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Supporting product lifecycle collaboration
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Abstract. Collaboration is essential to improve the efficiency of product research and development (R&D), shorten the
R&D cycle, and reduce the R&D costs in complex product lifecycle model management (CPLMM). However, disorganized
processes and the unreliability of the result evaluation remain enormous challenges for efficient collaboration. This article
proposes an active-passive collaboration mechanism to enable a regulated collaboration system, which can direct the self-
organized collaboration of stakeholders. C-D-Petri Net is presented for the formal collaboration process modeling. The
result evaluation in active-passive collaboration involves multi-source knowledge across disciplines and phases. To address
the unreliable collaboration evaluation (Co-evaluation) caused by insufficient evaluation knowledge and weak correlation
between expertise and evaluation task, the collaborative fuzzy comprehensive evaluation (CFCE) model is established to
support Co-evaluation actions, and its core improvement lies in the definition and introduction of collaboration volume.
Finally, a simulated aircraft horizontal tail control system is regarded as an engineering application case to demonstrate and
verify the effectiveness of the proposed method.
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1. Introduction

With the drastic increase in the scale and complex-
ity of products, enormous challenges are involved
in product R&D [1, 26]. Meanwhile, products are
gradually characterized by “small-batch" and “multi-
state", which spark and intensify the requirements of
higher R&D efficiency and shorter R&D cycle. This
status quo brings more difficulties to complex product
R&D. Collaboration becomes indispensable for prod-
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uct R&D to save time and costs [2, 27, 28]. Through
product lifecycle management (PLM), related infor-
mation on the product lifecycle is managed in an
integrated manner to realize an efficient and conve-
nient collaboration [3]. However, a complex product
lifecycle is an internal iterative process, compris-
ing multi-disciplinary, multi-phase, and multi-level.
Throughout the lifecycle, collaboration is critical to
reaching a consensus on key decisions and designs,
which always involves a diverse range of stakehold-
ers [4, 5]. Confronted with a massive quantity of
multi-source heterogeneous data, traditional PLM
based on documents is no longer effective [6]. There-
fore, product lifecycle model management (PLMM)
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is proposed [7]. Model-based PLMM presents better
performance in model construction, correlation, inte-
gration, and simulation. Stakeholders could agilely
obtain knowledge of product concepts, performance,
manufacturing processes, and real-time operating
conditions, and collaboration quality and efficiency
are improved.

PLMM provides large-amount, high-quality model
knowledge and an information interaction platform
for collaboration. However, spontaneous collabo-
ration is undoubtedly inefficient, which results in
wasted model resources and chaotic processes. Thus,
one of the significant issues is proposing a mechanism
that can reasonably manage and control the collabora-
tion process and enable stakeholders to self-organize
and implement collaboration actions according to the
established rules. In addition, compared with tradi-
tional PLM, the collaboration resources in PLMM
are integrated, and the collaboration processes are
object-oriented. It is imperative to research novel pro-
cess modeling methods to adapt to the characteristics
of PLMM.

Co-evaluation is another critical content and
plays a vital role in the collaboration mechanism.
The evaluation knowledge comes from stakehold-
ers in different disciplines, phases, and industries.
However, the traditional comprehensive evaluation
method fails to utilize the richness of the evalua-
tion knowledge and obtain the relevance between the
evaluation knowledge and the evaluation task. The
problem of incomprehensive and unreliable evalu-
ation results caused by insufficient knowledge and
a weak correlation between knowledge and task
remains to be addressed.

In this research, the concept of active-passive col-
laboration is proposed. Subsequently, collaboration
actions can be implemented effectively under the
direction of the collaboration machine with stake-
holders in the loop. Then, the C-D-Petri Net is
presented for active-passive collaboration process
modeling. The process model extends diversified
action types to accommodate active and passive
collaboration forms and knowledge-related evalua-
tion with multi-stakeholder participation. Besides,
an improved FCE with the collaboration volume,
named CFCE, is elaborated to enhance the reliabil-
ity of the Co-evaluation. The reliability improvement
relies on the quantitative measuring of the richness
of evaluation knowledge and the relevance between
evaluation tasks and evaluation knowledge by the pro-
posed CFCE model. Through the joint application of
the analytic hierarchy process (AHP) and CFCE, a

combined method AHP-CFCE is provided, which is
suitable for Co-evaluation actions.

This article is organized as follows. In Sec-
tion 2, the preliminaries and some related works
are introduced, and some existing problems are
stated incidentally. Section 3 details the active-
passive collaboration mechanism and the process
model. The AHP-CFCE based Co-evaluation method
is described in Section 4. Section 5 provides an
engineering application case, a simulated aircraft
horizontal tail control system, to demonstrate the
effectiveness of this active-passive collaboration
mechanism. Section 6 discusses the merits and limita-
tions of this paper. Section 7 concludes and prospects
some future work.

2. Preliminaries and related work

The preliminaries and related work are introduced
in this section. There are still some problems that need
to be further researched and addressed.

2.1. Complex Product Lifecycle Model
Management

Product lifecycle, containing six phases of concept,
design, purchase, manufacture, sale, and operation
and maintenance (O&M), is the whole process of
a product from demand generation to scrap dis-
posal [8]. PLM based on data and document realizes
information sharing, reference design, etc., and inte-
grates document management, design management
[9], structure management [10], process manage-
ment, etc. PLM is widely used in aerospace [11, 12],
energy [13] and other industries, providing conve-
nience for the management of scattered product data.

A complex product is an integration of multiple
subsystems. The product model is the formalized
description of product lifecycle knowledge, which
involves multiple disciplines and is strongly hetero-
geneous. It flows and evolves continuously with the
progress of the process model (see Fig. 1). The high
complexity of the product model demands collabo-
rative R&D by cross-domain and cross-department
stakeholders. In the latest research, considering the
deficiency in information integration across disci-
plinary boundaries and lifecycle phases, Wang [7]
proposes to extend PLM to PLMM in compliance
with the model-based system engineering (MBSE)
methodology. PLMM is more suitable for the col-
laborative R&D of complex products at the model
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Fig. 1. Relation of product model, process model and knowledge model in PLMM.

level. The attributes, states, and interaction rules of
complex product multi-level models can be obtained,
and the research demands, model-based simulation,
deduction and digital twin, can be satisfied.

However, it is hard to support efficient and high-
quality collaboration only with the help of rich model
knowledge. The disordered collaboration process and
unreasonable Co-evaluation will reduce the knowl-
edge effectiveness and lead to a surge in collaborative
costs. This article studies the active-passive collabo-
ration mechanism to address the above problems.

