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In the context of the financial crisis, this paper introduces an innovative approach
to Data Envelopment Analysis (DEA) that is grounded in collaborative theory,
aiming to assess the impact of financial factors, particularly fiscal allocations, on
the efficiency of transforming research achievements into practical applications
within Chinese universities. Based on this methodological framework, the
paper constructs an interactive network framework that integrates government,
industry, and academic institutions, conceptualizing research activities as a
multi-agent, multi-stage complex system. Through an empirical analysis of 79
Chinese universities, we investigate the role of government fiscal grants as a key
input factor in influencing the efficiency of research achievement transformation
within this system. The findings reveal that strategic allocation of fiscal grants
significantly enhances the efficiency of research application, while substantial
variations in the efficiency of research achievement transformation exist across
different universities. This study further elucidates the intrinsic link between fiscal
allocations and the commercialization efficiency of research achievements,
providing policymakers with critical insights into the effective distribution of
financial resources to facilitate the transformation of research achievements
into practical applications. This research not only enriches the application of
complex systems theory in higher education but also offers a novel perspective
on the role of financial support policies in the commercialization of scientific
and technological achievements.

KEYWORDS

financial crisis, university performance evaluation, data envelopment analysis, synergy
theory, complex systems

1 Introduction

Set against the backdrop of a financial crisis, this paper introduces a new Data
Envelopment Analysis (DEA) methodology, rooted in collaboration theory, to assess the
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financial crisis’s impact on the efficiency of transforming research
achievements in Chinese universities into practical applications.
Within this complex system, the collaborative network of
universities, enterprises, and government is crucial for propelling
significant advancements in science and technology, with fiscal
elements, particularly fiscal allocations, playing a pivotal role
in directly influencing the direction, scale, and outcomes of
scientific research.

Collaborative innovation emerges as an advanced organizational
paradigm that leverages the collective strength of these entities to
catalyze major scientific and technological innovations, with value-
added knowledge at its core and achieving extensive integration.
The application of synergy theory is indispensable for enhancing
the efficiency of scientific research innovation and achievement
transformation. This theory focuses on the common characteristics
and synergistic mechanisms among different systems, emphasizing
the transition from disorder to order through the interaction of
various systems.

Synergy theory comprises three principal elements: synergistic
effect, servo principle, and self-organization. The synergistic effect,
resulting from the interaction of different systems within an
open system, is the internal driving force for the formation of
organized structures. The servo principle dictates that fast variables
are governed by slow variables and order parameters, which
dominate system behavior and elaborate the process of system self-
organization. Self-organization allows a system to automatically
form certain structures or functions among its internal subsystems
according to specific rules.

Given the characteristics of research universities, especially
those directly under the administration of the Ministry of
Education in China, evaluating their efficiency is crucial for
advancing the construction of world-class universities, optimizing
resource allocation, and fostering collaborative innovation among
universities, enterprises, and government. Efficiency evaluation
provides organizations with a potent quantitative tool to inform
managerial decisions, with analysis results offering a scientific basis
for enhancing organizational efficiency.

As a non-parametric approach, Data Envelopment Analysis
(DEA) excels in assessing the efficiency of multi-input, multi-output
systems. The fundamental principle of DEA is to compare the actual
input-output levels of evaluated decision-making units (DMUs)with
the ideal levels that could be improved, with this ratio serving as the
efficiency measure of the evaluated units.

However, the assumption of independence among decision units
is often violated in real-world scenarios due to mutual interference
and interconnected production processes among decision units.
Under non-shared fixed and input constraints, changes in the
output level of one decision-making unit can affect others, altering
the position of the efficient frontier and the desired input-output
levels that could be enhanced. Thus, reassessing the comparative

Abbreviations: DEA, Data Envelopment Analysis; DMU, Decision-Making
Unit; GGF, Government Grant Funds; FSODEA, Fixed-Sum Output DEA;
EEFDEA, Equilibrium Efficiency Frontier DEA; GEEFDEA, Generalized
Equilibrium Efficiency Frontier DEA; R&D, Research and Development; FS,
Number of teachers; GGF, Government Grant Funds; RF, Research funding;
AS, Awards; PM, Publication of monographs; PP, Published papers; TNS,
Number of Natural Science Funds; TTI, Income from technology transfer.

performance metrics of parallel interactive decision units with fixed
and input constraints presents an efficiency evaluation challenge that
demands reconceptualization.

Drawing on the connotations of synergy theory, this paper
proposes a novel DEA efficiency evaluation method and applies it
to assess the scientific research performance of China’s “Double
First-Class” universities amidst financial crisis by the Refs.
[1, 2], with particular emphasis on the role of fiscal grants
in shaping research outcomes and efficiency. We measure the
relative efficiency of research universities by proposing a parallel
interactive network Data Envelopment Analysis (DEA) model
with non-shared fixed inputs. The interactivity is reflected in
the division of the university’s research activities into research
development subsystems and research application subsystems,
which interact with each other within the model. The outputs
of the research development subsystems, such as papers and
monographs, serve simultaneously as inputs for the research
application subsystems for the transformation of research results.
Conversely, the research funding obtained through enterprises
by the research application subsystems is used as input for the
research development subsystems. The fixed nature is represented
by government funding, which is consumed as a fixed input solely
by the research development subsystems. This approach allows us
to capture the complex interdependencies and resource allocation
within research universities, providing a more refined perspective
on the efficiency analysis of higher education research.

The study reveals that under the influence of the 2015 Chinese
stock market financial crisis, the strategic allocation of fiscal grants
to universities significantly enhanced the efficiency of research
outcome application during 2016–2017, offering policymakers
critical insights into the effective distribution of financial resources
to catalyze the transformation of research outcomes into practical
applications. This research not only enriches the application of
complex systems theory in higher education but also provides
a novel perspective on the role of financial support policies in
the commercialization of scientific and technological achievements
within the context of financial crisis.

2 Literature review

In recent years, the synergistic theory has garnered significant
scholarly interest. Synergistic innovation, a pivotal outcome
of this theory, redirects research focus towards the domain
of collaborative technological innovation. The concept was
initially introduced by Peter Gero from the Sloan Center at
the Massachusetts Institute of Technology (MIT) in the U.S.,
who defined Synergistic innovation as the process by which a
network of self-motivated individuals develops a shared vision,
communicates ideas, information, and work progress, and
collaboratively pursues a common objective [3]. supposed that
the group members form a common vision and exchange ideas,
information and work status through the network, working together
to achieve common goals. Considering the current situation of
innovation in China [3], redefined collaborative innovation as a way
of guiding bynational directional policies andmechanisms, enabling
enterprises, universities and other innovation subjects to utilize
their respective advantageous capabilities, readjust complementary

Frontiers in Physics 02 frontiersin.org

https://doi.org/10.3389/fphy.2025.1553788
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org


Ma and Xu 10.3389/fphy.2025.1553788

resources, thus realizing complementary advantages, promoting
the diffusion of innovative technologies and industrialization, and
accelerating techno-logical innovation and the industrialization of
technological achievements. The industrialization of technological
innovation and scientific and technological achievements will be
accelerated.

This paper posits that synergy theory enhances innovation and
practicality during the research and development phase by fostering
interdisciplinary collaboration. Specifically, research teams from
different disciplines can integrate their respective knowledge and
technological strengths through synergistic innovation, forming
comprehensive research plans that provide a broader perspective for
the generation of scientific achievements by the Ref. [3]. In the stage
of application and transformation of research outcomes, synergy
theory facilitates the close alignment of scientific achievements with
market demands through collaboration between enterprises and
universities. Considering the three major theoretical frameworks of
synergy theory, the synergistic effect enables parties to pool their
advantageous resources through resource sharing and information
exchange, thereby improving the efficiency and quality of outcome
transformation by the Ref. [4]. The servo principle guides research
institutions to adjust their research directions and strategies in a
timely manner according to market and policy changes, adapting
to the demands of the external environment. The self-organization
capability allows research teams to autonomously manage and
optimize their internal operations, forming efficient organizational
structures and operational mechanisms, thus enhancing the output
and application efficiency of scientific achievements.

