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“Internet + innovation” is a new emerging paradigm for breakthrough technological innovation, which is more complex than
traditional scenarios because “Internet +” has completely overturned the acquisition of creativity and knowledge.Tis article aims
to evaluate the breakthrough technological innovation capability (BTIC) of petroleum equipment manufacturing enterprises
under the new paradigm of “Internet + innovation.” Tis article constructs an index system that can refect the characteristics of
“breakthrough” and “Internet +” in fve dimensions. Due to the difculties of conducting quantitative measurements for the novel
index system, a hybrid evaluation model based on a consistent fuzzy preference relationship (CFPR) and triangular intuitionistic
fuzzy numbers (TIFNs) is put forward for the evaluation of BTIC. Te main contribution of this article is to propose an index
system and model for the evaluation of BTIC under the “Internet + innovation” paradigm, which is conducive to improving the
quality of breakthrough technological innovation activities under more complex scenarios. Te CFPR-TIFNs model can not only
efectively calculate the BTIC of petroleum equipment manufacturing enterprises but also deeply analyze the infuencing factors
for their relatively weak technological innovation capability. Tis article provides a newmethodology to solve problems in a more
complex technological innovation system.

1. Introduction

Petroleum is a kind of nonrenewable fossil energy that is the
driving source for the efcient operation of modern society
and the raw material for the development of various in-
dustries. Petroleum accounts for a high proportion of the
world’s energy consumption mix. It is currently the main
energy resource that countries all over the world compete for
and the lifeblood of national economic development in
many countries. Te advancement and innovativeness of
petroleum equipment are two of the important factors af-
fecting the efciency and output of petroleum development
[1]. Petroleum equipment manufacturing enterprises are the
creators of machinery and equipment for petroleum ex-
ploration and development; their innovation capability

directly determines the value creation capability of their
production equipment. For a long time, the overall level of
Chinese petroleum equipment manufacturing enterprises
has lagged behind the developed countries with problems
such as lack of concentration of R&D funds, weak inno-
vation capability, low conversion rates of scientifc and
technological achievements, poor information liquidity, and
so on [2]. Te continuous low oil price urgently requires
Chinese petroleum equipment manufacturing enterprises to
carry out the research, development, and application of new
technologies to signifcantly reduce the cost. With the in-
crease of the proved reserves of unconventional petroleum
resources, Chinese petroleum equipment manufacturing
enterprises have been engaged in the research and devel-
opment of new petroleum equipment in line with the
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characteristics of Chinese unconventional oil reserves and
geological conditions on the basis of conventional equip-
ment manufacturing [3]. It can be seen that breakthrough
technological innovation is a booster for the survival and
development of petroleum equipment manufacturing en-
terprises in China.

At the same time, it is no longer suitable to only rely on
Chinese petroleum equipment manufacturing enterprises
for breakthrough technological innovation in order to meet
the rapid changes in market demands [4], with the con-
tinuous shortening of the life cycle of petroleum equipment
products. It is necessary to search for resources and talents
for innovation in the world by breaking through space-time
and geographical restrictions and to realize the deep inte-
gration of enterprises and the petroleum equipment
manufacturing industry, depending on Internet information
technology. Te “Internet + innovation” paradigm, through
the analysis and integration of big data on the Internet, can
accelerate the pace of breakthrough technological innova-
tion and enhance the core competitiveness of Chinese pe-
troleum equipment manufacturing enterprises.

As we all know, the technological complexity composed
of dynamic feedback, nonlinearity and unpredictability, self-
organization, adaptability, and network characteristics, to-
gether with the characteristics of “breakthrough” and “In-
ternet +,” will inevitably bring complex challenges to
breakthrough technological innovation. Te complex chal-
lenges contain the nonlinear interaction among elements of
innovation, the cooperation among innovation systems, the
dynamic feedback of the innovation process, and the social
network cooperation among innovation subjects. Terefore,
the complex theory applies to explain breakthrough tech-
nological innovations and evaluate BTIC. At the same time,
the complex characteristics determine that some indicators
are difcult to measure quantitatively. Terefore, a new
method and model should be established to evaluate BTIC.

How to objectively evaluate the BTIC of petroleum
equipment manufacturing enterprises under the “Inter-
net + innovation” paradigm can provide a good basis for
petroleum equipment manufacturing enterprises to accu-
rately grasp the current situation and potential of break-
through technological innovation. Meanwhile, the
petroleum equipment manufacturing enterprises can tap
their own further innovation advantages and take measures
to make up for their disadvantages. Terefore, this article
intends to establish an evaluation index system and a model
of BTIC based on consistent fuzzy preference relations
(CFPR) and triangular intuitionistic fuzzy numbers (TIFNs),
which are suitable for the characteristics of petroleum
equipment manufacturing enterprises under the “Inter-
net + innovation” paradigm and will provide support for the
further improvement of BTIC in Chinese petroleum
equipment manufacturing enterprises.

2. Theoretical Background

2.1. Petroleum Equipment Manufacturing and
“Internet + Innovation”. With the development of society
and the continuous improvement of economic levels,

petroleum plays an increasingly important role in the world.
Te development and utilization of petroleum cannot be
separated from petroleum equipment [1]. As a national
strategic industry that provides petroleum drilling equip-
ment, improving manufacturing technology is not only
benefcial to the industry but also benefcial to the whole
industrial chain through knowledge spillover and technol-
ogy difusion. With the increasing emphasis on innovation,
the environment, and production efciency [2], the energy
industry urgently needs support from the petroleum
equipment industry. Under the guidance of the policy of
promoting Chinese manufacturing power, it has brought
new development opportunities for the sustainable devel-
opment of petroleum equipment manufacturing [3].
Terefore, China must attach great importance to the in-
novative development strategy of the petroleum equipment
manufacturing industry. With decreasing global oil and gas
surface resources and the underground structure complex
[4], there is an urgent need for innovation and development,
continuous technological innovation, and technological
progress in the petroleum equipment industry, which is
related to the sustainable development of the entire petro-
leum industry.

Using the Internet as a medium, search engines and big
data provide petroleum equipment manufacturing enter-
prises with accurate information and the information
analysis needed for breakthrough technology innovation [5].
In the industrial feld, the new mode of “Internet + industry”
has greatly promoted the rapid development of industry
towards a more digital and intelligent industry 4.0. Te
development of new-generation information technologies,
such as big data, cloud computing, and the Internet of
things, has triggered a new round of scientifc and industrial
revolutions around the world. Tis provides new ideas for
the development of the manufacturing industry and the
petroleum equipment manufacturing industry [6–8].