2.2. Complex Product Lifecycle Process Model

A complex product lifecycle process model is used
to dynamically link and handle product models in col-
laborative R&D. It is composed of a series of logical
and interdependent actions. The progress of actions
is organized and controlled by the process model, and
orderly progress is essential to collaborative R&D.

Process modeling methods are focused on formal
models [14]. Design structure matrix (DSM) based on
the process architecture, possessing excellent com-
puting capabilities, can analyze and optimize R&D
process [15]. However, one of the challenges is that
when process modeling spans multiple domains, the
complexity of matrices grows to a level where they
become difficult to handle [16]. Although the object-
oriented system modeling language SysML in MBSE
can be applied to describe complex product process
models, the activity diagram is hard to be analyzed
and optimized, and its dynamic performance is defi-
cient [17]. Petri Net has great power in dynamic
dealing with concurrences and is widely used to
model, analyze, verify and optimize workflows [18].
Liu et al. [19] proposes D-Petri Net, which is defined
as a triplet, see Eq. (1). The graphical representation
is shown in Fig. 2.

� = (O, A, F ) (1)

Fig. 2. Graphical representation of D-Petri Net.

where O is the object set, A is the action set, F is the
flow set.

In D-Petri Net, resources required in an action are
the highly integrated object (i.e., product model pack-
age). With the progress of the product lifecycle and
collaboration, general actions are implemented auto-
matically. The generation of core objects depends
on the Co-evaluation action. Therefore, the place
capacity, token, and weight of Petri Net are simpli-
fied, which reduces the complexity and granularity
of Petri Net and improves operability. D-Petri Net
is more suitable for object-oriented process model-
ing in PLMM. However, the existing process models,
including D-Petri Net, still do not pay attention to col-
laboration and fail to model collaboration processes
with multi-stakeholder participation, which are indis-
pensable in the proposed active-passive collaboration
mechanism. Thus, C-D-Petri Net is established in this
papaer.

Collaboration is involved in most process model
changes. The changes with uncertainty are gener-
ated due to the different demands of stakeholders. For
example, the design change caused by changed per-
formance demand, and the action sequence change
caused by variable costs. The effective collabora-
tion mechanism and evaluation method contribute to
achieving process changes.

2.3. Fuzzy Comprehensive Evaluation

Co-evaluation is a vital link of the active-passive
collaboration mechanism, which shows the collab-
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oration effect. The diversity of evaluation objects
and indexes and the evaluation process’s subjectivity
determine that Co-evaluation is a complex multiple
criteria decision (MCD) problem. FCE shows sat-
isfactory performance on complex MCD problems
[20].

FCE specializes in quantitative evaluation, and
the weight factors of evaluation indexes are essen-
tial elements of implementing FCE. Belief entropy
is a splendid data-driven method for obtaining the
weight factors [32]. In complex MCD problems, most
criteria are intangible. AHP excels in getting mea-
sures for intangible, using pairwise comparisons of
knowledgeable and expert people to determine the
weight of decision criteria [34]. Panchal et al. [35] use
AHP to assess landslide hazard as a semi-qualitative
approach. More extensive studies combine the merits
of AHP and FCE for accurate quantitative evaluation
[21–24]. Compared with isolated methods, integrated
FCE is more efficient in addressing complex multi-
index situations [25, 29].

AHP-FCE is the basic theory of Co-evaluation in
this article, and a brief introduction is needed. FCE
model is defined as FCE = (U, V, R, A). U and V are
the index set and the remark set, described by Eqs.
(2) and (3).

U = (u1, u2, · · · , un) (2)

V = (v1, v2, · · · , vm) (3)

where n and m are the numbers of the evaluation
indexes and remark levels. Fuzzy evaluation concerns
obtaining a fuzzy relation between U and V , which
is formulated as

∀ui ∈ U, vj ∈ V, ∃Rf ∈ T(U × V ), ¬Rf (ui, vj) = rij (4)

where T(·) is fuzzy mapping. rij is the membership
from index ui to remark vj . The fuzzy relation Rf

can be represented by a fuzzy matrix R, see Eq. (5).

R =

⎛
⎜⎜⎜⎜⎝

R1

R2

...

Rn

⎞
⎟⎟⎟⎟⎠ =

⎛
⎜⎜⎜⎜⎝

r11 r12 · · · r1m

r21 r22 · · · r2m

...
...

. . .
...

rn1 rn2 · · · rnm

⎞
⎟⎟⎟⎟⎠ (5)

By AHP, normalized absolute scales of numbers
are derived based on 1 to 9 fundamental scale or pair-
wise dominance ratios, and their elements are then
used as weights ai to indicate the priorities of the
indexes [33]. The weight vector A correlates to U,

we have

A = (a1, a2, · · · , an),
n∑

i=1

ai = 1 (6)

where ai is the weight of ui. For a certain A, we
select a fuzzy operator M(∗, ∗), a fuzzy comprehen-
sive evaluation can be obtained, see Eq. (7).

B = A ◦ R = (b1, b2, · · · , bm) ∈ T(V ) (7)

where bi is the membership of the evaluation result
belonging to the remark level vi.

However, the knowledge of complex product life-
cycle is diverse, and Co-evaluation requires the
participation of stakeholders with multiple knowl-
edge backgrounds. FCE can not measure the richness
of the evaluation knowledge and the relevance
between the evaluation knowledge and the evaluation
task, which leads to unreliable evaluation results. In
this article, CFCE is proposed to avoid the problem.

3. Active-passive collaboration mechanism

To analyze the collaborative mode and improve
collaboration efficiency in CPLMM, the collabora-
tion mechanism should be precisely defined, and
the collaboration process is supposed to be mod-
eled explicitly. In this section, We define active
collaboration and passive collaboration. Then, the
active-passive collaboration machine with stakehold-
ers in the loop is provided to guide self-organizing
collaboration. C-D-Petri Net, shown in Section 3.3,
is well adapted to the process modeling of the active-
passive collaboration. Besides, the Co-evaluation
problem is introduced.

3.1. Active-passive collaboration

Two types of collaboration are defined in CPLMM:
1) active collaboration and 2) passive collaboration.
There are two bases for the classification: 1) the
relation between the collaboration process and the
product lifecycle main process (hereinafter referred
to as the main process) and 2) the collaboration cause.
The details are as follows.

