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In order to select the proper cloud manufacturing services to satisfy both sides of supplier and demander, a bi-level programming
model is proposed based on extension theory in this paper. Firstly, the cloud model is employed to convert qualitative concepts
of language description into quantitative values. Then, according to multicriteria assessment information, the satisfactions of both
providers and demanders are calculated by extension evaluation. Finally, respectively taking satisfactions of the demanders and
providers as optimization goal of upper layer and lower layer, a mathematical model of bi-level programming is constructed which
is solved by linear programming. Compared with traditional recommended methods, the proposed method takes full account of
the interests of service providers which have long been neglected. Moreover, extension evaluation is applied to reflect the demand
and preference of each subject in detail. Experimental results verify the effectiveness and applicability of the proposed model.

1. Introduction

With the rise of cloud computing and the technological
maturity, cloud computing provides a new way to solve the
problems existing in manufacturing informatization [1, 2].
Combined with cloud computing, internet of things, web
services technology, virtualization, and other new technolo-
gies, researchers proposed the concept of cloud manufac-
turing (CMfg) based on the existing advanced manufac-
turing models, such as application service providers, grid
manufacturing, and agile manufacturing [3]. CMfg is a
new service-oriented mode of networked manufacturing. By
means of the network and cloud manufacturing services
platform, CMfg organizes online manufacturing resources
according to user requirements and provides all kinds of
on-demand manufacturing services for users [4]. On the
one hand, gathering all kinds of distributed resources and
services, cloud manufacturing service platform encapsulates,
assembles, designs, and develops the services according to
user requirements and centrally organizes and manages
massive cloud manufacturing services. On the other hand,
the user dynamically gets and uses the required service on

the cloud manufacturing service platform and pays for it
without focusing on the specific implementation details of
the services. Between uncertain, dynamically changing user
needs and various distributed, heterogeneous manufacturing
resources, the cloud service platform establishes a pattern of
allocation and usage for resources, to optimize the allocation
ofmanufacturing resources and promote the value added and
efficiency of resources.

With the development and maturity of cloud manu-
facturing services business mode, there are huge amounts
of manufacturing resources in cloud manufacturing service
platform, in which some cloud manufacturing services pro-
vide the similar or identical functionalities with different
nonfunctional attributes.Thedemanders naturally arewilling
to choose the services with good quality of service (QoS)
and low prices, whereas in the market economy environment,
the providers of manufacturing services often have their
market positioning according to their strength or specialty
and hope to serve a certain market group at good prices. It
is very difficult to match a service that needs to be satisfied
with both parties in a vast cloud manufacturing resources.
Then, how to quickly find satisfied service resources for
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both demanders and providers has been the concern of the
people.

In this work, with the purpose of improving the sat-
isfaction for both demanders and providers, we propose
a novel selection method based on bi-level programming
model [5–7] to meet interests of both sides. In the bi-
level programming selection method, both demanders and
providers are evaluated by opposite side according to their
individual needs or interests. Firstly, some semantic evalua-
tion indexes are quantified by cloudmodel [8–10] which is an
effective quantitative method with the full consideration of
fuzziness and randomness in semantic evaluation. Then, the
extension evaluation method [11–14] is used to evaluate the
demanders and providers. Finally, the bi-level programming
mathematical model is established, which is solved by linear
programmingmethod. In this paper, the proposedmodel can
select suitable services in vast amount of cloud manufactur-
ing resources tomaximize the satisfaction of both demanders
and providers with high efficient, which not only solves the
actual problem of resources allocation, but also enriches the
research of extension.

The rest of this paper is organized as follows. Section 2
presents related works. In Section 3, the relevant theoretical
basis and concepts are introduced. In Section 4, based on bi-
level programming, a research model is proposed and the
solving process is described in detail. Section 5 reports on
some experiments and discusses some observations. Finally,
concluding comments and future research work are offered
in Section 6.

2. Related Works

The study on selections and compositions of services is very
extensive in the domain of web services, but it has only
just begun in recent years on cloud manufacturing services.
At present, the researches on the selection of cloud manu-
facturing services mainly are summarized into two aspects:
One is form the functional view, and it includes various
resources and capabilities in the whole manufacturing life-
cycle, for example, production resources, design resources,
and simulation resources. The other is nonfunctional view,
and it is composed of throughput, response time, price,
security, availability, and so on. The bi-level programming
model studies the interaction between two subjects with
different objectives in an orderly and noncooperativemanner.
We summarize the related works form three aspects in the
following.