Pan and Zhang have preliminary explored the path of
transformation and upgrading of the petroleum equipment
manufacturing industry in the context of the
“Internet +” [9, 10]. Zhang et al. proposed that with the
support of the “Internet +” technology, the transformation
and upgrading of the petroleummanufacturing industry can
be accelerated through breakthrough technological inno-
vation [11]. Trough the close combination of information
technology and the Internet platform, the production
fexibility of the petroleum equipment manufacturing in-
dustry can be improved. Liu and Yi believed that the oil
equipment manufacturing industry should actively embrace
the “Internet +” era and play the roles of the government,
enterprises, and clusters [12].

In the era of “Internet +,” the petroleum equipment
manufacturing industry can realize innovation-driven and
intelligent upgrading through deep integration with infor-
mation network technology. By using intelligent machines
and information data, we can realize the high automation of
the production line of the petroleum equipment
manufacturing industry and the seamless connection be-
tween various production factors. Terefore, it can improve
the production efciency of petroleum equipment

2 Complexity



enterprises. Using fexible production technology to realize
mass customization production and meet the personalized
needs of users. Using information and numerical control
technology, we can develop intelligent products and nu-
merical control equipment and improve the market com-
petitiveness of new products from enterprises.

2.2. Consistent Fuzzy Preference Relations (CFPR) and Tri-
angular Intuitionistic Fuzzy Numbers (TIFNs). Tis article
makes use of CFPR to determine the weights of indicators for
the evaluation of BTIC. CFPR was put forward by Herrera-
Viedma et al. to avoid misleading solutions during the process
of decision-making [13]. Ten, many scholars extended the
theory and application of CFPR. Lin et al. introduced CRPR
into the evaluation of knowledge sharing and knowledge ac-
quisition [14, 15]. CFPR is implied to determine the weights of
indicators with qualitative method. CFPR can improve the
efciency and reliability of weight determination because it can
reduce pairwise comparison times absolutely. With the rules of
Herrera-Viedma et al., CFPR can also maintain high consis-
tency during the calculation process. Wang and Chang pre-
sented amodel based onCFPR for forecasting the probability of
successful knowledgemanagement and solved the difculty that
indicators could not bemeasured quantitatively [16].Wang and
Chen appliedCFPR to select partnerships for virtual enterprises.
By comparative analysis, they considered that CFPR is an easy
and practical approach for ranking alternatives [17].

Chang and Wang gave a description of the possibility of
measuring the success of implementing advanced
manufacturing technology. Tey demonstrated that CFPR
has some advantages in dealing with complicated hierar-
chical, multiattribute decision-making problems [18].

Triangular intuitionistic fuzzy numbers (TIFNs) were
raised by Shu for fault-tree analysis based on intuitionistic
fuzzy sets [19, 20]. Li improved the theory of triangle
intuitionistic fuzzy numbers by correcting some errors in the
four arithmetic operations and creating a new ranking
method for theMADMproblem [21].Wan et al. emphasized
that TIFNs are useful for fuzzy preference information. Te
crisp weighted possibility means the Hamming distance and
Euclidean distance are defned. A new triangular intui-
tionistic fuzzy weighted average operator is presented for
decision-making [22]. Xu et al. developed an approach to
aggregating decision data into intuitionistic triangular fuzzy
numbers for heterogeneous MAGDM problems, which
upgrades the application of TIFNs [23]. Wu et al. applied
TIFNs to collect qualitative index information to evaluate
the low-speed wind power site selection [24]. Hamzeh et al.
employed TIFNs to improve time performance indicators in
the risk assessment of EDM projects [25].

3. Index System of BTIC of Petroleum
EquipmentManufacturingEnterprisesUnder
“Internet+ Innovation” Paradigm

Te essence of “Internet + innovation” is the innovation
mode of “Internet 4.0 + innovation 4.0,” which means that
petroleum equipment manufacturing enterprises make full

use of internal innovation resources to carry out break-
through technological innovation Tat widely uses Internet
technology and new media technology to obtain new
technology and knowledge needed for innovation in real
time around the world. Diferent carriers of new technology
and knowledge are added to the enterprise’s breakthrough
technological innovation in the form of virtual R&D team
members, so as to achieve the enterprise’s breakthrough
technological innovation goals quickly.

3.1. Construction of Index System. At present, there is little
academic research on BTICs of petroleum equipment
manufacturing enterprises. Te BTIC under the “Inter-
net + innovation” paradigm refers to the comprehensive
capability of petroleum equipment manufacturing enter-
prises to create new products and processes in a new sense
for users and continuously commercialize them by analyzing
the needs of potential users or the development trend of new
technologies in the future. It mainly uses Internet technology
to obtain creative knowledge from inside and outside and
breaks away from the original technological track.

To build a scientifc and reasonable evaluation index
system for the BTIC of petroleum equipment manufacturing
enterprises, this article mainly constructs and screens the
evaluation index system for the BTIC of petroleum equip-
ment manufacturing enterprises under the “Inter-
net + innovation” paradigm from the following three
aspects:

(1) Consulting the relevant literature on BTIC. For
example, O’Connor et al. proposed that break-
through innovation capabilities include discovery
capability, incubation capability, and acceleration
capability [26]. Peng et al. believed that the enter-
prise’s breakthrough innovation capability includes
six dimensions: breakthrough innovation tendency,
breakthrough innovation resource investment ca-
pability, breakthrough innovation management ca-
pability, breakthrough product and process R&D
capability, breakthrough product manufacturing
capability, and breakthrough product marketing
capability [27]. Wang proposed that breakthrough
innovation capabilities include discovery capabil-
ities, evaluation and screening capabilities, incuba-
tion capabilities, acceleration capabilities, and
commercialization capabilities [28]. Zhu believed
that breakthrough innovation capability can be
measured in seven dimensions: decision-making,
investment, R&D, management, production, mar-
keting, and risk control [29]. Yang proposed that the
BTIC mainly includes management, investment,
R&D, marketing, and production [30]. Luo et al.
believed that the BTIC of new small start-up tech-
nological enterprises includes the following six ca-
pabilities: fuzzy front-end creativity generation,
research and development, pilot production, com-
mercialization, and promotion of new technology
standards [31, 32].
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(2) Excavating the characteristics of breakthrough tech-
nological innovations in petroleum equipment
manufacturing enterprises under the “Inter-
net+ innovation” paradigm. Tis article holds that the
breakthrough technological innovations of petroleum
equipment manufacturing enterprises based on the
Internet the dual characteristics of “breakthrough” and
“Internet +.” Te “breakthrough” feature indicates the
novelty of creative ideas and the advancement of the
functions of new technologies or products. Te “In-
ternet +” is mainly refected in the networking, infor-
matization, and platformization of the innovation
process.