Definition 1: Active collaboration
Active collaboration is a collaboration process ini-

tiated by stakeholders due to their own requirements
and develops in parallel with the main process (see
Fig. 3a). At the end of the active collaboration pro-
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Fig. 3. Principle of active-passive collaboration. (a) Active collaboration. (b) Passive collaboration.

cess, the collaboration result is integrated into the
main process as additional input for the next action.

Definition 2: Passive collaboration
Passive collaboration is a collaboration process

driven by the interruption of the main process and
is connected in series at the breakpoint of the main
process (Fig. 3b). To respond to the passive collabora-
tion process, the main process needs to be suspended.
The collaboration result is used as input for the next
action to restart the main process.

The principal differences between active collabo-
ration and passive collaboration lie in three aspects:
cause, form, and costs.

The cause of active collaboration is the prod-
uct interests change (e.g., engineering indexes,
economic indexes, time indexes). A stakeholder
actively requires related product developers from
multi-domain, multi-phase, and multi-department to
collaborate on the PLMM platform to satisfy new
product interests at a certain price. Active collabora-
tion, a type of parallel collaboration, is cost-effective.
Because it does not affect the progress of the main
process, and the results is of reference value for failure
prevention.

The cause of passive collaboration is that problems
occur in product R&D (e.g., application rejection,
design error, delivery timeout), and the main process
is forced to be interrupted. Stakeholders collaborate
to solve the problems based on the original product
interests. Passive collaboration belongs to serial col-
laboration, with low cost-effectiveness. Although the
main process can be restarted, it is bound to cause
great losses.

Similarities: after initiating the collaboration,
stakeholders should complete some actions, such
as analysis, calculation, deduction, comparison,
optimization, evaluation, and decision. Iterative opti-

mization may be necessary until the collaboration
results are obtained.

3.2. Active-passive Collaboration Machine with
Stakeholder in the Loop

In CPLMM, stakeholders are the main body of
actions and collaboration. The active-passive col-
laboration machine with stakeholders in the loop is
provided to maintain the autonomous and efficient
operation of the collaboration mechanism. The inter-
nal structure of the collaboration machine is shown
in Fig. 4.

The collaboration machine operates in the follow-
ing steps.

Step 1: Initiate collaboration and generate a collab-
oration token and product interests.

Step 2: Read and identify the collaboration token.
If it is an active collaborative token, update
product interests. Otherwise, no action.

Step 3: The controller reads the current product
interests from the buffer.

Step 4: According to the product interests, stake-
holders create and complete actions, such as
analysis, simulation and deduction.

Step 5: Evaluate and decide the collaboration
results. If passed, output the collaboration
results. Otherwise, collaborative process is
iteratively optimized until the product inter-
ests are met.

Step 6: Wait for the next collaboration.

3.3. C-D-Petri Net

C-D-Petri Net is a process modeling tool espe-
cially proposed for active-passive collaboration. It is
improved based on D-Petri Net.
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Fig. 4. Active-passive collaboration machine with stakeholders in the loop.

Co-initiation and Co-evaluation are unique col-
laboration actions in the active-passive collaboration
mechanism. Co-initiation has the function of distin-
guishing the types of collaboration. Co-evaluation
should determine whether the collaboration process
can be terminated based on the collaboration results.
As the beginning and end of the collaboration pro-
cess, collaboration actions can accurately identify the
collaboration process. Therefore, C-D-Petri Net must
have the ability to model collaboration actions.

C-D-Petri Net is defined as a triplet.

� = (O, A∗, F ) (8)

where O and F are the object set and the flow set.
A∗ is the enhanced action set, which contains two
subsets, as Eq. (9).

A∗ = A ∪ Ac (9)

where A is the general action set. Ac is the collabo-
ration action set. Ac also contains two subsets and is
further divided into five forms, as Eq. (10).

Ac = Ac
I ∪ Ac

E = {Ac
i1, A

c
i2

} ∪ {Ac
e1, A

c
e2, A

c
e3

}
(10)

where Ac
I and Ac

E are the Co-initiation action set and
the Co-evaluation action set. Ac

i1 and Ac
i2 represent

the active Co-initiation action and the passive Co-
initiation action. Ac

e1, Ac
e2, and Ac

e3 are explained as

(1) Ac
e1: Democratic evaluation. Action principle:

accept the Co-evaluation results of stake-
holders.

(2) Ac
e2: Static chief engineer evaluation. Action

principle: Comprehensively consider the
Co-evaluation results of stakeholders and the

Fig. 5. Graphical representation of collaboration action.

evaluation result of the chief engineer hold-
ing the token.

(3) Ac
e3: Dynamic chief engineer evaluation. Action

principle is similar to (2). The difference
is that the chief engineer changes with the
progress of the collaboration process.

The graphical representation of C-D-Petri Net in
O, F , and A is consistent with D-Petri Net (as
Fig. 2). The graphical representation of Ac is shown in
Fig. 5.

3.4. Evaluation Problem

Co-evaluation action (i.e., Ac
e1, Ac

e2, Ac
e3) is imple-

mented to evaluate the active-passive collaboration
results and to obtain collaboration decisions. It is also
an essential step (Step 5 in Section 3.2) to completing
the collaboration process. Each Co-evaluation action
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raises an evaluation problem. This paper chooses
fuzzy evaluation and considers the richness of the
evaluation knowledge, derived from the stakeholders
involved in the evaluation, and the relevance between
the evaluation knowledge and the evaluation task.
Further, an evaluation problem is described as:

• Stakeholders are required to provide an evalu-
ation result v for the index set U. v indicates the
stakeholders’ perception of the superiority of U.

An evaluation problem involves an index set U

(as Eq. (2)), an remark set V (as Eq. (3)), and
an stakeholders set P = (p1, p2, · · · , pQ). U is the
evaluation index system corresponding to the collab-
oration results. For each pi ∈ P , it keeps three types
of knowledge attributes of stakeholder i, namely dis-
cipline, knowledge level and lifecycle phase.

Fuzzy mappingf : U → T (V ) fromU toV should
be formed in the evaluation problem. Then, fuzzy
relation Rf ∈ T (U × V ) is induced by f , and Rf is
denoted by fuzzy evaluation matrix R.

It is claimed that (U, V, R∗) constitutes a math-
ematical model of an evaluation problem. Where
R∗ = (R, c), c is the collaboration degree of the Co-
evaluation action and depends on the number Q and
knowledge attributes of stakeholders.