In academia, the traditional methodology for evaluating
the efficiency of multi-input, multi-output decision-making
units (MIMDU), known as Data Envelopment Analysis (DEA),
has attracted significant global scholarly attention. Seminal
research in this domain employed the standard DEA to evaluate
the performance of higher education institutions, notably by
quantifying the relative efficiency of 79 Chinese universities from
2003 to 2004 [5]. classified the departments were methodically
sorted into quartets for the sake of cluster analysis and the
breakdown of efficiency, taking into account their diverse
characteristics. This approach diverges from the straightforward
production framework depicted by the DEA model, which does not
delve into the same granularity of features. Taking into account
qualitative aspects within the DEA approach, Ref. [6] assessed
the issue of fuzzy efficiency to aid in decision-making processes.
Furthermore, Ref. [7] introduced an enhanced interval DEA model,
which addressed the challenge of zero inputs when evaluating
the efficiency of certain DMUs, and this model was subsequently
applied to Iranian academic institutions. Similarly [8], evaluated
the efficiency problem of private universities with the help of
DEA modeling. The aforementioned studies indicate that the
conventional DEAmodel, characterized by a “black box” design, has
seen extensive application in the assessment of university efficiency.
However, contemporary scholarly works frequently portray the
production process of universities as a simple construct consisting
only of initial inputs and final outputs. This rudimentary black
box model is inadequate for capturing the complexity of actual
production processes, potentially omitting crucial details within
these activities. As a result, the development of the network DEA
approach has emerged to overcome the limitations inherent in

traditional DEA models, particularly in the context of university
efficiency assessments.

[4] introduced a network DEA methodology with the objective
of unveiling the “black box” of the production process, typically
perceived as an aggregation of various subsystems. The network
DEA methodology aims to reveal the internal workings of the
production process by viewing it as an integrated system of distinct
subsystems. By dissecting the internal production mechanisms,
this approach enables a more comprehensive understanding of an
organization’s efficiency, linking the overall performance directly
to the efficacy of its individual subsystems. In today’s context,
universities fulfill various critical roles, including teaching, research,
and technology transfer, with each role representing a key subsystem
that significantly impacts the institution’s overall efficiency.

The network DEA approach has been increasingly utilized to
assess university efficiency by modeling the internal production
processes, thereby providing new perspectives and broadening
the scope of efficiency assessment research within the academic
community [9]. assessed the educational, scholarly, and financial
efficiency of Taiwanese universities, with the educational and
scholarly stages incorporating outputs from the financial efficiency
stage. The findings indicated that universities excelled in the
cost efficiency phase [10]. introduced a two-stage network
configuration DEA methodology for assessing the efficiency of
travel and recreation departments across 34 universities [11].
developed a network DEA model that puts into perspective parallel
interdependent systems and utilized it to evaluate the productivity
of universities. Associated with the “985 project.” [12] employed
a semidefinite programming method to compute a generalizable
two-stage model, which was then applied to R&D activities within
China. Concurrently, the efficiency of China’s regional R&D
processes was also evaluated [13]. investigated the use of the
Luenberger productivity indicator to gauge efficiency dynamics
in Chinese universities. Notably, the research is grounded in a
network framework that incorporates the element of time [14].
developed a multi-period DEA approach that accounts for feedback
mechanisms, which was used to classify sociological inquiry into
development and innovation phases [15]. introduced an additive
DEA model to assess the efficiency of 38 academic departments
within Chinese universities, considering the heterogeneity among
university faculties [16]. employed an augmented two-step network
configuration to appraise the efficiency of 52 Chinese universities,
culminating in the finding that approximately two-thirds of these
institutions are deemed inefficient [17]. built a decentralized
and centralized model that includes networked institutions for
the purpose of evaluating the efficiency of elite universities in
China. In order to address the deficiencies of static systems [18],
conceptualized university R&D activities as an intertemporal
production process and constructed a parallel DEA model that
captures the intertemporal dynamics. Considering the fairness
between the leadership step and further steps [19], constructed
a three-stage network with a tandem structure and applied it to
the R&D innovation of China’s hightech industry. Echoing this
trend, the network DEA approach has gained prominence due to
its benefits in assessing organizational performance and has been
extensively utilized to evaluate the efficiency of various entities,
including universities and industrial firms. For example [20], used
a two-stage network DEA model to measure energy efficiency
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and explored the differences with full efficiency [21]. advanced a
progressive DEA model that surpasses earlier methods in detecting
alterations in system efficiency.

Scholars, in their quest to refine the evaluation of production
structures through various network DEA methods, have
increasingly directed their focus towards the critical issues of input
and output fixation and the interplay between decision-making
units (DMUs). The oversight of fixation and the characteristics
of inputs and outputs between DMUs can lead to imprecise
efficiency valuations. This realization underscores the necessity
for a nuanced approach that accounts for these intricacies, thereby
enhancing the accuracy and reliability of efficiency assessments
within academic research. In view of this [22], first investigated
the problem of evaluating participating countries with a fixed
total number of medals in Olympic competitions and proposed
a zero sum gains (ZERO SUM Gains) DEA model. Subsequently
[23], extended the zero-sum gains DEA model to consider the
case of non-desired outputs and assessing the efficiency of carbon
dioxide emissions among the parties to the Kyoto Protocol [24].
established a two-stage efficiency evaluation model with substage
efficiency decomposition model that satisfies the shared output
fixation and constraints, and applied it to the problem of evaluating
the energy conversion and utilization efficiency in 30 provincial-
level regions in China [25]. considering that government grants are
consumed by two subsystems, scientific and technological research
and results transformation, a parallel interaction network DEA
method based on shared fixed inputs was established and evaluated
the efficiency of 58 Chinese research universities. However, this
paper argues that not all decision-making units have shared fixed
sum constraints. Take universities, for example,. When measuring
their performance, government grants are mostly used in scientific
and technological research in reality, and the source of funding for
the transformation of achievements does not include government
grants, so the shared fixed-sum input condition does not hold.

Financial crises can significantly impact the efficiency of
the complex production systems of university research activities,
particularly the stage of transforming research outcomes into
practical applications [1]. focused on the efficiency of Italian and
German universities in converting public funding into multiple
university outputs (i.e., graduating students, publishing research,
and patenting activities) following the 2008 financial crisis [2].
considered the constraints on public funding after the economic
crisis and empirically analyzed the impact of the economic crisis
on the technical efficiency of research and development activities
in state universities [26]. analyzed the significant impact of
the financial crisis on various stakeholders in higher education
activities, suggesting that the crisis may lead to reduced funding for
education from governments, private sectors, and households [27].
explored the determinants of cost efficiency in public universities
during the economic crisis, systematically quantifying the efficiency
impact factors on universities [28]. considered the differences in
the impact of the global financial crisis on private and public
universities, indicating that reliance on public and endowment
funds can significantly enhance the efficiency of university activities
after the crisis. Unlike previous studies, this paper considers the
actual context of Chinese universities, using government financial
subsidies as a key input factor to assess the impact of financial
elements (especially fiscal allocation) on the efficiency of Chinese

FIGURE 1
Structure of the two systems of research and development - results
transformation and application.

universities in transforming research outcomes into practical
applications.