(3) Surveying some petroleum equipment enterprises.
Taking advantage of the geographical advantages, the
authors visited the Daqing oilfeld equipment
manufacturing group and its subordinate companies
through communication with senior managers, middle
managers, and grass-roots technical personnel. Tere-
fore, the authors obtained the views of staf on the
breakthrough technological innovation of petroleum
equipment manufacturing enterprises under the
“Internet+ innovation” paradigm, which provided
support for the construction of an evaluation index
system for BTIC.

By sorting the abovementioned literature and the
mining characteristics of breakthrough technological
innovation of petroleum equipment manufacturing en-
terprises, the process model of breakthrough techno-
logical innovation is constructed, as shown in Figure 1.
According to the stage division of the breakthrough
technological innovation process of oil equipment
manufacturing enterprises under the “Inter-
net + innovation” paradigm, this article believes that
BTIC includes fve dimensions. Tey include the creative
discovery capabilities of breakthrough new technologies,
the creative screening capabilities of breakthrough new
technologies, the research and development capabilities
of breakthrough new technologies, the commercializa-
tion capabilities of breakthrough new technologies, and
the ability to support breakthrough new technologies.
Te process of breakthrough technological innovation in
Figure 1 shows that the fve stages interact, and the
combination of “Internet +” technology and organiza-
tional coordination is a necessary condition for the
breakthrough technological innovation of petroleum
equipment manufacturing enterprises.

According to the abovementioned fve dimensions, com-
bined with the literature reviews and the characteristics of
breakthrough technological innovation under the “Inter-
net+ innovation” paradigm, this article designs 5 primary in-
dicators and 25 secondary indicators. It uses the fve scales to
design a questionnaire to conduct a sampling survey of pe-
troleum equipment manufacturing enterprises in China. Te
authors distributed 186 questionnaires through the Internet and
interviews and recovered 171 questionnaires, for a recovery rate
of 91.94%.Tere were 165 valid questionnaires, with an efective
rate of 96.49%. Based on the statistical analysis of the survey

data, four secondary indicators with scores below 4.2 were
removed, and 21 secondary indicators were fnally identifed, as
shown in Table 1.

3.2. Interpretation of Index System

(1) Creativity discovery capability.Tis indicator mainly
reveals whether petroleum equipment manufactur-
ing enterprises can fully tap Internet-related creative
ideas on the basis of mining internal creative ideas
accurately. Te demand of some leading users on the
Internet and the judgment on the potential devel-
opment trend of technology can provide reference
and support for the breakthrough technological
innovation of petroleum equipment manufacturing
enterprises to a certain extent. Terefore, the
breakthrough technological innovation of petroleum
equipment manufacturing enterprises needs to tap
the creative ideas of the Internet deeply. Tis indi-
cator mainly includes 4 secondary indicators: the
acquisition capability of an Internet creative idea, the
mining capability of an internal creative idea, the
refning capability of breakthrough technical ideas,
and defning breakthrough new technology
capabilities.

(2) Creativity screening capability.Tis indicator mainly
refects whether the petroleum equipment
manufacturing enterprises can give full play to the
best breakthrough technology innovation assisted by
Internet experts. Te implementation of the “In-
ternet +” strategy can help petroleum equipment
manufacturing enterprises search for top experts in
the feld around the world. Tese experts help en-
terprises make decisions on creative ideas to ensure
that the creative ideas and schemes are very forward-
looking. Tis indicator mainly includes 3 secondary
indicators: the adaptability of the innovative
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Decision-making

Petroleum equipment 
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Figure 1: Breakthrough technology innovation process of petro-
leum equipment manufacturing enterprises.
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screening system for breakthrough new technolo-
gies; Internet experts’ ability to express views in real
time and accurately; and experts’ ability to judge the
future market expectations of new technologies.

(3) Research and development capabilities. Tis indi-
cator mainly refects whether the petroleum equip-
ment manufacturing enterprises can give full play to
the ability of Internet experts to assist in the research
and development of breakthrough new technologies
and whether they can transform creative ideas into
new technologies/products or not. Research and
development of breakthrough new technology is the
key link in breakthrough technology innovation for
petroleum equipment manufacturing enterprises. It
is necessary to fnd relevant experts to solve inno-
vation problems on Internet platforms to shorten the
innovation time and reduce risks. Tis indicator
mainly includes 6 secondary indicators: the capa-
bility of the Internet to acquire the knowledge re-
quired for innovation, the capital investment

capability for R&D, the internal investment capa-
bility of R&D personnel, the participating capability
of remote personnel for R&D, the promoting ca-
pability of function leapfrogging and the capability to
obtain invention patents.

(4) Commercialization capability. Tis indicator mainly
implies whether petroleum equipment
manufacturing enterprises can efectively use the
Internet to assist in the mass production of new
technologies/products and gradually achieve com-
mercialization. Bringing breakthrough new tech-
nologies/products to the market starts with meeting
the needs of leading users. Tese can be promoted
through their own publicity and spontaneous dif-
fusion of leading users. Finally, the commercializa-
tion of new products can be realized. Tis indicator
mainly includes 5 secondary indicators: Internet
promotion of new technologies or products; the
capability of new products to meet the needs of
leading users; market development capability of new

Table 1: Index system for BTIC of petroleum equipment manufacturing enterprises.

