufacturers, as is shown in Figure 4. Obviously,

based on innovation collaboration, the main manufacturer and suppliers form a symbiotic group.
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So only when &; > 0, it has the economic meaning. There is a positive effect between the
subjects.

by,

boiPLY, \

—
Supp“eral -«— Do, 20y

Figure 4 Schematic diagram of the influence degree of resource integration be-

-y, 0,0,

havior on collaborative individuals

Balance point Pg expresses that the resource contribution rate of the main manufacturer

M, supplier S7 and supplier Ss are a_olltff, a_l%, a_g%. If the above three equations are

not zero, then the subject can meet the cooperative symbiosis under the resource integration

behavior. Therefore, when the condition meets the following inequality, the equilibrium point

Py has the economic meaning;:

a_1+fo
o7

>0,

_ 144
ai
1—w
_1+&
az
1—w

Solve the above inequalities and get: w > 1,§ < —1,§ < —1,&% < —lor w < 1,& >

>0,

> 0.

—1,& > —1,& > —1. From the above, we can know that & > 0, the symbiotic conditions of
the main manufacturer M, supplier S; and supplier S are 0 < w < 1.

Obviously, only when balance point Pg achieves stability, then three participants in the
process of innovation collaboration of complex products can achieve the symbiotic develop-
ment. Therefore, the seven equilibrium points from P; to P; are not discussed in detail in
this paper and only make stability analysis to Ps. According to the stability theory of dif-
ferential equation®®!, when and only when 0 < w < 1, the equilibrium point P is the stable
point. 0 < w < 1 refers that the impact of resource integration on the interests of enterprises
among subjects has certain limitation. Its practical significance is that in the complex products
collaborative innovation process, although there is positive interaction between enterprises, the
enterprise’s own property is still the primary factor which has an influence on enterprise resource
contribution rate. This is decided by the enterprise’s core competitive ability and can’t be re-
placed by any enterprise. It also shows that level differences of various types of enterprises must
be in a reasonable range. Only when the level of technology is similar to enterprise strength, will
inter enterprise resources integration behavior realize a mutually beneficial and benign devel-
opment. For the whole life cycle of complex products in the current technological development

environment, resource integration behavior of the main manufacturer and suppliers makes the
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mutual influence between enterprises continue to grow. The resource contribution rate of each
subject is continuously improving. However, growth space of resource contribution rate will
be affected by the enterprise scientific research ability and the current level of social science
and technology. When w > 1, the equilibrium point of differential equations (9) is unstable.
w > 1 refers that the degree of mutual influence among different subjects can become wider.
Mapping to reality, it can be understood like this: For the complex products, in the process of
the main manufacturer and suppliers’ collaboration, it may create a new production technology.
And once the new technology can be successfully developed and put into production, it will
lead to a milestone when collaborative enterprise realizes science and technology development.
At this time, for any collaborative subject, the symbiotic stability under the existing technical
productivity will be broken, the resource contribution rate will continue to grow and seek new

stability in the new technological development environment.

5.2 Construction and Stability Analysis of Multi-Agent Cooperative Symbiosis
Model Under Active and Dynamic Behavior

In Model (9), the main manufacturer and suppliers have a peer-to-peer relationship. But
in the actual process, they have a kind of non-reciprocal relationship of “active and follow-up”.
Two types of subject are in a upstream and downstream relationship of the supply chain. The
main manufacturer with right status advantage can have the right of active intervention and
management to the supplier. In the collaborative process, the main manufacturer’s behavior is
active and supplier’s behavior is a reaction to the main manufacturer’s, which has an apparent
followability. Therefore, to pursue the efficiency of resource integration, the main manufac-
turer needs to take the initiative to intervene in the resource integration activities of complex
products.