Co-evaluation result v is obtained as.

v = F
(
U, V, R∗) (11)

where F (·) is the evaluation function, which has
different mapping principles in different types of
Co-evaluation actions Ac

e1, Ac
e2 and Ac

e3, as detailed
in Section 4.3(2). To solve the evaluation problem,
AHP-CFCE model is proposed to formalize F (·) in
the Co-evaluation action.

4. AHP-CFCE based co-evaluation method

In the mechanism, Co-evaluation is a com-
prehensive decision action involving multi-source
knowledge. Insufficient knowledge and weak cor-
relation between evaluation knowledge and the
evaluation task may cause low collaboration qual-
ity and unreliable evaluation results. Therefore, a
quantitative evaluation model that can measure the
richness of evaluation knowledge and the relevance
between the knowledge and task is imperative. In
this section, we first define the collaboration volume.
Importing the collaboration degree, CFCE model is
established. Ultimately, the AHP-CFCE based Co-
evaluation method is provided for the active-passive
collaboration mechanism.

4.1. Collaboration Volume

Definition3: Collaboration volume
Collaboration volume is a measure of the total

knowledge contributed by all stakeholders from
multiple disciplines, phases, and industries to the
Co-evaluation action. It can characterize the richness
of evaluation knowledge and the relevance between
knowledge and the evaluation task.

Collaboration volume is calculated as

C =
n∑

i=1

m∑
j=1

l∑
k=1

η · Ki,j,k (12)

where n, m, and l are the total number of disciplines,
phases, and industries involved in the evaluation
task. η ∈ [0, 1], is the knowledge utilization rate of
Co-evaluation, generally constant. Ki,j,k is the total
knowledge possessed by stakeholders in the i − th

discipline, j − th phase, and k − th industry. Ki,j,k

can be calculated as

Ki,j,k =
Q∑

q=1

K
q
i,j,k =

Q∑
q=1

Wq
i,j,k · V(M, Lq) · kf

(13)
where Q is the number of stakeholders in the i − th

discipline, j − th phase, and k − th industry. K
q
i,j,k

is the personal knowledge possessed by the q − th

stakeholder. kf is the knowledge benchmark of a
stakeholder, generally constant (recommended to
take 1). V(M, Lq) is the knowledge level gain, calcu-
lated by Eq. (14). Wq

i,j,k is the knowledge correlation
gain, calculated by Eq. (15). Particularly, if a stake-
holder possesses knowledge of multiple disciplines,
phases, or industries, the maximum value of his
knowledge correlation gain Wq

i,j,k max is used to cal-

culate the personal knowledge K
q
i,j,k.

V(M, Lq) = M sin

[
π (Lq − 1)

2 (Lmax − 1)

]
+ 1 (14)

where Lq ∈ N∗ ∩ [1, Lmax], is the knowledge level
of a stakeholder. Lmax is the highest knowledge level
of stakeholders, and N∗ is the positive integer set.
M is the level magnification, which measures the
knowledge gap between the highest and lowest level
stakeholders, generally taken as Lmax/2.

Wq
i.j.k(x, y, z) = 1

1 + e−G·x·y·z (15)

where x, y, z ∈ [0, 1] respectively represent the cor-
relation degree of the discipline, phase, and industry
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attributes between the stakeholder and the Co-
evaluation task. They are obtained by domain experts.
“0" means uncorrelated, “1" means completely
correlated. G is the adjustment coefficient, the per-
formance is better when it takes 4 ∼ 6.

4.2. CFCE

The collaboration degree c is imported to the fuzzy
evaluation matrix R (as Eq. (5)), the collaborative
fuzzy evaluation matrix R∗ is established. As a result,
FCE is improved to CFCE that possesses the knowl-
edge feature.

R∗ is described as

R∗ = (R, c)

=

⎡
⎢⎢⎢⎢⎣

(r11, c11) (r12, c12) · · · (r1m, c1m)

(r21, c21) (r22, c22) · · · (r2m, c2m)
...

...
. . .

...

(rn1, cn1) (rn2, cn2) · · · (rnm, cnm)

⎤
⎥⎥⎥⎥⎦

(16)

where rij is calculated by the statistical method based
on the stakeholders’ evaluations. cij is the collabora-
tion degree, which can be calculated as

cij = Cij

Cimax
(17)

where Cij is the collaboration volume correspond-
ing to cij , and Cimax is the maximum value of the
collaboration volumes in the i − th row.

The collaborative fuzzy comprehensive evaluation
B∗ can be calculated by Eq. (18).

B∗ = A � R∗ = [(b1, c1), (b2, c2), · · · , (bm, cm)]
(18)

The operator � is stipulated as: 1) bj is calculated
by the selected fuzzy operator M(∗, ∗); 2) cj is cal-
culated by the fuzzy operator M(·, +) shown in Eq.
(19).

cj =
n∑

i=1

aicij, j = 1, 2, · · · , m (19)

The Co-evaluation result v is obtained by the
weighted average method, the formula is improved
as

v =

m∑
j=1

bjcjvj

m∑
j=1

bjcj

(20)

4.3. AHP-CFCE Based Co-evaluation Method

Multi-layer CFCE model is widely applied in the
Co-evaluation action, and the single-layer model is
a special case of the multi-layer model. Let multiple
lower-layer index subsets form a upper-layer index
set, U = (U1, U2, · · · , Uk).

For each lower-layer model, we have a collabo-
rative fuzzy comprehensive evaluation Bi

∗, as Eq.
(21).

Bi
∗ = Ai � Ri

∗, i = 1, 2, · · · , k (21)

The collaborative fuzzy evaluation matrix of the
upper-layer model is established as

Rup
∗ =

⎛
⎜⎜⎜⎜⎝

B1
∗

B2
∗

...

Bk
∗

⎞
⎟⎟⎟⎟⎠ (22)

The collaborative fuzzy comprehensive evaluation
of the upper-layer model is calculated by

Bup
∗ = Aup � Rup

∗ (23)

The above calculation process continues until
the highest-layer collaborative fuzzy comprehensive
evaluation B∗ is obtained.

By Eqs. (21) and (23), the weight vector A directly
affects the Co-evaluation result. Thus, it is essential
to obtain A effectively.

(1) Calculate weight vector based on AHP:

Step 1: Establish the index system, corresponding
to the evaluation problem, for the multi-
layer CFCE model.

Step 2: Construct judgment matrix E = (eij

)
n×n

of each layer model based on 1 ∼ 9 scale,
as Table 1. where n is the number of
indexes at this layer.

Step 3: Hierarchical single arrangement.
1: For each E, calculate the maximum

eigenvalue λmax and the correspond-
ing eigenvector −→

w .
2: Normalize −→

w to obtain the weight
vector A.