Order
number Primary index Secondary index

1 Creativity discovery capability of breakthrough new
technologies

1.1. Acquisition capability of Internet creative idea
1.2. Mining capability of internal creative idea
1.3. Refning capability of breakthrough technical ideas
1.4. Defning capability of breakthrough new technology

2 Creativity screening capability of breakthrough new
technologies

2.1. Adaptability of innovative screening system for breakthrough
new technologies
2.2. Internet experts’ ability to express views in real time and
accurately
2.3. Experts’ ability to judge the future market expectation of new
technologies

3 Research and development capability of breakthrough
new technologies

3.1. Capability of Internet to acquire knowledge required for
innovation
3.2. Capital investment capability for breakthrough new
technology R&D
3.3 Internal investment capability of breakthrough new
technology R&D personnel
3.4. Participating capability of remote personnel for breakthrough
new technology R&D
3.5. Promoting capability of function leapfrog for breakthrough
new technologies
3.6. Capability to obtain invention patents for breakthrough new
technologies

4 Commercialization capability of breakthrough new
technologies

4.1. Internet promotion of new technologies or products
4.2. Capability of new products to meet the needs of leading users
4.3. Market development capability of new Internet products
4.4. Development capability of potential users of new products
4.5. Real-time production and supply capability of new products

5 Support capability of breakthrough new technologies

5.1. Docking capability of open space platform based on Internet
5.2. Real-time information transmission capability based on
Internet
5.3. Supporting capability of internet-based information
technology
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Internet products; development capability of po-
tential users of new products; and real-time pro-
duction and supply capability of new products.

(5) Supporting capability. Tis indicator mainly refects
whether the petroleum equipment manufacturing
enterprises can provide the necessary support for
breakthrough technological innovation from a
technical perspective. Under the “Inter-
net + innovation” paradigm, petroleum equipment
manufacturing enterprises need to use the Internet
to obtain the scarce resources that are necessary for
innovation, such as knowledge, talent, and equip-
ment. Tese need the support of advanced infor-
mation and communication technology, social
media, and other technologies. Tis indicator mainly
includes 3 secondary indicators: the docking capa-
bility of an open-space platform based on the In-
ternet, the real-time information transmission
capability based on the Internet, and the support
capability of internet-based information technology.

3.3. Analyzing the Characteristics of Index System. Under the
“Internet + innovation” paradigm, the breakthrough tech-
nological innovation of the petroleum equipment
manufacturing enterprises has the characteristics of
“breakthrough” and “Internet +.” Terefore, the evaluation
index system of breakthrough technological innovation
capability of petroleum equipment manufacturing enter-
prises refects the characteristics of “breakthrough” and
“Internet +” well.

(1) Refecting the characteristics of “breakthrough.”
Under the “Internet + innovation” paradigm, the
index system of BTIC of the petroleum equipment
manufacturing enterprises refects the “break-
through” feature. Tis feature is mainly expressed by
four primary indicators and secondary indicators,
namely, creativity discovery capability, creativity
screening capability, research and development ca-
pability, and commercialization capability. For ex-
ample, indicators such as refning the capability of
breakthrough technological ideas, defning the ca-
pability of breakthrough new technology, promoting
the function of leapfrogging capability, the capability
of new products to meet the needs of leading users,
and the market development capability of new In-
ternet products better refect the characteristics of
“breakthrough”.

(2) Refecting the characteristics of “Internet +.” Under
the “Internet + innovation” paradigm, the evaluation
index system of BTIC frst indicates the character-
istics of “Internet +.” Te characteristics mainly
include the acquisition capability of Internet creative
ideas, Internet experts’ ability to express views in real
time and accurately, the capability of the Internet to
acquire the knowledge required for innovation, the
participating capability of remote personnel for
breakthrough new technology R&D, Internet

promotion of new technologies or products, the
docking capability of open space platforms based on
the Internet, real-time information transmission
capability based on the Internet, and the supporting
capability of internet-based information technology.

4. Evaluation Model and Process

Under the “Internet + innovation” paradigm, it is difcult
for petroleum equipment manufacturing enterprises to
quantify the evaluation indicators of BTIC. Tis article
mainly utilizes language variables for evaluation. Ten, we
combine CFPR and TIFNs to establish a hybrid model and
conduct a series of quantitative analyses. Te evaluation
process of BTIC based on CFPR-TIFNs is shown in Figure 2.

4.1. Step 1. Defning triangular intuitionistic fuzzy numbers
and linguistic variables

Experts apply TIFNs and language variables to measure
the secondary indicators of BTIC of petroleum equipment
manufacturing enterprises under the “Inter-
net + innovation” paradigm. Terefore, we should frst de-
fne TIFNs and corresponding language variables in this
article.

(1) Defning triangular intuitionistic fuzzy numbers -
Scholars put forward the concept of TIFNs on the
basis of fuzzy sets and intuitionistic sets [33–35]. A
triangular intuitionistic fuzzy number is indicated as
a � ((a, b, c); μa, va). It is an intuitionistic fuzzy
number on the set of real numbers R. Its membership
function is given by the following formula:

μa(x) �

x − a

b − a
μa, a≤ x< b,

μa, x � b,

c − x

c − b
μa, b<x≤ c,

0 x< a orx> c.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(1)

Te nonmembership function is given by the fol-
lowing formula:

va(x) �

(b − x) +(x − a)va
b − a

μa, a≤x< b,

va, x � b,

(x − b) +(c − x)va
c − b

, b< x≤ c,

0 x< a orx> c,

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(2)

where μa represents the maximum membership of
the decision-maker whose judgment value belongs to
the triangular fuzzy number (a, b, c). va refers to the
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minimummembership degree of the decision-maker
whose judgment value does not belong to the tri-
angular fuzzy number (a, b, c). Also,
0≤ μa ≤ 1, 0≤ va ≤ 1, 0≤ μa + va ≤ 1.
πa(x) � 1 − μa(x) − va(x) indicates the degree of
hesitation of the decision-maker’s judgment, that is,
the degree of uncertainty. Te smaller is πa(x), the

higher afrmation degree of the decision-maker’s
judgment.