Thus, this study tackles the two-stage efficiency evaluation
challenge within a networked system, constrained by specific fixed
inputs and limitations, and is rooted in synergy theory. Initially,
the paper establishes an equilibrium efficiency frontier that adheres
to the non-shared fixed and input constraints. Subsequently, it
develops a two-system efficiency evaluation model predicated on
this equilibrium efficient frontier. Recognizing that the efficiency
evaluation of subsystems is influenced by various factors, including
parameter settings and subjective roles, which can yield non-unique
results, the paper addresses the holistic efficiency evaluation of the
two systems. Ultimately, the study employs empirical data from 79
Chinese research universities to validate the methodology.

3 Methodological models

3.1 Conventional concurrent interactive
DEA network model with communal inputs

Consider homogeneous decision-making units with a two-
system production structure as shown in Figure 1. In the first
subsystem, each DMUj uses m basic inputs Xij (i = 1,2, …m), Fcj
(c = 1,2, …,d) and Enj (n = 1,2, …,q) obtained from the second
subsystem to produce Pτj (τ = 1,2, …, o) and Tkj (k = 1,2, …, q). In
the second subsystem, each DMUj uses Pτj (τ = 1,2, …, w) obtained
from the first subsystem and Dzj (z = 1,2, …, d) to produce Svj (v
= 1,2, …,o) and Enj (n = 1,2, …, l). It is important to note that the
Enj and Pτj are interaction indicators, and Fcj are the fixed inputs of
the first subsystem. Thus, the two subsystems are interwoven rather
than functioning in isolation from one another.

Following the approach of previous studies [29], adopted
the variable returns to scale (VRS) hypothesis, positing that
for a given Decision-Making Unit (DMU0), the overall system
efficiency is calculated as a composite of the individual efficiencies
of the two subsystems, weighted accordingly. This concept is
articulated in model (Equation 1), which encapsulates the synthesis
of subsystem efficiencies into a comprehensive measure of
performance.
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MaxE0 = φ1 ∗E10 +φ2 ∗E20

s.t.E1j =
∑q

τ=1
στPτj +∑

w
k=1

μkTkj + u1

∑m
i=1

viXij +∑
d
c=1

δcFcj +∑
o
n=1

ϕnEnj

≤ 1

E2j =
∑o

n=1
ϕnEnj +∑

l
q=1

βqSqj + u2

∑q
τ=1

στPτj +∑
h
z=1

yzDzj

≤ 1 (1)

vi,δc,ϕn,στ ,yz ,μk,βq ≥ ε,∀i,c,n,z,τ,k,q

u1 u2 free in sign
Among them Ej, E1j and E2j represents the overall efficiency, first

subsystem efficiency, and second subsystem efficiency, respectively.
vi,δ1c,δ2c,ϕn,στ,yz,μk and βq are unknown positive multipliers
associated with the input and output variables. Specifically [30],
proposed when μ1 = μ2 = 0 holds, the model is constructed based
on the assumption of constant returns to scale (CRS). To achieve a
viable solution [31, 32], supposed the intermediatemeasures Enj and
Pτj must be assigned equal multipliers across the subsystems.

Based on the theory of synergy, φ1 and φ2 are the weights of the
first and second subsystems, indicating the relative neediness of each
subsystem. A practical approach to determining these weights is to
compute the input consumption proportions for the two subsystems.
Since ∑mi=1viXij +∑

d
c=1δcFcj +∑

o
n=1ϕnEnj and ∑qτ=1στPτj +∑

h
z=1yzDzj

represent the inputs of the two subsystems, respectively ∑mi=1viXij +
∑dc=1δcFcj +∑

o
n=1ϕnEnj +∑

q
τ=1στPτj +∑

h
z=1yzDzj is the total input of

the first subsystem. Therefore φ1 and φ2 are assigned as follows, the
φ1 + φ2 = 1.

φ1 =
∑m

i=1viXij +∑
d
c=1δcFcj +∑

o
n=1ϕnEnj

∑m
i=1viXij +∑

d
c=1δcFcj +∑

o
n=1ϕnEnj +∑

q
τ=1στPτj +∑

h
z=1yzDzj

φ2 =
∑q

τ=1στPτj +∑
h
z=1yzDzj

∑m
i=1viXij +∑

d
c=1δcFcj +∑

o
n=1ϕnEnj +∑

q
τ=1στPτj +∑

h
z=1yzDzj

(2)

φ1 ≥ a, φ2 ≥ b, a and b are the given minimum levels.
In model (Equation 2), it is required that φ1 and φ2 satisfy

some conditions to prevent distorted and inconceivable outcomes.
Therefore, we require φ1 ≥ a, φ2 ≥ b , where a and b are the
given minimum levels. Integrating model (Equation 2) into
the preceding model (Equation 1) allows us to deduce the
subsequent model (Equation 3), which is used to compute the
overall efficiency.

Max E0

=
∑q

τ=1
στPτ0 +∑

w
k=1

μkTk0 + u1 +∑
o
n=1

ϕnEn0 +∑
l
q=1

βqSq0 + u2

∑m
i=1

viX i0 +∑
d
c=1

δcFc0 +∑
o
n=1

ϕnEn0 +∑
q
τ=1

στPτ0 +∑
h
z=1

yzDz0

s.t.E1j =
∑q

τ=1
στPτj +∑

w
k=1

μkTkj + u1

∑m
i=1

viXij +∑
d
c=1

δcFcj +∑
o
n=1

ϕnEnj

≤ 1

E2j =
∑o

n=1
ϕnEnj +∑

l
q=1

βqSqj + u2

∑q
τ=1

στPτj +∑
h
z=1

yzDzj

≤ 1

∑m
i=1viXij +∑

d
c=1δcFcj +∑

o
n=1ϕnEnj

∑m
i=1viXij +∑

d
c=1δcFcj +∑

o
n=1ϕnEnj +∑

q
τ=1στPτj +∑

h
z=1yzDzj

≥ a (3)

∑q
τ=1στPτj +∑

h
z=1yzDzj

∑m
i=1viXij +∑

d
c=1δcFcj +∑

o
n=1ϕnEnj +∑

q
τ=1στPτj +∑

h
z=1yzDzj

≥ b

vi,δc,ϕn,στ ,yz ,μk,βq ≥ ε,∀i,c,n,z,τ,k,q

u1 u2 free in sign
Model (Equation 3) adheres to the condition that the weights

allocated to each subsystem exceed a predetermined threshold, with
the resultant efficiency E0 of DMU0 being characterized as the
system’s overall efficiency. This metric typically varies within the
interval from 0 to 1. A value of E0 = 1, signifies that DMU0 is
deemed efficient. It should be highlighted that Model (Equation 3)
is inherently nonlinear, necessitating the investigation of its linear
counterpart, details of which will be delineated subsequently.

3.2 Concurrent interacting DEA network
architecture incorporating stationary and
input limitations within the realm of
synergy theory

[33, 34] proposed the preceding DEA model of an integrated
interconnected networkwith traditional shared inputs is particularly
noteworthy: for one thing, the quantity of shared inputs in individual
subsystems needs to be accuratelymeasured, but based on the theory
of synergy, inmany production and life practices [35-37], only a total
amount of shared inputs can be observed Fcj and it is not possible
to accurately measure the quantity of individual subsystems.The
second is that the total amount of shared inputs is fixed. Secondly,
the total amount of shared input is fixed and consumed by two
subsystems at the same time, there is a shared fixed and input
constraint, but based on the research of synergy theory, we find that
in the real production and life practice there often exists a non-
shared fixed and input constraint, the total amount of inputs of all the
decision-making units is determined, and they influence each other
in the production process. For example, in the university production
process, government grants are only used as inputs for scientific
research and are not used by outcome transformation, but scientific
research and outcome transformation influence each other through
papers, monographs and research funding. When it is observed that
Fcj rather than F1

cj and F2
cj , and considering non-shared fixed and

input constraints, it is difficult for model (Equation 3) to accurately
appraise the relative efficiencies of decision-making entities with a
two-system production structure as shown in Figure 1.