(1) About Functional View. Formal description of manu-
facturing resources and capabilities is the base of evaluation,
selection, matching, and composition. Wang et al. [15] sug-
gested CMfg task semantic modeling and description based
on ontology and studied the construction of general CMfg
task ontology and the task semantic matching model. How
to provide a natural knowledge representation strategy by
semantics was discussed in [16], which uses semantic web
services to find the matched service resources, and proposed
system was applied in a mechanical parts factory. In [17],
the tools information was transformed to OWL-DL ontology
to store in an ISO 14649 file, and the similarity between

what is offered and what a user expects was calculated by
the most appropriate tool. Based on the models of hyper
network, amanufacturing resource supply-demandmatching
simulator was put forward in [18], which can dynami-
cally analyze the supply and demand matching process to
improve the efficiency of resources. In the semantic web-
based framework, [19] studied the knowledge-based service
composition and adaptive resource planning to develop an
integrated networked environment allowing fast resource
allocation for the given service request. Through creating
a business vocabulary reflecting common service selection
criteria and defining a textual domain specific language to let
any user describe services easily, [20] implemented a novel
brokering and matchmaking component to support users’
service selection process.

(2) About Nonfunctional View. Since manufacturing ser-
vices have an exponential increase in recent years, the
nonfunctional attributes have become the focus of attention,
which influence the overall performance of the CMfg sys-
tems. QoS, which was a domain-specific metric to evaluate
cloud services, was taken into consideration as a crucial
factor in selected cloud services. Reference [21] proposed
that the computation and evaluation mechanism of QoS for
software services should be different from that for hardware
services. Lu et al. [22] put forward that the QoS relied
heavily on the appropriate group of cloud manufacturing
services in the resource pool. In [23], after analyzing soft-
ware and hardware features of cloud manufacturing ser-
vices, the authors discussed the impacts of each factor of
QoS on CMfg systems. With criteria TQCS (time, quality,
cost, and service) being considered, a service selection and
scheduling model is established in [24], which employs
fuzzy decision-making theory to transform TQCS values
into relative superiority degrees. In order to improve the
accuracy of QoS evaluation, Ma et al. [25] established the
QoS information awareness and quantitative mechanism
and calculated the weights through variable precision rough
set theory. Meanwhile, many optimization algorithms of
selection were proposed. Reference [26] presented dynamic
update method of the QoS attribute vector by feedback
control and selected services based on the preference weight
and QoS attribute vector by technique for order preference
by similarity to ideal solution (TOPSIS). According to the
fuzzy quality theory, the dominance degree of intuitionistic
fuzzy value is taken into account in decision-making; [27]
proposed a method for resource service optimal selection
based on multivariate process indicator and dominance
degree of intuitionistic fuzzy value. From geo-perspective,
Lartigau et al. [28] adopted an improved artificial bee colony
optimization for QoS to optimal select service compositions.
Form nonfunctional view, [29] developed two algorithms to
select services, where one leverages a genetic algorithm and
the other combines global optimization with local selection.
In order to achieve the real-time data-driven optimization
decision, [30] put forward a dynamic optimization model
for flexible job shop scheduling based on game theory to
provide a new real-time scheduling strategy and method.
Focusing on the social collaboration feature of manufactur-
ing services, [31] proposed a service selection model that
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maximizes the overall synergy effect based on collaboration
requirement.

(3) About Bi-Level Programming Model. In [6], a bi-
level programming model was used to study the distribution
center problem where the upper and lower layers are to
find the minimum transportation cost from factories to
distribution centers and from distribution centers to cus-
tomers, respectively, which was solved by four algorithms
to find an optimum balance between the two layers. In
order to determine the optimal schemes of routing and
spectrum assignments, Xuan et al. [7] established a bi-level
programming model with the energy consumption of the
optical networks and the maximum index of used frequency
slots as the upper’s and lower’s objectives to be minimized,
respectively, and designed a genetic algorithm with tailor-
made crossover, mutation, and local search operator to solve
the model. In the study of the proactive countermeasure
selection problem for complex information and communi-
cation technology systems, Mahjoub et al. [32] proposed a
bi-level programming model with a compact formulation
based on primal-dual optimality conditions and an extended
formulation employing an exponential number of path con-
straints.

Although significant progresses were made, there are still
several research topics to be investigated. Existing researches
on service selection mainly focus on how to select and
composite the best services to meet the needs of users, and
few take into account the market positioning and interest
needs of the service providers. In cloud manufacturing
service platform, users are more used to evaluating indicators
in language; the quantization of semantic evaluation is topic
in selection and composite process. Based on QoS, this paper
studies the service selection problem from these two aspects.