(2) Defning the operating rules of a triangular intui-
tionistic fuzzy number Let there be two triangular
intuitionistic fuzzy numbers a1 � ((a1, b1, c1);

μa1
, va1

) and a2 � ((a2, b2, c2); μa2
, va2

), there are

a1 + a2 � a1 + a2, b1 + b2, c1 + c2( ; 1 − 1 − μa1
  1 − μa2

 , 1 − μa1  1 − μa2
  − 1 − μa1

+ va1
   1 − μa2

+ va2
   ),

λa �

λa1, λb1, λc1( 1 − 1 − μa1
 

λ
,

1 − μa1 
λ

− 1 − μa1
+ va1

  
λ
, λ≥ 0,

λc1, λb1, λa1( ; 1 − 1 − μa1
 

λ
,

1 − μa1 
λ

− 1 − μa1
+ va1

  
λ
, λ< 0.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(3)

(3) Calculating weighted arithmetic average operator of
triangular intuitionistic fuzzy numbers Let there be n
triangular intuitionistic fuzzy numbers
aj � ((aj, bj, cj); μaj

, vaj
), j � 1, 2, . . . , n. Te

weight vector is w � (w1,w2, . . . , wn), and wj

(j � 1, 2, . . . , n) is the weight of the jth triangular
intuitionistic fuzzy number. wj ∈ [0, 1], and


n
j�1 wj � 1. Ten, the weighted arithmetic average

operator of n triangular intuitionistic fuzzy numbers
is

TIFN − WAIA a1, a2, . . . an(  � 

n

j�1
wjaj, 

n

j�1
wjbj, 

n

j�1
wjcj

⎛⎝ ⎞⎠; 1 − 

n

j�1
1 − μa1 

wj
, 

n

j�1
1 − μa1

 
wj

− 

n

j�1
1 − μa1

+ ϑa1
 

wj⎛⎝ ⎞⎠.

(4)

Step 6

Step 1

Step 2

Step 3

Step 4

Step 5

Calculating comprehensive evaluating
value and determine capability level

Fusing evaluating value of primary 
indicators

Determining attribute weights by CFPR

Fusing expert’s evaluating value of 
secondary indicators

Determining the weights of evaluation 
experts

Defining triangular intuitionistic fuzzy 
numbers and linguistic variables 

Figure 2: Evaluation process of BTIC of petroleum equipment manufacturing enterprises.
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(4) Defning linguistic variables and a triangular intui-
tionistic fuzzy number

Tis article applies [0, 10] to determine the language
variables and the corresponding triangular intuitionistic
fuzzy numbers for the evaluation of BTIC of petroleum
equipment manufacturing enterprises under the “Inter-
net + innovation” paradigm, as shown in Table 2. Experts
evaluate the secondary indicators of BTIC of enterprises
according to (a, b, c; μa, va). We defne μa � 1, va � 0.

4.2. Step 2. Determining the weights of evaluation experts
Te organizers of the evaluation of BTIC by petroleum

equipmentmanufacturing enterprises determine the weights
of the evaluation experts. Te frst part of the questionnaire
for investigating the weights of the index system mainly
involves the basic information of experts, including their
work feld, working years, professional knowledge and skills,
the experience of participating in relevant petroleum
equipment technology innovation, etc.

Based on the contents provided by the experts who
participate in the evaluation, the organizers determine the
weights of the evaluation experts. Where
w � (w1,w2, . . . , wn) represent the weights of n experts.
wj ∈ [0, 1], and 

n
j�1 wj � 1. When the weights of n experts

are equal, that is, wj � 1/n.

4.3. Step 3. Fusing expert’s evaluating value of secondary
indicator

Tere are n experts participating in the evaluation. Te
triangular intuitionistic fuzzy number corresponding to the
evaluation value of the language variables is xk

ij,k� 1.2,. . .,n,
xk

ij � ((ak
ij, bk

ij, ck
ij); μxk

ij

, v
xk

ij

). Where the k-th expert is re-
sponsible for the j-th secondary indicator under the i-th
primary indicator. Let the weight of the k-th expert be wk.
Tis article is based on the weighted arithmetic average
operator of the triangular intuitionistic fuzzy number
TIFN − WAIA(a1, a2, . . . , an). It can be obtained that the
fused triangular intuitionistic fuzzy number of the j-th
secondary indicator under the i-th primary indicator is xij.
Ten, there is

xij � TIFN − WAIAwk
x
1
ij, x

2
ij, . . . , x

n
ij . (5)

4.4. Step 4. Determining the indicators’ weights by CFPR
Tis article applies CFPR to determine the indicators’

weights [17, 36–38]. CFPR is a simple method to avoid
inconsistencies in the traditional pairwise judgment matrix
comparison. Te steps for determining the indicators’
weights by CFPR are as follows:

(1) Indicator set is X � x1, x2, . . . , xn , and its corre-
sponding complementary preference relation
A� (aij), where aij ∈ [1/9, 9]. Te corresponding
fuzzy preference relation P� (pij), where pij ∈ [0, 1].
Terefore, P� g (A), that is

pij � g aij  �
1
2

1 + log9 aij  , (6)

where g can be appropriately converted according to
the actual situation of the study, which is called the
conversion function.

(2) For the fuzzy preference relation P� (pij), there is

pij + pjk + pki�
3
2
∀i< j< k. (7)

(3) For the fuzzy preference relation P� (pij), there is

pi(i+1) + p(i+1)(i+2) + · · · + p(j− 1)j + pji �
j − i + 1

2
, ∀i< j.

(8)

If pij obtained after calculation is not in [0, 1] but in
[− a, 1 + a] (a> 0). Terefore, under the condition of
maintaining complementarity and additive consis-
tency, it can be transformed into [0, 1] through the
conversion function. Te steps are as follows:
① Calculating preference set B

B � pij, i< j∧pij ∉ p12, p23, . . . , p(n− 1)n  ,

pji �
j − i + 1

2
− pi(i+1) − p(i+1)(i+2) − · · · − p(j− 1)j.