For efficiency evaluation problems with fixed-sum input
constraints, changes in the efficient frontier must be taken
into account when calculating the relative efficiency because
the production process still does not satisfy the independence
requirement [38, 39]. introduced a framework that utilizes the
equilibrium efficiency horizon in the black-box scenario of decision
units to find such a common efficient frontier, which can make all
decision units lie on the efficient frontier at the same time when
output fixing and constraints are satisfied.

In assessing the efficiency of Decision-Making Units (DMUs),
the conventional DEA approach establishes the optimal efficiency
frontier using efficient DMUs. Nonetheless, it overlooks the
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scenario where certain DMUs are subject to fixed sum constraints.
Consequently, leveraging the minimum adjustment quantity
strategy [40], introduced the FSODEA (Fixed-Sum Output DEA)
model, which puts into perspective the fixed-sum output constraint.
In this FSODEA framework, the DMUs under evaluation are
deemed efficient following the adjustment of outputs for other
DMUs, with the optimal efficiency frontiers differing according
to the DMU in question. Following this [41], crafted the EEFDEA
(Equilibrium Efficiency Frontier DEA) model, capable of assessing
all DMUs against a shared equilibrium efficiency frontier. However,
EEFDEA is not without its limitations, such as the considerable
computational complexity and the dependence of evaluation
results on the pre-established “order” of DMUs. Building upon
these [38], developed the GEEFDEA (Generalized Equilibrium
Efficiency Frontier DEA) model, which retains the benefits of both
FSODEA and EEFDEA and establishes a generalized equilibrium
efficiency frontier. To evaluate parallel research activities with
non-shared fixed and variable inputs, we constructed the parallel
GEEFDEA network framework. To assess the efficiency of two
systems with non-shared fixed and input constraints, we have
developed model (Equation 4) to ascertain the common EEF.

Min
n

∑
j=1

d

∑
c=1

δcwcj

s.t.
∑q

τ=1
στPτj +∑

w
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o
n=1

ϕnEnj +∑
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= 1

n

∑
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πcj = 0

wcj =Max{0,πcj}

Fcj +πcj ≥ 0 (4)
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d
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n=1ϕnEnj
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∑q
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d
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o
n=1ϕnEnj +∑

q
τ=1στPτj +∑

h
z=1yzDzj

≥ b

vi,δc,ϕn,στ ,yz ,μk,βq ≥ ε,∀i,c,n,z,τ,k,q

u1 u2 free in sign
Where πcj is the GGF adjustment value for the first subsystem.

It is the level of adjustment fixed and invested in each DMU to
achieve the common EEF. In addition, the πcj is symbol free. In
model (Equation 4), the first restrictive factor is that all DMUs reach
the effective boundary at the same time following the tuning of input
parameters. The second restrictive factor meets the fixed and input
stipulations. The fourth restrictive factor wcj =Max{0,πcj} indicates
that wcj in the case of πcj non-negative is equal to πcj.The fifth and
sixth constraints guarantee that the adjusted GGF is on the positive
side. Concerning the seventh and eighth limitations, as in model
(Equation 3), the weights of the two subsystems must be within
a predetermined interval. Since the model (Equation 4) is wcj =
Max{0,πcj} difficult to solve, model (Equation 5) is proposed.
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n

∑
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= 1
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u1 u2 free in sign
Since model (Equation 5) is still nonlinear, we developed a

two-phase strategy to transform model (Equation 5) into model
(Equation 6). In the first step, we let δcπcj = π

′
cj, and then we

obtained model (Equation 6).

Min
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H in model (Equation 6) ensures that the model’s ratio includes

a positive lower fraction and that the efficiency value of the
target unit being evaluated is greater than zero. In the second
step, we let ψcj = |π

′
cj| + π
′
cj , ηcj = |π

′
cj| − π
′
cj , obtain the equivalent
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linear model (Equation 7).
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A Data Envelopment Analysis (DEA) model has been

developed to characterize a comprehensive equilibrium efficient
frontier for network arrangements that interact concurrently,
accounting for both fixed and variable inputs. By solving
the model (Equation 7), the optimal tuning that enables all DMUs
to be simultaneously effective in achieving a common EEF is
computed πcj

∗ .
The previous section determines the common EEF, on the basis

of which we can evaluate the efficiency of each DMU after obtaining
the πcj
∗ the efficiency of each DMU after evaluating the optimal

solution. As [39] described, the efficiency obtained from the GEEF
model parallels the concept of super-efficiency, as the DMUs under
evaluation are omitted from the formation of the common EEF
(Equilibrium Efficiency Frontier). Analogously, the efficiency score
does not exceed 1 for DMUs located within the common EEF, but it
can be greater than 1 for those DMUs that lie outside the common
EEF. Model (Equation 8) is employed to calculate the aggregate
efficiency of a simultaneous engagement system that operates with
non-shared fixed and input constraints.
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The maximum value of the objective function at optimality

of model (Equation 9) will be E0
∗ is defined as the value of

DMU0 the total efficiency of the model, which vi
∗,δc
∗,ϕn
∗,στ
∗,yz
∗,μk
∗,βq
∗

It is the value of the vi,δc,ϕn,στ,yz,μk,βq the best possible
resolution of the model. Upon acquiring the overall efficiency
from model (Equation 9) E0

∗, the efficiency of all subsystems can
be figured out according to the formula of model (Equation 1).
Due to the impact of various factors, including parameter settings,
the model (Equation 9) does not yield a unique optimal solution for
the subsystems, and consequently, the individual efficiency scores
for each subsystem are not unique either. As a result, this study
focuses exclusively on assessing the aggregate efficiency of the
two systems.
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vi,δc,ϕn,στ ,yz ,μk,βq ≥ ε,∀i,c,n,z,τ,k,q

u1 u2 free in sign
In addressing the rationality of the model’s assumptions, this

paper conducts a validation and discussion of the assumptions.
Drawing on the theory of organizational interdependence, the
interactions and dependencies between organizations influence
their behavior and performance. In the context of research
and development, the interdependence between universities,
enterprises, and the government is particularly evident. For instance,
universities provide foundational research outcomes, enterprises
transform these outcomes into commercial products, and the
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government supports this process through policies and funding.
This interdependence means that the decisions and activities of
each organization are no longer independent but rather affect and
constrain each other. This confirms the model’s assumption that
decision-making units interfere with each other and that production
processes are interdependent.

4 Application validation

As China’s higher education sector experiences rapid growth,
the evaluation of research efficiency and the commercialization
of scholarly achievements in academic institutions have become
focal points of interest. This assessment is integral to the
national innovation system, capturing the attention of educational
policymakers and scholars alike. The effectiveness of converting
research outcomes into practical applications is a critical issue for
those formulating educational strategies and academic discussions.
Within the framework of China’s “double first-class” initiative,
a scientific evaluation of the efficiency of 79 Chinese research
universities, grounded in synergy theory, aids in the optimal
allocation of resources and fosters the substantive development
of these universities [42, 43]. This, in turn, bolsters the overall
competitiveness of the nation’s educational landscape. This study
aims to offer valuable insights for enhancing the management
and educational quality of Chinese research universities and,
concurrently, to contribute Chinese insights and solutions to the
global discourse on higher education.