Step 4): Consistency check.
1: Calculate the consistency index CI,

CI = λmax−n
n−1 .

2: Query the average consistency index
RI, shown in Table 2.

3: Calculate the consistency ratio CR,
CR = CI

/
RI.



Z. Cui et al. / Supporting product lifecycle collaboration and knowledge-related evaluation: an active-passive 8299

Table 1
1 ∼ 9 Scale

Scale Meaning

1 The two indexes are equally important
3 The former is slightly more important

than the latter
5 The former is evidently more important

than the latter
7 The former is strongly more important

than the latter
9 The former is absolutely more important

than the latter
2,4,6,8 The median of the above importance
Reciprocal If the importance of index i to index j is

aij , then the importance of index j to
index i is 1/aij

Table 2
Average Consistency Index RI

n 1 2 3 4 5 6 7 8 9

RI 0 0 0.58 0.90 1.12 1.24 1.32 1.41 1.45

4: When CR < 0.1, the consistency
is considered acceptable, and the
weight vector A is valid.

(2) Apply AHP-CFCE model in Co-evaluation
action:

For the three Co-evaluation forms in the active-
passive collaboration mechanism, corresponding
AHP-CFCE application principles is defined as

1) Democratic evaluation
The Co-evaluation result v should be directly

accepted.
2) Static chief engineer evaluation
A chief engineer comprehensive evaluation is

imported for the highest layer model, as Eq. (24).

B′ = [(b1
′, c1

′) ,
(
b2

′, c2
′) , · · · ,

(
bm

′, cm
′)] (24)

where m is the number of the remark level. bi
′, i =

1, 2, · · · , m are evaluated by the chief engineer in
the highest layer model. We stipulate that ci

′ = 1, i =
1, 2, · · · , m. It means that the chief engineer’s evalua-
tion is at the highest level of current collaboration and
is relatively reliable. The chief engineer evaluation
result can be calculated by Eq. (25).

v′ =

m∑
j=1

b′
jc

′
jvj

m∑
j=1

b′
jc

′
j

=

m∑
j=1

b′
jvj

m∑
j=1

b′
j

(25)

The final Co-evaluation result is obtained as

vfinal = v + v′

2
(26)

3) Dynamic chief engineer evaluation
Corresponding to the previous K chief engineers,

there are K comprehensive evaluations.

B′(k) = [(b′
1(k), c′

1(k)), (b′
2(k), c′

2(k)),

· · · , (b′
m(k), c′

m(k))], k = 1, 2, · · · , K
(27)

where ∀i, k, we have ci
′(k) = 1. Similarly, the eval-

uation result of the k − th chief engineer can be
calculated by Eq. (28).

v′(k) =

m∑
j=1

b′
j(k)vj

m∑
j=1

b′
j(k)

, k = 1, 2, · · · , K (28)

Let the duration of the Co-evaluation action be T .
For the chief engineer who loses the collaboration
token at time t(k), the influence on the final evaluation
result increases with time. Therefore, we define the
token function as

Token (k) = t(k)

T
, k = 1, 2, · · · , K (29)

Then, the final Co-evaluation result is obtained as

vfinal =
v +

K∑
k=1

Token(k)v′(k)

1 +
K∑

k=1
Token(k)

(30)

When K = 1, dynamic chief engineer evaluation
degenerates into static chief engineer evaluation.

5. Case study

To demonstrate the active-passive collaboration
mechanism, the simulated aircraft horizontal tail con-
trol system, a typical aviation complex product, is
used here. It is used to control aircraft pitch angle,
including the controller, control valve, hydraulic
cylinder, transmission components, and horizontal
tail. The stakeholders’ collaboration is inevitable
on account of the complexity of the R&D pro-
cess, the richness of disciplinary knowledge, and
the high coupling of activity. However, spontaneous
collaboration is undoubtedly unregulated owing to
significant differences in individual collaboration
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Fig. 6. Process model for the active collaboration case.

plans. Meanwhile, CPLMM provides rich elements
of information and knowledge for the R&D of the
simulated aircraft horizontal tail control system, and
these resources have not been fully utilized in col-
laboration. The above status quo limits the level of
lifecycle management of the simulated aircraft hor-
izontal tail control system. With the support of the
active-passive collaboration mechanism, orderly and
efficient collaboration, and knowledge-related reli-
able evaluation can reduce wasted resources caused
by redundant iterative activities, and avoid collab-
oration failure and even equipment fault due to
wrong collaborative evaluation. The valve-controlled
hydraulic cylinder system is the core of the control
system. There are engineering cases of active collab-
oration and passive collaboration in its manufacturing
phase.

5.1. Active-passive Collaboration Cases

(1) Active collaboration case
The main process in the manufacturing phase of

the valve-controlled hydraulic cylinder includes pro-
cessing, assembly, debugging, test, and other actions.
The active collaboration case initiates before the pro-
cessing action.

The active collaboration process is modeled by C-
D-Petri Net (as Fig. 6). The meanings of actions and
objects are shown in Table 3.

In detail, in the main process, components O(2)
are processed based on processing models O(1). And

then, The components are assembled into a valve-
controlled hydraulic cylinder O(3) that needs to be
tested next. However, a stakeholder discovered in
advance that the oil supply pressure used for test-
ing was occasionally unstable. This situation may
cause test failures. Thus, the active collaboration
action Ac

i1 (3) is immediately initiated. O(4) is the
demand model generated by Ac

i1 (3), which requires
the addition of an external pressure transmitter. Selec-
tion result O(5) should be collaboratively evaluated
(Ac

e2 (5)) by stakeholders from multiple disciplines
(e.g., mechanics, electrics, hydraulics, economics).
If passed, the selected pressure transmitter will be
assembled to the hydraulic cylinder in the assem-
bly action A(2). Otherwise, the modification opinion
O(7) will be fed back to the selection action A(4) to
re-select a new pressure transmitter.

The incidence matrix of Fig. 6 is a boolean function
about the Co-evaluation result, as Eq. (31).

C (x) = O ⊗ A∗ (x)

=

⎛
⎜⎜⎜⎜⎝

O (1)

O (2)

...

O (7)

⎞
⎟⎟⎟⎟⎠⊗

(
A(1) A(2) Ac

i1(3) A(4) Ac
e2(5)(x)

)

=

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

−1 0 −1 0 0

1 −1 0 0 0

0 1 0 0 0

0 0 1 −1 0

0 0 0 1 −1

0 −x 0 0 x

0 0 0 x − 1 1 − x

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

, x = 0, 1

(31)

where ⊗ is incidence operator, defined as: if O is
input node of A, O ⊗ A = −1; if O is output node of
A, O ⊗ A = 1. x = 1 means pass evaluation, x = 0
means fail.