Taking into account that all participants are interest seekers, according to the viewpoint
of western economics, resource optimization allocation, in fact, is a process that derives from
production relations analysis and ultimately rests in the distribution of value and interests. As
a result, the way that the main manufacturer intervene in resource integration can ultimately
be achieved through the adjustment of benefit allocation of collaborative subject. For the
main manufacturer, the ultimate embodiment of resources integration is the distribution of the
overall interests. Therefore, from the perspective of interest allocation, multi-agent cooperative
symbiosis model under the active and dynamic behavior is constructed from the angle of the
main manufacturer. Generally speaking, the most reasonable cooperative profit distribution
principle is: Each participant achieves their own created achievements, namely, the value X is
created by the resources provided by itself in the integration of value-added profits, as is shown in
Formula (6). But considering the unequal status of collaborative subject, the main manufacturer
as a rational economic man can redistribute the value X; of theoretical interest distribution using
their own decision-making power and stimulate subject cooperative behavior change through
the interest adjustment. As is shown in Figure 5, either the main manufacturer or suppliers,
when their respective resource input value remains constant, the resource contribution value
(interest) has three special numerical numbers: The original interest in the independent state,
theoretical benefit distribution in the collaborative state and the actual benefit distribution

in the collaborative state. From the independent state to collaborative state, intersubjective



228 CHEN H Z, WANG Y, SONG L L, et al.

collaboration creates the “resource integration value-added profit”; in the collaborative state,

the unequal status of subject makes profit distribution appear in non equivalence of theory and

practice.
Main manufacturer - -
[ cooperative state | Supplier | cooperative state |
Actual benefit distribution | Actuzl benefit distribution
Main manufacturer-Supplier X 0' i S p.lier
| cooperative state | X B st ut
Theortcbeal benefit \ AN ol benct
o X
distribution 0 \ Xi Main manufacturer-Supplie
Main manufacturer-Supplier \ \ L Collaborative state
|Collaborative state| X, \ A Resource integration value
Original benifit AN n added profit
Main manufacturer-Supplier \ ,\L‘ ZXi Sumolier
|Collaborative state| \ \\ i=L ind p;) .
Overall interests [ X indepeadentaipte
c Sum of original interest

Figure 5 Collaborative profit distribution graph of the main manufacturer and

suppliers

Assume that the actual benefit distribution of the main manufacturer is

n
X} = <1+Zboj¢j>aoR6+AXs. (11)
§=0
A X, expresses the profit value created by the main manufacturer’s non-self resources, ob-
tained from value-added profit of resource integration.

The actual benefit sum of all suppliers is

f:)(; = En:Xi — AX,. (12)
i=1 =1

According to the definition of resource contribution rate:
X

= E (13)

a;

When the actual resource input value ay of the enterprise is relatively stable, the resource
contribution rate is positively related to the benefit. Therefore, according to Formula (11)
we can know that when benefit changes, actual resource contribution rate also changes. If
the resource input value is fixed, the resource contribution rate of the main manufacturer and

suppliers in the cooperative state can meet the following formula:
dag & 1 ao+nb¢aj+ﬁ
_— = a _ . L
ac % a0 ]Zzl 0G0
da; a; - a;
LR _ aly . 2 )
T kia; (1 = + JEZO bij; - + 191>.

¥; indicates the impact coefficient produced on the resources contribution rate of the subject

(14)

when the main manufacturer intervenes in cooperative group resource integration. Combined
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with the collaborative model of main manufacturer and suppliers, the relationship between
influence coefficient ¥; can be divided into the following three categories: The first category:
When ¢; = 0 (i = 0,1,---,n), the main manufacturer fails to take measures, and resource
contribution rate of cooperative groups is not affected. The second category: When vg > 0,
main manufacturer makes its own resources contribution ratio increase using their decision-
making power to obtain the excess interest, based on enhancing the overall resource integration
efficiency of aviation products. For resource integration value-added benefits generated by
cooperative behavior of complex products is a relatively fixed value, then the excess profit of
the main manufacturer directly leads to the total profit of all suppliers becoming less. Therefore,
for the set {1,92, -+ ,9,}, there is at least one supplier’s actual benefit allocation value being
lost. The third category: When ¥y < 0, the main manufacturer follows altruistic principle
to take positive incentive strategy for suppliers to promote resource integration and chooses
to assign their deserving benefits to suppliers in the final distribution of benefits. At this
time, resource contribution rate of the main manufacturer will decrease. Therefore, for set
{¥1,02,- -+ , U}, there is at least one supplier’s actual benefit allocation being increased. For
convenience, we assume that the main manufacturer is fair to any supplier, there is no difference
between suppliers, so active intervention of the main manufacturer is for all suppliers.