4.1 Indicators and data

This section employs the efficiency evaluation of China’s
research universities as a case study, utilizing the methodology
outlined in the previous section to assess the academic efficiency of
79 such institutions. According to the synergy theory, the research
process within universities encompasses three key stakeholders:
universities, enterprises, and the government. This process can be
conceptualized as an integrated network framework comprising
a research and development (R&D) subsystem and a subsystem
for the transformation and application of research outcomes. A
distinctive feature of this framework is the fixed government funding
allocated to the R&D subsystem, with outputs from the R&D
subsystem—such as theses andmonographs—serving as inputs back
into the system. Additionally, research grants procured through
enterprises are also considered inputs to the R&D subsystem. In
this analysis, we focus on scenarios where the total government
funding is a predetermined fixed amount. The structure of the two
systems, namely, research and development and the translation and
application of research results, is illustrated in Figure 1.

Taking into account the availability and recency of data, this
study employs data from 79 Chinese research universities in 2016
to evaluate the efficiency of research and development (R&D) as
well as the transformation of achievements. All of these institutions
are participants in the “211 Project,” and they have managed a
significant number of complex and demanding research projects.
It is important to note that due to data accessibility limitations,
a subset of these universities with a research focus was excluded

from the study. The data was extracted from the Ministry of
Education’s Basic Statistics Compendium for Universities and the
Education Blue Book 2016–2017. To account for output lags, a
1-year lag period for outputs was applied in the analysis. The
model was executed using MATLAB R2022b on a system equipped
with an Intel Core i7 CPU, 16 GB of RAM, and Windows 11
operating system.

As shown in Figure 1, in the research development system, each
of the DMUj uses m basic inputs Xij (i = 1,2, …m), government
funding (GGF) Fcj (c = 1,2, …,d) and research funding from
the research results translation application subsystem Enj
(n = 1,2, …, o) to produce papers, scientific monographs Pτj
(n = 1,2, …,o) to generate papers, scientific monographs (nτ =
1,2, …, q) and scientific and technical awards Tkj (k =
1,2, …, w). In the research application system for the translation
of research results, the papers and scientific monographs obtained
from the research and development subsystem are utilized Pτj (τ =
1,2, …, q) and natural science fund topics Dzj (z = 1,2, …, h) to
generate income from technology transfer Svj (v = 1,2, …,l) and
research funding Enj (n = 1,2, …, o). It should be noted that the
Enj

and Pτj are interaction indicators, and Fcj are the collaborative
inputs of the a duo of subsystems. Consequently, the two subsystems
are intricately interconnected, functioning in unison rather than in
isolation.

As shown in Figure 1, the core components of the research
and development (R&D) process include faculty members and
graduate students. The government offers grants, classified as
inputs, with a 1-year term. To comprehensively evaluate the
R&D subsystem’s performance, outputs are categorized as scientific
awards, published monographs, and high-quality papers. Scientific
awards include both national and provincial honors. High-
quality papers are characterized by their presence in Chinese
core journals and inclusion in the Science Citation Index. In
the translation and application phases of research outcomes, the
allocation of natural science funds serves as an input variable
with two key functions: it indicates the capacity for scientific
discovery transformation and highlights the national emphasis
on the relevant field. Furthermore, the success of implementing
research findings is largely contingent upon the resources provided
by natural science funding, underscoring its critical role in the
practical application of research achievements. Citing Refs. [39,
44], research funding and income from technology transfers are
identified as the outputs of this activity. Specifically, income
from technology transfer refers to the payments received by the
university from enterprises or other organizations in exchange for
the university’s provision of technical services. The selection of
indicator data and the units for these indicators, which are essential
for evaluating the overall efficiency of the R&D and research
results transformation and application systems in this study, are
presented in Table 1.

4.2 Results and discussion

This paper selected the data of 79 research universities in China
in 2016 for empirical research, and Table 2 lists the descriptive
statistics of the relevant indicators, including the mean, median,
standard deviation, maximum and minimum values.
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TABLE 1 Selection of indicators.

Research
process

Variable
indicators

Unit (of
measure)

Research and
development

(R&D)

Input metrics

Number of
teachers (FS)

a hundred people

Research and
development
staff (GS)

a hundred people

Government
Grant (GGF)

million dollars

Research funding
(RF)

million dollars

Output metrics

Awards (AS) term (in a
mathematical

formula)

Publication of
monographs

(PM)

troops

Published papers
(PP)

hundred articles

Translation and
application of
research results

Input metrics

Number of
Natural Science
Funds (TNS)

decathlon
(athletics)

Publication of
monographs

(PM)

troops

Published papers
(PP)

hundred articles

Output metrics

Research funding
(RF)

million dollars

Income from
technology

transfer (TTI)

hundred
thousand dollars

In this paper, the optimal efficiency of the application system
for research development and translation of research results in
79 research universities is calculated by means of a DEA model
featuring inputs. From column 2 of Table 4, E0 it can be seen that the
efficiency value of decision units 2, 3, 4, 7, etc. is 1, and the lowest
efficiency value is for decision unit 59, which is only 0.3778. Since
the model (Equation 3) does not take into account the constraints
of non-shared fixation and inputs, this paper further validates the
calculations by using the method of 3. 2.

To determine the equilibrium efficiency frontier compliant with
the non-shared fixed and variable input constraints as per synergy
theory, Model (Equation 7) is utilized to compute the optimal
adjustments for both the research and development system and the
system for translating and applying research outcomes, with the
results detailed in Table 3. A positive value in the table signifies that
a region must augment its government grant input to align with
the communal equilibrium efficiency frontier, while a negative value
suggests a reduction is necessary, and zero indicates no adjustment
is required. Table 3 reveals that 53 decision-making units require a

decrease in government grant inputs, whereas 26 units necessitate
an increase. The optimal adjustments, when summed, equal zero,
fulfilling the criterion of maintaining a fixed total for government
allocation inputs across all decision-making units [45].

The public equilibrium efficient frontier can be set based on
the most favorable alteration and the efficiency of the two systems
can be evaluated accordingly, and the results are shown in column
4 of Table 4. E0

∗ shown. Compared with model (Equation 3),
the efficiency results considering non-shared fixation and input
constraints have changeddramatically, and the two-systemR&Dand
R&D application efficiencies of the vast majority of decision units
have been improved due to the non-shared fixation and constraints
brought about by the government appropriation as an input to the
R&D subsystem only, which makes the efficient frontier affected
by the optimal adjustments of each decision unit, and no longer
the efficient frontier as in the traditional method. The effective
frontier surface in the traditional approach. In addition, the larger
the optimal adjustment, the lower the efficiency of the two systems
in terms of R&D and application of results. Model (Equation 9) also
has the great advantage that the range of efficiency changes is much
larger, which makes the R&D and R&D application efficiencies of
each decision unit more distinguishable.

In terms of the amount of funding allocated, “985 Project”
colleges and universities receive more funding than “non-985
Project” colleges and universities. For example, “985 Project”
colleges include Decision Unit 1 (2,245), Decision Unit 3 (3140.1),
Decision Unit 54 (2,561.9), Decision Unit 7 (1740.2), and Decision
Unit 4 (3185.5). “Non-985 Project” universities such as Decision
Unit 19 (144.19), Decision Unit 21 (207.91) and Decision Unit 55
(201.24). This shows that there is a significant gap in government
funding between “985-project” and “non-985-project” colleges and
universities.