Table 3
Elements of the active collaboration process model

Object Meaning Object/Action Meaning

O(1) Processing model O(7) Modification opinion
O(2) Component A(1) Process
O(3) Valve-controlled hydraulic cylinder A(2) Assemble
O(4) Demand model Ac

i1 (3) Initiate active collaboration
O(5) Selection result A(4) Equipment selection
O(6) Evaluation result Ac

e2 (5) Static chief engineer evaluation
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Fig. 7. Process model for the passive collaboration case.

Significantly, the active collaboration avoids pos-
sible product damage caused by unstable oil supply
pressure. It shortens the R&D cycle and saves R&D
costs.

(2) Passive collaboration case
The process model of the passive collaboration

case is shown in Fig. 7. The actions and objects are
introduced in Table 4.

The passive collaboration process is detailedly
described as follows, the incidence matrix is shown
in Eq. (32).

The assembled valve-controlled hydraulic cylinder
system (referred to as the primary system) originally
needs to undergo testing A(1) and certification A(2)
actions. However, the oil supply pressure loss and
instability caused by the long pipeline lead to the
invalid test result O(2) (as Fig. 9a), which does not
satisfy the performance requirements of the product.
The main process, O(2) to A(2), is interrupted. The
passive collaboration Ac

i2 (3) is initiated to replace the
hydraulic oil pump A(4), and we obtain the improved
valve-controlled hydraulic cylinder system (referred
to as the improved system). Then, the performance
test II A(5) is accomplished, and the test result II
O(6) (as Fig. 9b) is evaluated in the way of dynamic
chief engineer evaluation. If passed, A(2) is restarted.
Otherwise, the collaboration continues.

C (x) =

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

−1 0 0 0 0 0

1 0 −1 0 0 0

0 0 0 0 0 0

0 0 1 −1 0 0

0 0 0 1 −1 0

0 0 0 0 1 −1

0 −x 0 0 0 x

0 0 0 x − 1 0 1 − x

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

, x = 0, 1

(32)
The valve-controlled hydraulic cylinder and the

hydraulic oil pumps are shown in Fig. 8a, Fig. 8b,
and Fig. 8c. Fig. 9a and Fig. 9b compare the per-
formance test results of the primary system and the
improved system. The performance test actions A(1)
and A(5), including the step response performance
test and the sine response performance test, are imple-
mented in the simulated aircraft horizontal tail control
system before and after replacing the hydraulic oil
pump. Fig. 9 shows the performance test results O(2)
and O(6), generated from A(1) and A(5) in the pas-
sive collaboration process (as Fig. 7). Where O(2)
corresponds to Fig. 9a, and O(6) corresponds to
Fig. 9b.

The significant performance improvement result-
ing from the passive collaboration is visualized in the
comparison in Fig. 9. Specifically analyzed as

• In step response, the primary system takes over
7 seconds to reach full response, while the improved
system takes less than 5 seconds to complete the same
task. Response time is accelerated by more than 35%.

• In Fig. 9a, the response fluctuations of the
improved system are substantially less than the
primary system. This condition benefits from the sta-
bility of the new hydraulic oil pump (see Fig. 8c). It
means that the improved system has better resistance
to disturbances.

Table 4
Elements of the passive collaboration process model

Object Meaning Object/Action Meaning

O(1) Valve-controlled
hydraulic cylinder system

O(8) Modification opinion

O(2) Test result I A(1) Performance test I
O(3) Certification result A(2) Product certification
O(4) Demand model Ac

i2 (3) Initiate passive collaboration
O(5) Improved

valve-controlled
hydraulic cylinder system

A(4) Replace hydraulic oil pump

O(6) Test result II A(5) Performance test II
O(7) Evaluation result Ac

e3 (6) Dynamic chief engineer evaluation
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Fig. 8. Valve-controlled hydraulic cylinder system. (a) Valve-controlled hydraulic cylinder. (b) Former hydraulic oil pump. (c) Latter hydraulic
oil pump.

Fig. 9. Performance test results of the primary system and the improved system. (a) Step response. (b) Sine response.

• In sine response, almost no phase difference
between the response of the improved system and the
control signal. This result demonstrates the advanced

continuous actuation speed and accuracy of the
improved system. These results amply prove the pas-
sive collaboration effect.
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Fig. 10. Comprehensive evaluation index system for the valve-controlled hydraulic cylinder system.

According to the active-passive collaboration
mechanism (as Fig. 4), the test result O(6) of the
improved system needs to be evaluated to verify
the collaboration effect. Where the Co-evaluation
action Ac

e3(6) needs to be implemented based on
the proposed fuzzy evaluation method. If the Co-
evaluation passed, the passive collaboration process
is finished. Otherwise, modification opinion O(8)
should be obtained and fed back to the collaboration
process.

5.2. Co-evaluation Case

The application of the Co-evaluation method is
not related to the collaboration type. Considering the
Co-evaluation action in the active collaboration case
is simple, the passive collaboration case is used to
demonstrate the Co-evaluation method comprehen-
sively and clearly.

The various indexes of the improved valve-
controlled hydraulic cylinder system should be
evaluated to quantify the effect of passive collab-
oration. There are two key steps: 1) Establish a
comprehensive evaluation index system for the per-
formance evaluation problem of the valve-controlled
hydraulic cylinder system, and 2) Calculate the Co-
evaluation result based on the proposed AHP-CFCE
model. To show our method briefly, the indexes,

remarks, and the stakeholders’ organizational struc-
ture is simplified in this case.

(1) Comprehensive evaluation index system
With the help of experts in multiple domains,

eight performance indexes of the valve-controlled
hydraulic cylinder system are selected to establish
a two-layer comprehensive evaluation index system
(as Fig. 10). All indexes constitute the index set U.

Remarks are divided into 5 levels: Great
improvement-5, Improvement-4, Common-3,
Degradation-2, Great degradation-1. The remark
vector is described as

V = (1, 2, 3, 4, 5) (33)

(2) Co-evaluation
Ten stakeholders from the aviation, economic, and

environmental fields participate in the Co-evaluation
action, numbered a ∼ j. The knowledge attributes of
the stakeholders are shown in Table 5 and Table 6.