(9)

② Calculating k value

k � min B∪ p12, p23, . . . , p(n− 1)n  


,

P � p12, p23, . . . , p(n− 1)n ∪B∪ 1 − p12, 1 − p23, . . . , 1 − p(n− 1)n ∪ − B.
(10)

8 Complexity



We can get the conversion function as follows:

f: [− a, 1 + a]⟶ [0, 1], f(x) �
x + a

1 + 2a
, a< 0. (11)

③Checking standardized values We check the cal-
culated pk

ij value whether in [0, 1]. If pk
ij is not in [0,

1], we should transform pk
ij into [0, 1], according to

the transformation function (11). We comprehen-
sively consider the judgments of various experts and
take their mean value as the basis, namely,

pij �
1
m



m

k�1
p

k
ij. (12)

④Calculating indicators’ weights

Based on the fuzzy preference relation matrix P � (pij),
the average preference degree of indicators at all levels is
calculated by

si �
1
n



n

j�1
pij. (13)

Ten, the weight of each indicator is

wi �
si


n
i�1 si

. (14)

4.5. Step 5. Fusing evaluating value of primary indicator
According to step 3, the TIFNs of the j-th secondary

indicator under the i-th primary indicator are obtained
according to step 3, that is
xij � TIFN − WAIAwk

(x1
ij, x2

ij, . . . , xn
ij). Let xi be the TIFNs

of the i-th primary indicator. According to CFPR in Step 4,
the weight vector of each secondary indicator under the
primary indicator is determined as wij (j� 1.2,. . .,n).Ten, it
is

xi � TIFN − WAIAwij
xi1, xi2, . . . , xin( . (15)

After the calculation, we get the weighted arithmetic
trigonometric intuitionistic fuzzy numbers of all primary
indicators.

4.6. Step 6. Calculating the comprehensive evaluation value
and determining the capability level

According to the weight wi (i� 1.2,. . .,n) of each primary
index calculated in step 4 and the triangular intuitionistic
fuzzy number xi of the primary index calculated in step 3, we
can calculate the comprehensive triangular intuitionistic
fuzzy number of an enterprise, as shown in the following
formula:

x � (a, b, c); μx, vx(  � TIFN − WAIAwi
x1, x2, . . . , xn( .

(16)

Ten, according to the following formula, we calculate
the Hamming distance [39] between x and the triangular
intuitionistic fuzzy number corresponding to the fve lan-
guage variables in Table 2:

d a1, a2(  �
1
6

1 + ua1
− va1

  a1 − 1 + ua2
− va2 a2



 + 1 + ua1
− va1 b1 − 1 + ua2

− va2
 b2



 + 1 + ua1
− va1

  c1 − 1 + ua2
− va2

 c2



 .

(17)

According to the principle of maximum closeness (the
shorter the distance, the better), we determine the level of
BTIC and the trust degree of the level.

5. Case Analysis

Tis article selects a breakthrough technological innovation
case of an equipment manufacturing enterprise in Daqing
Oilfeld, China, to elaborate on the specifc application
process of the index system and evaluation model con-
structed in this article. Te enterprise actively responded to
the “going out” strategy of Daqing Oilfeld, carried out
breakthrough new technology research and development for
the special needs of exploration and development in a region
in the Middle East, and achieved phased results. To grasp the
breakthrough technological innovation capability of the

enterprise accurately, the enterprise employed fve experts in
this feld to measure and evaluate the BTIC of the enterprise
according to the index system and measurement method
constructed in this article. Te specifc processes are as
follows.

5.1. Step 1. Evaluating secondary indicators
Experts evaluated the 21 secondary indicators based on

the language variables in Table 2, and the evaluating results
are shown in Table 3.

5.2. Step 2. Determining the weights of evaluation experts
Te organizers of this petroleum equipment

manufacturing enterprise are responsible for organizing the

Table 2: Language variables and corresponding triangular intui-
tionistic fuzzy numbers.

Language variables Triangular intuitionistic fuzzy numbers
Very weak (VW) (0, 0, 2.5; 1, 0)
Weak (W) (0, 2.5, 5; 1, 0)
Medium (M) (2.5, 5, 7.5; 1, 0)
Strong (S) (5, 7.5, 10; 1, 0)
Very strong (VS) (7.5, 10, 10; 1, 0)
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evaluation of BTIC and determining the weights of fve
experts according to their relevant information provided in
questionnaires; the results are shown in Table 3.

5.3. Step 3. Integrating the experts’ evaluation of secondary
indicators

According to formula (5), the experts’ evaluating values
of secondary indicators are fused, and the calculating results
are shown in Table 4.

5.4. Step 4. Determining the indicators’ weights by CFPR
Te fve experts compared and scored the fve primary

and secondary indicators using the 1–9 scale. Trough
Formulas (6)–(14), the weights of the primary and secondary
indicators of the enterprise’s BTIC are calculated. Te cal-
culation results are shown in Table 4.

5.5. Step 5. Calculating the value of the weighted fusion
primary indicator

According to the triangle intuitionistic fuzzy evaluating
value and the weighted fusion secondary indicators in Ta-
ble 4, the triangle intuitionistic fuzzy number evaluating the
value of each primary indicator is obtained through the
weighted fusion of formula (15). Te calculation results are
listed in Table 5.

5.6. Step 6. Calculating the comprehensive evaluation value
and determining the capability level

According to the evaluation value and the weighted
fusion primary indicator in Table 5, the comprehensive
triangular intuitionistic fuzzy evaluating value of the

enterprise’s BTIC xi � (4.8, 7.3, 9.0; 0.87, 0.11) is obtained
by the weighted fusion formula (16). Also, the Hamming
distance between xi and 5 language variables in Table 2 is
calculated according to Formula (17). Te calculation results
are shown in Table 6.

According to the Hamming distance in Table 6 and the
principle of maximum closeness, the BTIC of the petroleum
equipment manufacturing enterprise belongs to the “Me-
dium” level, and the reliability is 0.85. It can be seen from
Table 6 that the BTIC of the petroleum equipment
manufacturing enterprise is still far from the “very strong”
level. Tis is mainly because the enterprise is in the initial
stages of carrying out breakthrough technological innova-
tion and has not formed a unique innovation advantage.

According to the evaluation value of the triangular
intuitionistic fuzzy number after the fusion of the primary
indicators in Table 5, the petroleum equipment
manufacturing enterprise has a strong R&D capability for
breakthrough new technology. While its commercialization
capability and innovation support capability for break-
through new technology are relatively weak.

From the evaluation results, it can be seen that the
enterprise has initially formed a medium BTIC based on
“Internet +” and has mastered the skills of using the Internet
to acquire creativity, knowledge, and talent. Although the
enterprise’s innovation platform has been connected with
various social media and external innovation platforms,
there are still some faws. For example, the breakpoint of
information transmission sometimes occurs when virtual
scientifc research team members conduct online real-time
communication. It has afected the efective utilization of
Internet innovation resources to some extent. At the same
time, the petroleum equipment manufacturing enterprise is

Table 3: Expert’s evaluation of secondary indicators.