Several insights can be gleaned from the data
presented in Table 4. Firstly, there is a pronounced disparity in
the efficiency of Chinese research universities. Certain decision-
making units (DMUs), such as 4, 8, and 13, achieve the maximum
efficiency score of 1, indicating optimal performance. In contrast,
DMU 2 has a significantly lower efficiency score of only 0.2746. The
average efficiency across the 79 universities surveyed is 0.7125. The
presence of super-efficiency scores inflates this average, suggesting
that the actual potential for improvement in real-world scenarios is
likely to be greater than the 28.75% implied by the average efficiency
score. Secondly, the performance of “Project 985” universities does
not alwaysmeet expectations. For instance, DMU 2 has an efficiency
score of 0.2746, DMU 1 scores 0.4690, and DMU 11 scores 0.4778.
Typically, “985 Project” universities are known for their academic
prowess and prestige and are often tasked with managing national
key R&D programs. These programs tend to focus on critical
science and technology issues related to industrial competitiveness,
independent innovation capabilities, and national security. The
lengthy and challenging nature of these research endeavors could
explain the lower efficiency scores observed. Finally, there is
no clear correlation between geographic location and efficiency.
Certain institutions located in regions with less robust economic
development have been observed to surpass the performance of
similar universities in economically affluent areas. This suggests that
the level of economic development in a region does not serve as a
direct indicator of the progress of its research universities. However,
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TABLE 2 Descriptive statistics of input-output indicators.

variant FS GS GGF RF AS PM PP TNS TTI

Average value 3363 1785 797820 943482 25 21 5,021 229 19154

Upper quartile 2,229 1,185 501787 657965 18 13 3744 160 2,650

(Statistics) standard deviation 3089.03 1,660.94 789596.27 860347.20 22.44 18.43 3867.77 190.95 47196.96

Maximum values 13905 8,355 3185507 4638324 112 81 20701 1,012 302898

Minimum value 270 183 75925 69085 2 0 110 36 0

TABLE 3 Optimal adjustments.

DMU Adjustment DMU Adjustment DMU Adjustment DMU Adjustment

1 −2,245.04 21 823.93 41 −295.38 61 595.43

2 862.70 22 −489.96 42 −296.55 62 511.60

3 −1,443.11 23 657.13 43 −1,007.55 63 820.71

4 542.88 24 −82.79 44 261.10 64 −965.09

5 439.15 25 468.82 45 441.08 65 −1988.59

6 −466.15 26 709.77 46 523.83 66 404.81

7 0.00 27 −799.32 47 570.61 67 83.21

8 219.19 28 −849.64 48 −8.02 68 780.68

9 663.74 29 772.71 49 701.24 69 320.07

10 −684.41 30 −326.40 50 657.61 70 −757.84

11 272.98 31 181.79 51 −2,436.83 71 −2,529.03

12 550.29 32 727.72 52 527.62 72 187.01

13 634.66 33 752.66 53 808.45 73 −512.10

14 647.53 34 −2,720.46 54 −1766.68 74 497.17

15 675.51 35 −981.53 55 596.24 75 337.79

16 392.95 36 −2,655.34 56 −85.20 76 520.03

17 −380.37 37 486.40 57 379.49 77 −552.67

18 760.53 38 684.12 58 367.29 78 476.65

19 712.41 39 404.03 59 −709.70 79 290.87

20 126.45 40 457.74 60 203.12

Sum of Adjustment 0
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TABLE 4 Efficiency and ranking of model (Equation 3) and model (Equation 9).

DMU E0 Rank E
∗
0 Rank DMU E0 Rank E

∗
0 Rank

1 0.5592 59 0.4690 70 41 0.7844 27 0.9660 18

2 1.0000 2 0.2746 76 42 0.4338 78 0.6381 51

3 1.0000 2 0.7783 32 43 0.4907 74 0.5582 61

4 1.0000 2 1.0000 1 44 0.7493 29 0.9336 21

5 0.6444 44 0.4390 73 45 0.6842 36 0.4447 72

6 0.8517 21 0.8644 27 46 0.6367 45 0.7094 38

7 1.0000 2 0.0000 79 47 0.6204 47 1.0000 1

8 1.0000 2 1.0000 1 48 0.5960 54 0.7078 39

9 0.6612 42 0.5634 60 49 0.6838 37 0.9094 23

10 0.7338 31 0.9635 19 50 0.6477 43 0.5028 65

11 0.6006 53 0.4778 68 51 0.6689 41 0.9710 17

12 0.5518 61 0.8519 28 52 0.5413 64 1.0000 1

13 0.9907 14 1.0000 1 53 0.9737 15 0.7932 31

14 1.0000 2 1.0000 1 54 0.5271 67 0.6656 47

15 0.7175 33 0.5936 57 55 0.8672 20 1.0000 1

16 0.5273 66 0.6350 52 56 0.6183 48 1.0000 1

17 0.6360 46 0.6159 55 57 0.6098 51 0.6695 46

18 0.9730 16 0.0000 79 58 0.5473 62 0.8660 26

19 0.8132 23 0.7571 34 59 0.3778 79 0.6472 49

20 0.4672 77 0.5508 62 60 0.7358 30 1.0000 1

21 0.7967 24 0.6730 44 61 0.7254 32 0.7094 37

22 0.5024 72 0.7337 35 62 1.1604 1 1.0000 1

23 0.5279 65 0.6218 54 63 0.8255 22 0.7180 36

24 0.8895 19 1.0000 1 64 1.0000 2 1.0000 1

25 1.0000 2 1.0000 1 65 0.5861 56 0.4338 74

26 1.0000 2 0.0000 79 66 0.5460 63 0.7047 40

27 0.5043 71 0.8143 29 67 0.6690 40 1.0000 1

28 0.6729 39 0.9197 22 68 0.7865 26 0.7755 33

29 0.9100 18 0.9355 20 69 0.5177 69 0.6842 43

30 0.6836 38 0.6081 56 70 1.0000 2 1.0000 1

31 0.9509 17 0.8931 24 71 0.5875 55 0.5121 64

32 1.0000 2 1.0000 1 72 0.4720 76 0.4736 69

(Continued on the following page)
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TABLE 4 (Continued) Efficiency and ranking of model (Equation 3) and model (Equation 9).

DMU E0 Rank E
∗
0 Rank DMU E0 Rank E

∗
0 Rank

33 0.9997 13 0.8871 25 73 0.7044 35 0.5812 58

34 0.5268 68 0.4930 67 74 0.7062 34 0.5420 63

35 0.5135 70 0.6727 45 75 0.5795 57 0.7039 41

36 0.6152 49 0.4680 71 76 0.4732 75 0.6445 50

37 0.6014 52 0.6323 53 77 0.6111 50 0.4229 75

38 0.7877 25 0.7990 30 78 0.7623 28 0.6856 42

39 0.5586 60 0.4974 66 79 0.5611 58 0.5750 59

40 0.4942 73 0.6538 48

it is acknowledged that high-performing research universities can
contribute to the economic development of their local regions.

5 Conclusion

This paper develops a specialized DEA method, grounded
in synergy theory, to evaluate the efficiency of Chinese research
universities, with a focus on outcome transformation. The model
surmounts previous limitations by accounting for non-shared
fixed and variable inputs within a network structure, providing a
comprehensive assessment of DMUs in complex systems.

The study recommends that universities adhere to collaborative
innovation theory to enhance research efficiency, involving all
stakeholders. Governments should support and safeguard scientific
achievements,whileenterprises should leverage innovationto increase
the application value of research. Financial institutions should back
scientific endeavors, and technology transfer organizations should
facilitate resource integration and innovation. A collaborative system
involving these entities can improve evaluation services and drive
economic progress through scientific applications.

To optimize Government Grant Funds (GGF) allocation,
central administrators must accurately assess research activities and
implement efficient funding mechanisms. Despite the suboptimal
efficiency of some “985 Project” universities, their pursuit of
advanced science and technology involves significant investments
and risks. Administrators should monitor tech trends and
understand the long cycles of innovation.

In conclusion, this study presents an innovative DEA approach
for assessing Chinese research universities’ performance in outcome
transformation, acknowledging the need for future research to
address technological diversity and radial measure limitations in
DEA methods.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and

accession number(s) can be found in the article/supplementary
material.