The innovation collaboration of complex product involves (n + 1) subjects, the constructed
symbiotic model is an equation group with (n 4+ 1) dimensional. In order to simplify the
research operation, this paper takes n = 2 and studies the symbiotic situation between one
main manufacturer and two suppliers.

The formula (14) is written as the following equations:

da
fao,a1,az2) = d—to = koag (1 -2 boﬂlﬁ— + bo2¢2— +19o> =0,

da
g(ag,a1,a2) = d_tl =kiaq <1 -4 b101/10— + b121/12— + 191) =0, (15)

da a a a

k(ag,a1,as) = d_2 = kaas (1 - :2 + baotho— + barth — + 192) =0.
t az ag ai

Solve the above equations; the following eight equilibrium points can be solved:

PL(0,0,0), P>(0,0, (1 + 92)73), P5(0, (1 + 91)at, 0), Pa((1 + 9o)as, 0, 0),
< 1+ o+ (14 7J1)bortn — 1+ 91 + (1 4+ 90)b1ovo >
1— b1t -bioy + 1 —borthr - baoto
P6<_0'1+190+(1+192)b021/)2 1+192+(1+192 b200 >
1 — bo2p2 - baotho 1 — b2z - baotho

,0,a3 -

. 1+ 91 + (14 J2)b12tbe . 1+ 92+ (14 91)bartr
2 L bigs - ba11n

1 — b12%a - ba191
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make
Co = Y1bo191 + V2bo2tba + V2bo1¥1b1202 + V1bo2tb2ba1thr — obi2th2ba1¢1,
C1 = Yobioto + V2bi22 + V2b10tobo2tP2 + Vobi22baotho — V1b20obo2t)e, (16)
G2 = J1b2a191 + Yobaobo + Voba1¢1b10%0 + V1b20¢0bo191 — V2bo1vp1b10%0-
Then the equilibrium point Pg can be expressed as

(_1+190+§o+§o _ 1+ +Ga+8& _1+z92+§2+§2>
Py a1 as )

o0 1—w ’ 1—w ’ 1—w

According to the characteristics of innovation collaboration of complex product, symbols
€0, (1, (2 in the equilibrium point Pg respectively indicate the resource interaction relationship
between subjects with consideration of the fixed influence factors. Compare the formula (16)
with the formula (10), we can find that the difference between ¢; (i = 0,1,2) and (o, (1, (2 lies
in the existence of the factors affecting the behavior of the main manufacturer. Take (y as an

example to make a detailed explanation.

= Sbuy, - by,

Figure 6 The influence sketch chart of active intervention of the main manufac-

turer in the intergration of resources

According to Figure 6, (y illustrates the impact of resource contribution rate of suppliers
on the main manufacturer under considering the active intervention of the main manufacturer
in resources integration. Suppliers directly affect the main manufacturer and indirectly affect
the main manufacturer through the transmission of the relationship.

According to the expression of the equilibrium point Pg, we can know that achieving sym-
biotic conditions between the main manufacturer and suppliers needs to meet the following

inequalities:

_ 1490+ o+ %o

ag > 0,

1l-w
a_11+19i-|_-i1+£1 >0,
a_21+19§—tiz+€2 < 0.

According to the definition of ¥;(i = 0,1,2), we can know that when ¥Jg < 0, and ¥; >
0,92 > 0, 99 needs to meet —(1+ (o + &) < Jp < 0, w < 1; when ¥g > 0 and V1 < 0,95 <
0,%1,92 needs to meet —(1+ ¢ +&1) <1 <0, —(1+ G +&) <t <0,w< 1.

Obviously, only when the equilibrium point Pj is stable, all subjects can realize the symbiotic
development in the process of technological innovation of complex products. Similarly, this

paper only focuses on the stability analysis to Ps.
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According to the stability theory of differential equation, when meet the conditions

Jo > 0,
—(1+¢G+&) <91 <0,
—(14+ G+ &) <92 <0,
w <1,

(17)

or

—(1+ o+ &) < Vo <0,
’191>0,
P9 >0,

w<1.

(18)

The equilibrium point P is the stable point of the equation group.