Table 5
Knowledge level of stakeholders

Knowledge level Stakeholder

Junior engineer c, h

Intermediate engineer a, d

Senior engineer f

Department head i, j

Deputy chief engineer e, g

Chief engineer b
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Table 6
Discipline and phase of stakeholders

Concept Design Purchase Manufacture Sale O&M

Mechanics b b b a, b - -
Cybernetics c, e d, e - e - -
Hydraulics g f , g g g - -
Electrics - - - h - -
Economics - - i - i -
Environics - - j j - j

Table 7
Index weight

First layer index Weigh(A0) Second layer index Weigh(A1/A2)

U1 0.6489 U11 0.2196
U12 0.5384
U13 0.1210
U14 0.1210

U2 0.0517 U21 0.3333
U22 0.6667

U3 0.2206 - -
U4 0.0788 - -

Firstly, we obtain three weight vectors based on
AHP, as Eqs. (34)∼(36). The corresponding rela-
tion between the weight vectors and the evaluation
indexes is shown in Table 7. For all three judgment
matrixes, the CR values are less than 0.1, and the
consistency check is passed.

A0 = ( 0.6489 0.0517 0.2206 0.0788
)

(34)

A1 = ( 0.2196 0.5384 0.1210 0.1210
)

(35)

A2 = ( 0.3333 0.6667
)

(36)

By the statistics of the evaluation results from ten
stakeholders, fuzzy evaluation matrixes R1 ∼ R4 are
obtained as Eq. (37).

R1 =

⎛
⎜⎜⎜⎝

0 0 0.1 0.3 0.6

0 0 0.2 0.5 0.3

0 0.1 0.2 0.3 0.4

0 0.1 0.1 0.5 0.3

⎞
⎟⎟⎟⎠ (37a)

R2 =
(

0 0.1 0.8 0.1 0

0.2 0.5 0.3 0 0

)
(37b)

R3 = ( 0.1 0.7 0.1 0.1 0
)

(37c)

R4 = ( 0.2 0.4 0.3 0.1 0
)

(37d)

The knowledge attributes of the Co-evaluation
task are: discipline=hydraulics, phase=manufacture,
industry=aviation. Collaboration volume matrixes
are calculated by Eqs. (12)∼(15), as Eq. (38). Note:
the correlation degree of the two types of knowl-
edge attributes (type 1: the knowledge attributes of
stakeholders; type 2: the knowledge attribute of the
Co-evaluation task) and related parameters are deter-
mined based on the experience of domain experts.

C1 =

⎛
⎜⎜⎜⎝

0 0 0.5372 1.5603 4.7519

0 0 1.1088 2.7395 2.8808

0 0.6813 1.1548 1.3155 4.0039

0 0.5602 0.5718 2.5133 3.4571

⎞
⎟⎟⎟⎠ (38a)

C2 =
(

0 0.5092 6.2943 0.2193 0

0.6888 3.4499 2.1069 0 0

)
(38b)

C3 = ( 0.5612 5.1522 0.6056 0.7309 0
)

(38c)

C4 = ( 0.9250 2.8500 1.8874 0.5141 0
)

(38d)

By Eq. (17), the collaboration degree c is calcu-
lated and imported into Eq. (37), and collaborative
fuzzy evaluation matrixes are constructed as Eqs.
(39)∼(42).
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R∗
1 =

⎡
⎢⎢⎢⎣

(0, 0) (0, 0) (0.1, 0.1130) (0.3, 0.3284) (0.6, 1)

(0, 0) (0, 0) (0.2, 0.3849) (0.5, 0.9510) (0.3, 1)

(0, 0) (0.1, 0.1702) (0.2, 0.2884) (0.3, 0.3286) (0.4, 1)

(0, 0) (0.1, 0.1620) (0.1, 0.1654) (0.5, 0.7270) (0.3, 1)

⎤
⎥⎥⎥⎦ (39)

R∗
2 =

[
(0, 0) (0.1, 0.0809) (0.8, 1) (0.1, 0.0348) (0, 0)

(0.2, 0.1997) (0.5, 1) (0.3, 0.6107) (0, 0) (0, 0)

]
(40)

R∗
3 = [ (0.1, 0.1089) (0.7, 1) (0.1, 0.1175) (0.1, 0.1419) (0, 0)

]
(41)

R∗
4 = [ (0.2, 0.3246) (0.4, 1) (0.3, 0.6622) (0.1, 0.1804) (0, 0)

]
(42)

We select the fuzzy operator M (∧, ∨). The
second-layer collaborative fuzzy comprehensive
evaluation is calculated as Eqs. (43)∼(46).

B∗
1 = [(0, 0), (0.1, 0.0402), (0.2, 0.2870),

(0.5, 0.7119), (0.3, 1)]
(43)

B∗
2 = [(0.2, 0.1331), (0.5, 0.6937),

(0.3333, 0.7405), (0.1, 0.0116), (0, 0)]
(44)

B∗
3 = R∗

3 (45)

B∗
4 = R∗

4 (46)

Then, the first-layer collaborative fuzzy compre-
hensive evaluation is calculated as Eq. (47).

B∗
0 = A0 � R∗

0 = A0 � (B∗
1 B∗

2 B∗
3 B∗

4

)T
= [(0.1, 0.0565), (0.2206, 0.3614), (0.2, 0.3026),

(0.5, 0.5081), (0.3, 0.6489)]
(47)

By Eq. (19), the Co-evaluation result v can be cal-
culated by Eq. (48).

v = 3.9289 (48)

In this case, the dynamic chief engineer evaluation
mode is adopted. The passive collaboration process
lasts for 5-time units. Stakeholder g and stakeholder
b successively hold the collaboration token. Particu-
larly, g hands over the token to b after 2-time units.
By Eq. (29), we have Token(1) = 2/5, Token(2) =
1. The chief engineer comprehensive evaluation is
obtained, as Eqs. (49) and (50).

Bg
′ = [(0, 1), (0.2206, 1), (0.0517, 1),

(0.5384, 1), (0.2196, 1)]
(49)

Bb
′ = [(0, 1), (0.2206, 1), (0.0788, 1),

(0, 1), (0.5384, 1)]
(50)

According to Eqs. (28) and (30), the final Co-
evaluation result is obtained as

vfinal = v + Token(1) · v′
g + Token(2) · v′

b

1 + Token(1) + Token(2)
= 3.9353 (51)

vfinal is close to 4. By the defined Co-evaluation
remarks, the result indicates that the passive col-
laboration improves the overall performance of the
valve-controlled hydraulic cylinder system.