Author contributions

YM: Writing–review and editing. MX: Writing–original draft.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article.This research
is supported by the Double First-class Discipline Construction
Project (PA2024GDGP0032) in Hefei University of Technology, the
Provincial Quality Engineering Project of Colleges and Universities
(2023jyjxggyjY034) and the Hefei University of Technology
Teaching Quality and Teaching Reform Project (JYQN2216).

Acknowledgments

Theauthors are also grateful to Professor TaoDing’s guidance on
this paper.

Conflict of interest

Author YM was employed by Anhui Sanxiang Technology
Consulting Co., Ltd.

The remaining author declares that the research was conducted
in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

Generative AI statement

The author(s) declare that no Generative AI was used in the
creation of this manuscript.

Frontiers in Physics 12 frontiersin.org

https://doi.org/10.3389/fphy.2025.1553788
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org


Ma and Xu 10.3389/fphy.2025.1553788

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the
reviewers. Any product thatmay be evaluated in this article, or claim
thatmay bemade by itsmanufacturer, is not guaranteed or endorsed
by the publisher.

References

1. Lehmann EE, Meoli M, Paleari S, Stockinger SA. Approaching effects of the
economic crisis on university efficiency: a comparative study of Germany and Italy.
Eurasian Business Rev (2018) 8:37–54. doi:10.1007/s40821-017-0091-7

2. Martínez-Campillo A, Fernández-Santos Y. The impact of the economic crisis
on the (in) efficiency of public Higher Education institutions in Southern Europe:
the case of Spanish universities. Socio-Economic Plann Sci (2020) 71:100771.
doi:10.1016/j.seps.2019.100771

3. Chen J. Collaborative innovation. Hangzhou, Zhejiang, China: Zhejiang University
Press (2012).

4. Cook WD, Liang L, Zhu J. Measuring performance of two-stage network
structures by DEA: a review and future perspective. Omega (2010) 38(6):423–30.
doi:10.1016/j.omega.2009.12.001

5. Kao C, HungHT. Efficiency analysis of university departments: an empirical study.
Omega (2008) 36(4):653–64. doi:10.1016/j.omega.2006.02.003

6. Kao C, Lin PH. Qualitative factors in data envelopment analysis: a fuzzy
number approach. Eur J Oper Res (2011) 211(3):586–93. doi:10.1016/j.ejor.
2010.12.004

7. Azizi H, Jahed R. Improved data envelopment analysis models for evaluating
interval efficiencies of decision-making units. Comput and Ind Eng (2011)
61(3):897–901. doi:10.1016/j.cie.2011.04.017

8. Villano RA, Tran CDT. Performance of private higher education
institutions in Vietnam: evidence using DEA-based bootstrap directional
distance approach with quasi-fixed inputs. Appl Econ (2018) 50(55):5966–78.
doi:10.1080/00036846.2018.1488077

9. Lu WM. Intellectual capital and university performance in Taiwan. Econ Model
(2012) 29(4):1081–9. doi:10.1016/j.econmod.2012.03.021

10. Chang TY, Chung PH, Hsu SS. Two-stage performance model for evaluating the
managerial efficiency of higher education: application by the Taiwanese tourism and
leisure department. JHospitality, Leis Sport andTourismEducation (2012) 11(2):168–77.
doi:10.1016/j.jhlste.2012.04.003

11. An Q, Yang M, Chu J, Wu J, Zhu Q. Efficiency evaluation of an interactive
system by data envelopment analysis approach. Comput and Ind Eng (2017) 103:17–25.
doi:10.1016/j.cie.2016.10.010

12. Zhang L, Guo C, Wei F. Multistage network data envelopment analysis:
semidefinite programming approach. J Oper Res Soc (2019) 70(8):1284–95.
doi:10.1080/01605682.2018.1489348

13. Yang GL, Fukuyama H, Song YY. Measuring the inefficiency of Chinese
research universities based on a two-stage network DEA model. J Informetrics (2018)
12(1):10–30. doi:10.1016/j.joi.2017.11.002

14. Wang X, Hu H, Xie C. Auditing the efficiency of the nation-funded social science
researchwith data envelopment analysis. INFOR: Inf Syst Oper Res (2019) 57(2):165–86.
doi:10.1080/03155986.2018.1533208

15. Ding T, Yang J, Wu H, Wen Y, Tan C, Liang L. Research performance evaluation
of Chinese university: a non-homogeneous network DEA approach. J Management Sci
Eng (2021) 6(4):467–81. doi:10.1016/j.jmse.2020.10.003

16. Chen Y, Ma X, Yan P, Wang M. Operating efficiency in Chinese universities: an
extended two-stage network DEA approach. J Management Sci Eng (2021) 6(4):482–98.
doi:10.1016/j.jmse.2021.08.005

17. Xiong B, Wu J. Performance measurement in the parallel interdependent
processes systems under decentralized and centralized modes. J Oper Res Soc (2021)
72(11):2442–59. doi:10.1080/01605682.2020.1796534

18. Xiong X, Yang GL, Zhou DQ, Wang ZL. How to allocate multi-period
research resources? Centralized resource allocation for public universities in China
using a parallel DEA-based approach. Socio-Economic Plann Sci (2022) 82:101317.
doi:10.1016/j.seps.2022.101317

19. Chen X, Liu X, Zhu Q, Jiang J. R&D innovation efficiency of
Chinese high-tech industries: three-stage network approach with fairness
consideration. J Oper Res Soc (2022) 73(7):1562–77. doi:10.1080/01605682.2021.
1920346

20. Moon H, Min D. Assessing energy efficiency and the related policy implications
for energy-intensive firms in Korea: DEA approach. Energy (2017) 133:23–34.
doi:10.1016/j.energy.2017.05.122

21. Alizadeh R, Beiragh RG, Soltanisehat L, Soltanzadeh E, Lund PD.
Performance evaluation of complex electricity generation systems: a dynamic

network-based data envelopment analysis approach. Energ Econ (2020) 91:104894.
doi:10.1016/j.eneco.2020.104894

22. Lins MPE, Gomes EG, de Mello JCCS, de Mello AJRS. Olympic ranking based on
a zero sum gains DEA model. Eur J Oper Res (2003) 148(2):312–22. doi:10.1016/S0377-
2217(02)00687-2

23. Gomes EG, Lins MPE. Modelling undesirable outputs with zero sum
gains data envelopment analysis models. J Oper Res Soc (2008) 59(5):616–23.
doi:10.1057/palgrave.jors.2602384

24. Li F, Wang Y, Liang L. A two-stage efficiency evaluation method
for DEA with shared output fixed and constrained. China Management
Sci (in Chinese) (2023) 31(11):268–78. doi:10.16381/j.cnki.issn1003-207x.
2021.1432

25. Ding T, Zhang Y, Zhang D, Li F. Performance evaluation of Chinese research
universities: a parallel interactive network DEA approach with shared and fixed
sum inputs. Socio-Economic Plann Sci (2023) 87:101582. doi:10.1016/j.seps.2023.
101582

26. Altundemir ME. The impact of the financial crisis on American
public universities. Int J Business Soc Sci (2012) 3(8):190–8. doi:10.6017/ihe.
2012.3.8.21

27. Marire J. Are South African public universities economically efficient? Reflection
amidst higher education crisis. South Afr J Higher Education (2017) 31(3):116–37.
doi:10.20853/31-3-1037

28. Wolinsky H. The crash reaches the universities: the global financial crisis
threatens private and public university funding in the USA and Europe. EMBO Rep
(2009) 10(3):209–11. doi:10.1038/embor.2009.17

29. Banker RD, Charnes A, Cooper WW. Some models for estimating technical and
scale inefficiencies in data envelopment analysis.Management Sci (1984) 30(9):1078–92.
doi:10.1287/mnsc.30.9.1078