The conditions that equilibrium point Py achieves stability can be divided into two cate-
gories, the first category, the condition (17) indicates that when the main manufacturer has
self-preference (9 > 0), the suppliers’ profit will decrease, the correction coefficient is negative,
but the decline is limited, no larger than its collaborative value-added degree obtained from
collaborative symbiosis (9¥; > —(1+(; +¢&;)); The second category, the condition (18) indicates
that when the main manufacturer has altruistic preferences (g < 0), the suppliers’ profit will
increase, the correction coefficient is positive, but the profit increase is limited, and the premise
of the main manufacturer to take altruistic behavior is no harm to the fundamental interests
in their own collaboration (99 > —(1 + (o + &o))-

The practical significance of the above stable conditions is as follows:

Firstly, “active and dynamic” status difference between the main manufacturer and sup-
pliers in the collaborative symbiosis makes the strategic sequence of the main manufacturer
and suppliers different. The main manufacturer has decision-making power and can actively
use resource integration management strategy which has “selfish” and “altruistic” preference.
Suppliers can decide their own strategy only after the main manufacturer determines their
strategy.

Secondly, no matter what preference strategy the main manufacturer takes, the intensity
of strategy needs to be within the acceptable range of collaborative subjects. When the main
manufacturer wants to obtain additional profits from the resource integration behavior of sup-
pliers, they can only modify from collaborative value-added benefits of the supplier and can not
violate the benefit achieved by the supplier from their own resources creation. When the main
manufacturer voluntarily shares their own profits with suppliers, it is necessary to ensure that
the interest created on their own doesn’t suffer the loss.

Thirdly, no matter what kind of intervention of resources integration behavior will be taken,
as long as final profit of suppliers is within an acceptable range, any supplier will exist for a
long time in this symbiotic relation, until symbiotic development is restricted by the objective
factors, and the enterprise resource contribution rate will no longer grow and tend to be stable.
Once the impact of the active behavior of the main manufacturer is beyond acceptable range

of collaborative subject, the symbiotic relation will not be stable until the collapse.
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6 Simulation Analysis of the Influencing Factors of Multi-Agent Col-
laborative Behavior

Based on the above analysis, this section will divide the key influencing factors of multiagent
resources integration behavior change into three categories: Firstly, the basic attributes of the
enterprise are mainly expressed through the initial value of the four variables k;, a;, ¥; and a;.
Secondly, mutual influence between enterprises is mainly expressed through b;;; Thirdly, the
influence of the main manufacturer’s subjective behavior decision is mainly expressed through
191"

In order to make a comparative analysis of the three key factors more intuitively, this paper
adopts the control variable method to carry on the related numerical assumptions and uses
Matlab to carry on the graph simulation. The related simulation graphs and conclusions are as
follows.

[—Cbmparison of independent state and collaborative symbiosis
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Figure 7 Comparison of the independent state and cooperative symbiosis state

When each participating subject is independent, resource contribution rate can be obtained
by the formula (7) with time goes by. The simulation result is in Figure 7 (a), which horizontal
axis represents time and vertical axis represents the resource contribution rate (the same be-
low). Without taking the basic attribute differences and unequal status between participating
subjects into account, the respective resource contribution rate of the three subjects (i.e., a
main manufacturer and two suppliers), in collaborative symbiotic state, as time goes by, can
be simulated according to Formula (9), and the result is shown in Figure 7 (b). The simula-
tion result is in Figure 7 (b). It can be found that the increase of the resource contribution
rate under the multi-agent collaborative symbiosis state is obviously more than that under the
independent state, which shows that, for each subject, collaborative symbiotic behavior makes
the resource utilization rate become larger and benefit of resource input from the main units
also becomes bigger.