Expert
Secondary
indicators

Expert 1 Expert 2 Expert 3 Expert 4 Expert 5
0.25 0.2 0.2 0.15 0.2

1.1 (5, 7.5, 10; 0.9, 0.1) (0, 2.5, 5; 0.7, 0.3) (5, 7.5, 10; 0.85, 0.12) (5, 7.5, 10; 0.9, 0.04) (0, 2.5, 5; 0.75, 0.25)
1.2 (5, 7.5, 10; 0.85, 0.12) (7.5, 10, 10; 0.7, 0.3) (5, 7.5, 10; 0.8, 0.2) (7.5, 10, 10; 0.69, 0.3) (5, 7.5, 10; 0.65, 0.25)
1.3 (5, 7.5, 10; 0.75, 0.2) (7.5, 10, 10; 0.85, 0.1) (5, 7.5, 10; 0.95, 0.01) (2.5, 5, 7.5; 0.9, 0.04) (5, 7.5, 10; 0.85, 0.1)
1.4 (7.5, 10, 10; 0.6, 0.3) (7.5, 10, 10; 0.8, 0.15) (7.5, 10, 10; 0.75, 0.25) (2.5, 5, 7.5; 0.75, 0.2) (7.5, 10, 10; 0.9, 0.1)
2.1 (5, 7.5, 10; 0.85, 0.12) (7.5, 10, 10; 0.7, 0.3) (5, 7.5, 10; 0.85, 0.15) (7.5, 10, 10; 0.7, 0.25) (5, 7.5, 10; 0.8, 0.2)
2.2 (0, 2.5, 5; 0.9, 0.1) (2.5, 5, 7.5; 0.75, 0.2) (5, 7.5, 10; 0.95, 0.01) (2.5, 5, 7.5; 0.9, 0.04) (5, 7.5, 10; 0.75, 0.2)
2.3 (7.5, 10, 10; 0.85, 0.15) (7.5, 10, 10; 0.8, 0.15) (7.5, 10, 10; 0.75, 0.25) (2.5, 5, 7.5; 0.75, 0.2) (7.5, 10, 10; 0.95, 0.03)
3.1 (5, 7.5, 10; 0.85, 0.12) (5, 7.5, 10; 0.75, 0.2) (5, 7.5, 10; 0.85, 0.1) (7.5, 10, 10; 0.7, 0.3) (5, 7.5, 10; 0.75, 0.25)
3.2 (5, 7.5, 10; 0.85, 0.12) (7.5, 10, 10; 0.85, 0.1) (5, 7.5, 10; 0.95, 0.01) (2.5, 5, 7.5; 0.9, 0.04) (5, 7.5, 10; 0.85, 0.15)
3.3 (7.5, 10, 10; 0.6, 0.3) (7.5, 10, 10; 0.8, 0.15) (7.5, 10, 10; 0.75, 0.25) (2.5, 5, 7.5; 0.75, 0.2) (7.5, 10, 10; 0.95, 0.05)
3.4 (5, 7.5, 10; 0.85, 0.12) (7.5, 10, 10; 0.7, 0.3) (5, 7.5, 10; 0.85, 0.15) (7.5, 10, 10; 0.7, 0.25) (2.5, 5, 7.5; 0.75, 0.2)
3.5 (7.5, 10, 10; 0.7, 0.3) (7.5, 10, 10; 0.8, 0.15) (5, 7.5, 10; 0.9, 0.1) (7.5, 10, 10; 0.8, 0.2) (7.5, 10, 10; 0.9, 0.1)
3.6 (7.5, 10, 10; 0.85, 0.15) (7.5, 10, 10; 0.8, 0.15) (7.5, 10, 10; 0.75, 0.25) (2.5, 5, 7.5; 0.75, 0.2) (7.5, 10, 10; 0.75, 0.25)
4.1 (5, 7.5, 10; 0.8, 0.12) (2.5, 5, 7.5; 0.9, 0.1) (0, 2.5, 5; 0.6, 0.3) (0, 2.5, 5; 0.85, 0.1) (5, 7.5, 10; 0.65, 0.25)
4.2 (5, 7.5, 10; 0.8, 0.15) (7.5, 10, 10; 0.85, 0.1) (5, 7.5, 10; 0.95, 0.01) (2.5, 5, 7.5; 0.9, 0.04) (5, 7.5, 10; 0.85, 0.1)
4.3 (0, 2.5, 5; 0.8, 0.1) (2.5, 5, 7.5; 0.8, 0.2) (2.5, 5, 7.5; 0.85, 0.1) (2.5, 5, 7.5; 0.75, 0.2) (7.5, 10, 10; 0.9, 0.1)
4.4 (5, 7.5, 10; 0.85, 0.12) (2.5, 5, 7.5; 0.9, 0.1) (5, 7.5, 10; 0.85, 0.15) (2.5, 5, 7.5; 0.8, 0.1) (5, 7.5, 10; 0.8, 0.1)
4.5 (0, 2.5, 5; 0.95, 0.05) (2.5, 5, 7.5; 0.75, 0.2) (5, 7.5, 10; 0.95, 0.01) (2.5, 5, 7.5; 0.9, 0.04) (5, 7.5, 10; 0.75, 0.25)
5.1 (2.5, 5, 7.5; 0.8, 0.2) (2.5, 5, 7.5; 0.8, 0.2) (2.5, 5, 7.5; 0.85, 0.1) (2.5, 5, 7.5; 0.75, 0.2) (7.5, 10, 10; 0.9, 0.1)
5.2 (5, 7.5, 10; 0.85, 0.12) (2.5, 5, 7.5; 0.9, 0.1) (5, 7.5, 10; 0.85, 0.15) (2.5, 5, 7.5; 0.85, 0.1) (5, 7.5, 10; 0.8, 0.1)
5.3 (5, 7.5, 10; 0.85, 0.12) (0, 2.5, 5; 0.8, 0.2) (5, 7.5, 10; 0.95, 0.01) (2.5, 5, 7.5; 0.9, 0.1) (5, 7.5, 10; 0.85, 0.1)
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in the primary stage of changing from ofine sales to online
publicity of new product sales, and the publicity and sales
methods need to be further improved.

Terefore, the petroleum equipment manufacturing
enterprise should further strengthen the construction of the
“Internet + innovation” paradigm on the basis of existing

Table 4: Experts’ values and indicators’ weights of fusion secondary indicators.