30. Charnes A, Cooper WW, Rhodes E. Measuring the efficiency
of decision making units. Eur J Oper Res (1978) 2(6):429–44.
doi:10.1016/0377-2217(78)90138-8

31. Li F, Zhang D, Zhang J, Kou G. Measuring the energy production and
utilization efficiency of Chinese thermal power industry with the fixed-sum carbon
emission constraint. Int J Prod Econ (2022) 252:108571. doi:10.1016/j.ijpe.2022.
108571

32. Chen L, Guo M, Li Y, Liang L, Salo A. Efficiency intervals, rank intervals and
dominance relations of decision-making units with fixed-sum outputs. Eur J Oper Res
(2021) 292(1):238–49. doi:10.1016/j.ejor.2020.10.024

33. Bian Y, Hu M, Xu H. Measuring efficiencies of parallel systems with shared
inputs/outputs using data envelopment analysis. Kybernetes (2015) 44(3):336–52.
doi:10.1108/k-04-2014-0067

34. Li L, Dai Q, Huang H, Wang S. Efficiency decomposition with shared inputs and
outputs in two-stage DEA. J Syst Sci Syst Eng (2016) 25:23–38. doi:10.1007/s11518-016-
5298-0

35. Liu JB, Zhang X, Cao J, Chen L. Mean first-passage time and robustness of
complex cellular mobile communication network. IEEE Trans Netw Sci Eng(2024)
11:3066–76. doi:10.1109/tnse.2024.3358369

36. Liu JB, Zheng YQ, Lee CC. Statistical analysis of the regional air quality index of
Yangtze River Delta based on complex network theory. Appl Energ(2024) 357:122529.
doi:10.1016/j.apenergy.2023.122529

37. Liu JB, Wang X, Cao J. The coherence and properties analysis of
balanced 2p-Ary tree networks. IEEE Trans Netw Sci Eng(2024) 11:4719–28.
doi:10.1109/tnse.2024.3395710

38. Yang M, Li YJ, Liang L. A generalized equilibrium efficient frontier data
envelopment analysis approach for evaluating DMUs with fixed-sum outputs. Eur J
Oper Res (2015) 246(1):209–17. doi:10.1016/j.ejor.2015.04.023

39. Seiford LM, Zhu J. Modeling undesirable factors in efficiency evaluation. Eur J
Oper Res (2002) 142(1):16–20. doi:10.1016/s0377-2217(01)00293-4

40. Yang F,WuDD, Liang L,O’Neill L. Competition strategy and efficiency evaluation
for decision making units with fixed-sum outputs. Eur J Oper Res (2011) 212(3):560–9.
doi:10.1016/j.ejor.2011.02.029

41. Yang M, Li Y, Chen Y, Liang L. An equilibrium efficiency frontier data
envelopment analysis approach for evaluating decision-making units with fixed-sum
outputs. Eur J Oper Res (2014) 239(2):479–89. doi:10.1016/j.ejor.2014.05.013

Frontiers in Physics 13 frontiersin.org

https://doi.org/10.3389/fphy.2025.1553788
https://doi.org/10.1007/s40821-017-0091-7
https://doi.org/10.1016/j.seps.2019.100771
https://doi.org/10.1016/j.omega.2009.12.001
https://doi.org/10.1016/j.omega.2006.02.003
https://doi.org/10.1016/j.ejor.2010.12.004
https://doi.org/10.1016/j.ejor.2010.12.004
https://doi.org/10.1016/j.cie.2011.04.017
https://doi.org/10.1080/00036846.2018.1488077
https://doi.org/10.1016/j.econmod.2012.03.021
https://doi.org/10.1016/j.jhlste.2012.04.003
https://doi.org/10.1016/j.cie.2016.10.010
https://doi.org/10.1080/01605682.2018.1489348
https://doi.org/10.1016/j.joi.2017.11.002
https://doi.org/10.1080/03155986.2018.1533208
https://doi.org/10.1016/j.jmse.2020.10.003
https://doi.org/10.1016/j.jmse.2021.08.005
https://doi.org/10.1080/01605682.2020.1796534
https://doi.org/10.1016/j.seps.2022.101317
https://doi.org/10.1080/01605682.2021.1920346
https://doi.org/10.1080/01605682.2021.1920346
https://doi.org/10.1016/j.energy.2017.05.122
https://doi.org/10.1016/j.eneco.2020.104894
https://doi.org/10.1016/S0377-2217(02)00687-2
https://doi.org/10.1016/S0377-2217(02)00687-2
https://doi.org/10.1057/palgrave.jors.2602384
https://doi.org/10.16381/j.cnki.issn1003-207x.2021.1432
https://doi.org/10.16381/j.cnki.issn1003-207x.2021.1432
https://doi.org/10.1016/j.seps.2023.101582
https://doi.org/10.1016/j.seps.2023.101582
https://doi.org/10.6017/ihe.2012.3.8.21
https://doi.org/10.6017/ihe.2012.3.8.21
https://doi.org/10.20853/31-3-1037
https://doi.org/10.1038/embor.2009.17
https://doi.org/10.1287/mnsc.30.9.1078
https://doi.org/10.1016/0377-2217(78)90138-8
https://doi.org/10.1016/j.ijpe.2022.108571
https://doi.org/10.1016/j.ijpe.2022.108571
https://doi.org/10.1016/j.ejor.2020.10.024
https://doi.org/10.1108/k-04-2014-0067
https://doi.org/10.1007/s11518-016-5298-0
https://doi.org/10.1007/s11518-016-5298-0
https://doi.org/10.1109/tnse.2024.3358369
https://doi.org/10.1016/j.apenergy.2023.122529
https://doi.org/10.1109/tnse.2024.3395710
https://doi.org/10.1016/j.ejor.2015.04.023
https://doi.org/10.1016/s0377-2217(01)00293-4
https://doi.org/10.1016/j.ejor.2011.02.029
https://doi.org/10.1016/j.ejor.2014.05.013
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org


Ma and Xu 10.3389/fphy.2025.1553788

42. Danowski JA. Identifying collaborative innovation networks: at the
inter-departmental level. Procedia-Social Behav Sci (2010) 2(4):6404–17.
doi:10.1016/j.sbspro.2010.04.050

43. Johnes J, Li YU.Measuring the research performance of Chinese higher education
institutions using data envelopment analysis. China Econ Rev (2008) 19(4):679–96.
doi:10.1016/j.chieco.2008.08.004

44. An Q, Wang Z, Emrouznejad A, Zhu Q, Chen X. Efficiency evaluation of parallel
interdependent processes systems: an application to Chinese 985 Project universities.
Int J Prod Res(2019) 57(17):5387–99. doi:10.1080/00207543.2018.1521531

45. Liu JB, Liu BR, Lee CC. Efficiency evaluation of China’s transportation system
considering carbon emissions: evidence from big data analytics methods. Sci Total
Environ (2024) 922:171031. doi:10.1016/j.scitotenv.2024.171031

Frontiers in Physics 14 frontiersin.org

https://doi.org/10.3389/fphy.2025.1553788
https://doi.org/10.1016/j.sbspro.2010.04.050
https://doi.org/10.1016/j.chieco.2008.08.004
https://doi.org/10.1080/00207543.2018.1521531
https://doi.org/10.1016/j.scitotenv.2024.171031
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org

	1 Introduction
	2 Literature review
	3 Methodological models
	3.1 Conventional concurrent interactive DEA network model with communal inputs
	3.2 Concurrent interacting DEA network architecture incorporating stationary and input limitations within the realm of synergy theory

	4 Application validation
	4.1 Indicators and data
	4.2 Results and discussion

	5 Conclusion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References