[ The impact of enterprise’s own basic attributes

If don’t take influence differences between enterprises into account. Assuming that b;; (i # j)
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remains the same, that the comprehensive ability of main manufacturer M is superior to that
of supplier S and supplier Sy is weakest. Comparison with Figure 8 (a) and Figure 8 (b), it
can be found that initial resource contribution rates of the main manufacturers M, supplier
S1 and supplier Sy are 0.2, 0.15, 0.1 and the levels of technological innovation are in turn
decreased. This shows that when the enterprise’s own resources contribution rate is higher and
technological innovation ability is the most powerful, growth rate of resource contribution rate

is the fastest in the collaborative symbiotic behavior.
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Figure 8 Comparison of differences among enterprises basic attributes

[Tdteraction effect among the various enterprises

Assuming that the mutual influence between enterprises is equal, and the simulation results
under numerical variation are shown in Figure 9 (a) and Figure 9 (b). Assume b;; = 0.5 (i # j)
in Figure 9 (a) and b;; = 0.9 (i # j) in Figure 9 (b). It is found that, when the value of b;; is
greater, resource contribution growth rate of each subject grows faster. This shows that when
the interaction effect between enterprises is bigger, the spillover effect of each enterprise in the
collaborative symbiosis is more obvious. At the same time, we can find that although the degree
of influence between enterprises will has an impact on the changes of resource contribution rate,
the sortings of resource contribution rate of each subject are decided by its own basic attributes.

In the actual operation, the interaction among the participants does not remain the same.
By analysis of enterprise cluster symbiosis model it is found that: When there is a mutually
beneficial behavior among enterprises, enterprises with large scale of production will have a
more significant effect than that of small scale enterprises?”). On the basis of the above, this
paper assumes that “the main manufacturer M is superior to supplier S; and supplier S is
the weakest”, and that the mutual influence between enterprises is b;; = {(8).575 §'Z (8):2}. The
simulation of the data obtained is in Figure 10 (b). By comparing, considering the effect of
asymmetric relation between enterprises, when the time is ¢ = 50, the difference between the
maximum and minimum resource contribution rate of collaborative subjects narrows. This
suggests that when enterprises with different attributes cooperate, the impact of strong and

weak enterprises will change with their own attributes. In the collaborative symbiotic process,
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the gap of resource contribution rate between enterprises will gradually decrease to help each

other between strong and weak enterprises to optimize supplier groups.
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Figure 10 Comparison of the relative influence degree of enterprises

[TIrhpact of the initiative of the main manufacturer

For the main manufacturer, there are two main types of behaviors that the main manu-
facturer actively intervenes in resources integration: Self intervention and altruistic behavior
intervention. For the convenience of study, it is assumed that the main manufacturer makes
no-difference correction to suppliers and adds a correction factor based on Figure 10 (b). When
the main manufacturer chooses hoggish behavior, we get simulation graph Figure 11 (a). It can
be found when the main manufacturer chooses hoggish behavior, the more benefit in the process
of collaborative symbiosis can be obtained, the greater resources contribution rate is. At this
point, in the premise of ensuring that the suppliers’ cooperative profits are greater than that
of the independent profits, suppliers’ resource contribution growth rates decrease significantly.

When the main manufacturer chooses altruistic behavior, we get simulation graph Figure 11



Modeling Analysis of Complex Products Resource Integration Behavior Under ... 235

(b). It can be found that altruistic behavior of the main manufacturer makes the interests of the
suppliers improve significantly, as A points and B points are shown. Resource contribution rates
of supplier S7 and supplier Sy are higher than that of main manufacturer respectively and grow
rapidly, while the main manufacturer’s is relatively slow. This suggests that the main manu-
facturers of active interventions will have obvious effect to the whole innovation collaborative

group, synergies of suppliers will change as the dominance of the main manufacturers.
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Figure 11 Comparison chart of active behavior of main manufacturer

7 Conclusion

This paper selects long-term cooperation among the subjects in the whole production cycle
of complex products as the research background. On the premise of the technological innova-
tion resources promoting value creation, and selects the resource contribution rate as the core
variables measuring multi-agent coordination symbiosis and establishes cooperative symbiosis
behavior model under the background of multi-subject resource integration. Aiming at the
unequal relation of multi-subject’s status, this paper mainly analyzes “active motion — follow
motion”, the multi-agent collaborative symbiosis model between the main manufacturer and
suppliers, and carries out the model simulation and analysis of the key factors. The results
show that in the development activities of complex products, resource integration behavior be-
tween the main manufacturer and suppliers group will greatly enhance the technical innovation
level of collaborative subject, and will effectively promote the efficient development of complex
products. At the same time, the results also show that the basic attributes of enterprises, the
degree of interaction between enterprises, the main manufacturers of active performance, etc,

will have an obvious effect on complex products R&D activities.
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