Order
number Primary indicator (weight) Secondary indicator (weight) Evaluation values of fusion

secondary indicators

1 Creativity discovery capability of
breakthrough new technologies (0.209)

1.1. Acquisition capability of Internet creative
idea (0.255) (3.0, 5.5, 8.0; 0.84, 0.16)

1.2. Mining capability of Internal creative idea
(0.246) (5.9, 8.4, 10; 0.76, 0.24)

1.3. Refning capability of breakthrough technical
ideas (0.256) (5.1, 7.6, 9.6; 0.87, 0.08)

1.4. Defning breakthrough new technology
capabilities (0.243) (6.8, 9.3, 9.6; 0.78, 0.22)

2 Creativity screening capability of
breakthrough new technologies (0.192)

2.1. Adaptability of innovative screening system
for breakthrough new technologies (0.317) (5.9, 8.4, 10; 0.8, 0.2)

2.2. Internet experts’ ability to express views in
real time and accurately (0.349) (2.9, 5.4, 7.9; 0.87, 0.13)

2.3. Experts’ ability to judge the future market
expectation of new technologies (0.334) (6.8, 9.3, 9.6; 0.85, 0.15)

3 Research and development capability of
breakthrough new technologies (0.211)

3.1. Capability of Internet to acquire knowledge
required for innovation (0.132) (5.4, 7.9, 10; 0.8, 0.2)

3.2. Capital investment capability for
breakthrough new technology R&D (0.113) (5.1, 7.6, 9.6; 0.89, 0.11)

3.3. Internal investment capability of
breakthrough new technology R&D personnel
(0.135)

(6.8, 9.3, 9.6; 0.81, 0.19)

3.4. Participating capability of remote personnel
for breakthrough new technology R&D (0.197) (5.4, 7.9, 9.5; 0.79, 0.21)

3.5. Promoting capability of function leapfrog for
breakthrough new technologies (0.217) (7.0, 9.5, 10; 0.83, 0.17)

3.6. Capability to obtain invention patents for
breakthrough new technologies (0.206) (6.8, 9.3, 9.6; 0.79, 0.21)

4 Commercialization capability of
breakthrough new technologies (0.196)

4.1. Internet promotion of new technologies or
products (0.219) (2.8, 5.3, 7.8; 0.79, 0.21)

4.2. Capability of new products to meet the needs
of leading users (0.216) (5.1, 7.6, 9.6; 0.88, 0.07)

4.3. Market development capability of new
Internet products (0.218) (2.9, 5.4, 7.4; 0.83, 0.17)

4.4. Development capability of potential users of
new products (0.174) (4.1, 6.6, 9.1; 0.85, 0.15)

4.5. Real—time production and supply capability
of new products (0.173) (2.9, 5.4, 7.9; 0.89, 0.11)

5 Support capability of breakthrough new
technologies (0.192)

5.1. Docking capability of open space platform
based on Internet (0.367) (3.5, 6.0, 8.0; 0.83, 0.17)

5.2. Real-time information transmission
capability based on Internet (0.329) (4.1, 6.6, 9.1; 0.85, 0.15)

5.3. Supporting capability of Internet-based
information technology (0.304) (3.6, 6.1, 8.6; 0.88, 0.12)

Table 5: Evaluating value of weighted fusion triangle intuitionistic fuzzy number of primary indicators.

Order
number Primary indicator (weight) Evaluation value of primary indicator after

fusion
1 Creativity discovery capability of breakthrough new technologies (0.209) (5.2, 7.7, 9.3; 0.82, 0.14)
2 Creativity screening capability of breakthrough new technologies (0.192) (5.1, 7.6, 9.1; 0.84, 0.16)

3 Research and development capability of breakthrough new technologies
(0.211) (6.2, 8.7, 9.7; 0.82, 0.15)

4 Commercialization capability of breakthrough new technologies (0.196) (3.6, 6.1, 8.3; 0.85, 0.15)
5 Supporting capability of breakthrough new technologies (0.192) (3.7, 6.2, 8.6; 0.86, 0.12)
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capacity accumulation. It can realize a good connection with
external innovation platforms and improve the acquisition
of internet-based creative knowledge. It can also improve the
absorption and application of external knowledge and tal-
ents based on the Internet, improve the efciency and efect
of Internet experts and scholars participating in break-
through technological innovation, and innovate the ways
and channels of online sales of new products.Tus, these can
improve the BTIC of petroleum equipment manufacturing
enterprises under the “Internet + innovation” paradigm.

6. Conclusion

“Internet + innovation” is a new innovation paradigm
around the world that embodies a new innovation con-
cept and has great development potential. Te “Inter-
net + innovation” paradigm makes the concepts,
processes, and measurements more complex than tra-
ditional ones. Complex theory and methodology are
adaptive for describing and evaluating BTIC for petro-
leum equipment manufacturing enterprises. Te “ Belt
and Road” strategy provides a good opportunity for
Chinese petroleum equipment manufacturing enterprises
to expand their foreign businesses through breakthrough
technological innovation. Te evaluation index system of
BTIC constructed in this article implies the character-
istics of “breakthrough” and “Internet +” of breakthrough
technological innovation in petroleum equipment
manufacturing enterprises. Compared to the AHP-TIFNs
model, the CFPR-TIFNs model based on triangular
intuitionistic fuzzy numbers (TIFNs) and consistent
fuzzy preference relationships (CFPR) described in this
article can greatly reduce the time of pairwise compar-
isons of weights determined by methods such as AHP/
ANP, and maintain high consistency. For example, there
are 5 primary indicators and 21 secondary indicators in
this study, and if the experts determine the weights of all
indicators by AHP, they should conduct 47 pairwise
comparisons, compared to only 20 times by CFPR.
Compared to AHP/ANP, CFPR can maintain high con-
sistency by reducing the number of pairwise compari-
sons. TIFNs embody the diferent viewpoints,
experiences, and knowledge of each expert by entrusting
diferent weights. TIFNs can not only give the evaluation
value of language variables intuitively but also give the
trust degree of the evaluation value of language variables
by way of μa and va. Terefore, the results of this study can

provide efective support for Chinese petroleum equip-
ment manufacturing enterprises to accurately judge their
own breakthrough technological innovation capability in
the “Internet +” era.
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