Stakeholders consider that the improved perfor-
mance of the valve-controlled hydraulic cylinder
system meets the product performance demand.
Thus, the Co-evaluation action is regarded as passed.
The main process is restarted, and the product certifi-
cation action is executed immediately (as Fig. 7 and
Table 4).

5.3. Comparative Analysis

The merits of the proposed Co-evaluation method
based on the AHP-CFCE model are shown by the
comparative analysis of the improved AHP-CFCE
and the classical AHP-FCE. Table 8 lists the eval-
uation results of the two models for the passive
collaboration case described in Sections 5.1(2) and
5.2.
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Table 8
Comparison between AHP-FCE and AHP-CFCE

Remark Model
AHP-FCE AHP-CFCE

Membership Membership Collaboration degree

Great improvement (5) 0.3 0.3 0.6489
Improvement (4) 0.5 0.5 0.5081
Common (3) 0.2 0.2 0.3026
Degradation (2) 0.2206 0.2206 0.3614
Great degradation (1) 0.1 0.1 0.0565
Evaluation result 4.6412 3.9353

Table 8 indicates that the basic result of the AHP-
CFCE does not deviate from the AHP-FCE, as
reflected by the fact that they have the same member-
ship for each remark. The advancement and reliability
of AHP-CFCE are reflected in the introduction of the
collaboration degree that characterizes the richness
and relevance of evaluation knowledge. The superi-
ority is also reinforced by the modifications made for
the three Co-evaluation forms (presented in Section
4.3(2)).

Detailedly, by the bolded elements in Table 8, if
we refer to the AHP-FCE model, the membership
of evaluation results for remark 4 is greater than
remark 5 (0.5 > 0.3). We get the evaluation result
of 4.6421, which is closer to “Great improvement".
When we introduce the collaboration degree and uti-
lize the AHP-CFCE based Co-evaluation method, we
begin to know that “Great Improvement" is a pseudo
evaluation. Because, after considering the knowledge
richness and relevance, it is obvious that membership
0.5 is much less reliable than membership 0.3 based
on the comparison of collaboration degrees 0.5081 <

0.6489. By Section 5.2, a more credible knowledge-
related evaluation “Improvement" is obtained. The
conflicts indicate that if the Co-evaluation result
is calculated only based on the membership, the
influence of knowledge richness and correlation on
the evaluation result will be ignored to a certain
extent, which may lead to evaluation errors. There-
fore, the proposed AHP-CFCE model is more suitable
for the Co-evaluation involving multi-disciplinary,
multi-phase, and multi-industry knowledge in the
active-passive collaboration mechanism.

6. Discussion

The active-passive collaboration case verifies
that the proposed mechanism can effectively help
manage and control the collaboration process in
CPLMM. Under the guidance of the collabo-

ration machine and process model, stakeholders
can conduct self-organized collaboration in an
orderly manner. Besides, the AHP-CFCE based Co-
evaluation method can precisely measure the richness
and relevance of the knowledge involved in the
evaluation, overcoming the drawback of unreliable
evaluation of collaboration results. It provides a
precedent for the knowledge-related fuzzy evalua-
tion in collaboration actions. The proposed method
makes it possible to further improve the collaboration
efficiency and lifecycle management level.

Two aspects need to be further discussed, espe-
cially concerning the limitations.

(1) With the uncertainty of the dynamic process,
unknown conflicts may affect the development of
the collaboration process, and even lead to inter-
ruption. This paper has not addressed uncertain
collaboration conflicts. Thus, future research on this
limitation is explored as follows. The quantifica-
tion of uncertainty is an essential topic to measure
the uncertainty properties of conflicts. Particularly in
collaboration processes involving multi-source infor-
mation, Dempster-Shafer evidence theory and related
improved methods are considered as potentially one
of the excellent means for modeling and reason-
ing uncertain information in future research. The
knowledge-based decision on collaboration conflicts
may involve multiple uncertain preference infor-
mation. Distributed linguistic representation is an
effective tool for modeling preference information.
If the knowledge relevance and evaluation fuzziness
of stakeholders proposed in this paper should be com-
patible, the multi-attribute group decision-making
method based on hesitant fuzzy linguistic term sets
may be a favorable enabling technique for address-
ing conflict resolution problems that are accompanied
by differences in the knowledge backgrounds of the
stakeholders involved in the decision.

(2) The case study in this paper can verify the
effectiveness and feasibility of the proposed method.
However, the proof of the generalization ability and
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reliability of the method relies on the effect of
extensive engineering applications. Due to limited
research resources, it is difficult to achieve abundant
engineering verifications, where the limitation lies.
Future research will spare no effort in facilitating
method improvements and expanding engineering
applications. In addition, some hyper-parameters in
AHP-CFCE are determined based on the experi-
ence of domain experts, so the evaluation results
are susceptible to subjective factors. Thus, objective
hyper-parameter determination methods also need to
be considered in the extensive application of the pro-
posed method.

7. Conclusion

To effectively manage and control the collabo-
ration process in CPLMM, this paper proposes an
active-passive collaboration mechanism. Research
results show that the mechanism can adapt to
the collaboration mode of CPLMM and sup-
port stakeholders to conduct self-organized and
ordered collaboration. Subsequently, the proposed
Co-evaluation method can reasonably measure the
knowledge features of evaluation actions to obtain
comprehensive and reliable Co-evaluation results.
This research helps to improve the collaborative
efficiency and quality in CPLMM and provides a ref-
erence for improving R&D efficiency, shortening the
R&D cycle, and reducing R&D costs.

The main contributions of this paper are described
as follows: 1) The concept of active-passive collab-
oration is proposed to provide a new collaboration
mode for CPLMM. The active-passive collaboration
machine with stakeholders in the loop is established
to guide stakeholders to collaborate autonomously.
C-D-Petri Net model oriented to the active-passive
collaboration is presented, which can support the col-
laboration process modeling and visualization. 2) The
collaboration volume is defined and imported into
FCE, and CFCE model is presented. CFCE realizes
the quantitative calculation of knowledge richness
and correlation, which helps to improve the reliabil-
ity of the Co-evaluation results for complex products.
The active-passive Co-evaluation method based on
AHP-CFCE is provided, which enriches and develops
the collaboration mechanism.

Future research will focus on the resolution of
uncertainty-induced collaboration conflicts and the
objective determination of the hyper-parameters of
the AHP-CFCE model in Co-evaluation. Concur-

rently, the proposed method needs to develop various
application cases to justify its power and generaliza-
tion ability.
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