3. Theoretical Background

3.1. �e Cloud Model. The cloud model was proposed by
Li et al. [8, 9], which was a cognition model of reciprocal
conversion between quantitative representation formed and
qualitative conception by a specific structure algorithm.
Based on the interaction between probability theory and
fuzzy theory, the cloud model can reflect the uncertainty of
the concept in natural language as well as the linkage between
randomness and fuzziness. Because of less information loss
for mutual mapping between qualitative concept and quanti-
tative data [33], the cloudmodel has been successfully applied
in many fields, such as wireless sensor networks [34], image
segmentation [35], and decision[36].

Definition 1. Let Z be a universe set described by precise
numerical data and 𝑍 be a qualitative concept related to Z. If𝑥 ∈ 𝑍 is a random instantiation of concept 𝑍, which satisfies𝑥 ∼ N(Ex,En2), En2 ∼ N(Ex,He2), and the certainty degree
of x belonging to concept 𝑍 satisfies

𝑦 = e—(x−Ex)
2/2(𝐸𝑛)2 (1)

Then the distribution of x in the universe Z is called
normal cloud, and x is a cloud drop.
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Figure 1: The digital features of cloud model.

Definition 2. The characteristics of a cloud y can be repre-
sented by the digital features (𝐸𝑥, 𝐸𝑛,𝐻𝑒): expectation 𝐸𝑥,
entropy𝐸𝑛, and superentropy𝐻𝑒. Here,𝐸𝑥 is the center value
of the qualitative concept domain, which is the best way to
describe the fuzzy information. 𝐸𝑛measures the randomness
and fuzziness of the qualitative concept. 𝐻𝑒 reflects the
uncertainty of the membership function and the dispersion
degree of the cloud drops. The digital features are shown in
Figure 1.

3.2. �e Extension �eory. In 1983, Cai et al. proposed the
extension theory to solve contradictions and incompatibility
problems [11]. After years of unremitting research, a series
of breakthroughs have been made in the extension theory,
method research, and practical application, which has been
widely applied to evaluation and selection, data mining,
control decision, and other fields.

Thehard core of extension theory includes two theoretical
pillars: the matter element theory and the theory of extension
set. The former is the basic tool to describe the variability
of things, which not only take things, features, and values as
a unified body to consider the relationship between quality
and quantity but also change with the three elements and
the internal structure. The latter is the quantitative tool
of extension theory to represent the dependent degree of
two matter elements through designed correlation func-
tion.

3.2.1. �e Matter-Element �eory

Definition 3. Defining the name of a matter as N, one of
the characteristics for this matter is c and the value of c is
v. In extension theory, the matter element can be formally
described as

𝑅 = (𝑁, 𝑐, V) (2)

Where N, c, and v are called fundamental elements of the
matter element.
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Definition 4. Assuming that the value of c has a range or a
classical domain, the classical domain of the matter element
is defined as

𝑅 = (𝑁, 𝑐, V) = (𝑁, 𝑐, (V𝑙, V𝑢)) (3)

where V𝑙 is the lower bound in classical domain and V𝑢 is
the upper one.

Definition 5. If the 𝑅 = (𝑁, 𝑐, V) is a multidimensional matter
element, C = {c1, c2, ⋅ ⋅ ⋅ , cn} and v = {v1, v2, ⋅ ⋅ ⋅ , vn}, then a
multidimensional matter is defined as

𝑅 = (𝑁,𝐶, 𝑉) = [[[[[
[

𝑁, 𝑐1 V1𝑐2 V2⋅ ⋅ ⋅ ⋅ ⋅ ⋅
𝑐𝑛 V𝑛

]]]]]
]
= [[[[[
[

𝑅1𝑅2⋅ ⋅ ⋅
𝑅𝑛

]]]]]
]

(4)

where Ri=(N, ci, vi) is defined as the submatter element
of R, i=1,2,. . .,n.
3.2.2. Extension Set �eory

Definition 6. If we let U be a universe of discourse, an
extension set B on U is defined as a set of ordered pairs
described as

𝐵 = {(𝑥, 𝑦) | 𝑥 ∈ 𝑈, 𝑦 = 𝜇 (𝑥) ∈ (−∞, +∞)} (5)

where 𝑦 = 𝜇(𝑥) is the membership function for extension
set B.

The each element of U is mapped to a membership
grade between −∞ and +∞ through 𝜇(𝑥). The higher the
membership grade, the more the element belongs to B.
According to the special situation, 0 ≤ 𝜇(𝑥) ≤ 1 accords with
a normal fuzzy set, −1 < 𝜇(𝑥) < 0 is an extension domain
which means that the element x tends not to belong to B, and𝜇(𝑥) ≤ 1 implies that the element x has departed from B.

4. The Bi-Level Programming Model of
Cloud Manufacturing Services

4.1. A Bi-Level Programming ResearchModel. Let D represent
the set of demanders with the same or similar requirements,
D = {d1, d2, . . . , dm}. The dj is the j

th demander in D, where
j= 1,2,. . .,m. S = {s1, s2, . . . , sn}is the set of services with same
or similar functions. The si is the i

th service in S, where i is in
(1,2,. . .,n). The dj wants to select one manufacturing service
to complete his manufacturing task, which must meet his
requirements. C = {c1, c2, . . . , cf } is the set of assessment
indexes that demanders select services. The ck is the kth
index, where k=1,2,. . .,f, and c1,c2,. . .,cf are independent. A ={a1, a2, . . . , ag} is the set of indexes that providers of services
evaluate demanders and tasks. The at is the t

th index where
t=1,2,. . .,g, and a1,a2,. . .,ag are, respectively, independent too.

The requirements of two sides are called constraints.
The constraints that have to be satisfied are called hard
constraints, and the rest are called soft constraints. The soft
constraints include three types:

Demanders

Providers

�e upper subjects

�e lower subjects

(＞1, ＞2, · · ·, ＞Ｇ)

(Ｍ1, Ｍ2, · · ·, ＭＨ)

[＝1, ＝2, · · ·, ＝＠ ] [；1, ；2, · · ·, ；Ａ]

Figure 2:The bi-level programming research model.

(1) Benefit constraints: bigger values in these constraints
are better, such as quality of service and reliability.

(2) Cost-based constraints: the values are as small as
possible in this type, for instance, the cost.

(3) Interval constraints: the indexes change within a
range, manufacturing period, for example.

Because the interests of both demanders and providers
need to be considered, based on actual selection process, we
structure a bi-level optimization model with a master-slave
hierarchical structure from the perspective of QoS, as shown
in Figure 2.

The upper subjects represent the set of demanders while
the lower subjects stand for the set of services.Theupper layer
firstly starts to select services and deliver optimization results
to the lower layer.Then, according to the results sent by upper
layer, the lower layer makes its own optimization choices
and sends (through feedback) the optimization results to
the upper layer. This process is repeated until the optimal
solution is reached. In this way, win-win results meet the
requirements of the demanders and fully consider the inter-
ests of the service suppliers. These two selection processes
are relatively independent and interdependent, which work
together to facilitate the whole service selection process of
cloud manufacturing services.

4.2. Semantic Quantification Based on Cloud Model. In
actual cloud manufacturing environment, perceived index
values usually are described as quantitative values and
uncertainty evaluation semantic. In order to facilitate the
calculation automatically, the cloud model is employed
to realize the uncertainty transformation from qualitative
concepts of semantic description to quantitative numbers.
This paper uses golden segmentation method [37] to gen-
erate n cloud evaluation scales. The basic idea of the
golden segmentation method is that the semantic values
are represented by the cloud model, and each semantic
variable corresponds to a cloud. The middle cloud is rep-
resented by 𝐸0(𝐸𝑥0, 𝐸𝑛0, 𝐻𝑒0). Adjacent clouds are repre-
sented as ⋅ ⋅ ⋅ , 𝐸−2(𝐸𝑥−2, 𝐸𝑛−2, 𝐻𝑒−2), 𝐸−1(𝐸𝑥−1, 𝐸𝑛−1, 𝐻𝑒−1),𝐸0(𝐸𝑥0, 𝐸𝑛0, 𝐻𝑒0),𝐸1(𝐸𝑥1, 𝐸𝑛1, 𝐻𝑒1),𝐸2(𝐸𝑥2, 𝐸𝑛2, 𝐻𝑒2), ⋅ ⋅ ⋅ .
The closer the cloud is to the central cloud, the smaller the
entropy and the superentropy. The smaller is 0.618 times that
of the larger in entropy and superentropy of neighboring
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Table 1: The calculation methods of the digital feature and values for five clouds.

Semantic Information Cloud 𝐸𝑥 𝐸𝑛 𝐻𝑒
Very Good (VG) 𝐸−2(𝐸𝑥−2, 𝐸𝑛−2,𝐻𝑒−2) 𝑥𝑚𝑖𝑥 𝐸𝑛+1/0.618 𝐻𝑒+1/0.618
Good (G) 𝐸−1(𝐸𝑥−1, 𝐸𝑛−1,𝐻𝑒−1) 𝐸𝑥0 − 0.383(𝑥min + 𝑥max)/2 0.382(𝑥min − 𝑥max)/6 𝐻𝑒0/0.618
Common (C) 𝐸0(𝐸𝑥0, 𝐸𝑛0, 𝐻𝑒0) (𝑥min + 𝑥max)/2 0.618𝐸𝑛+1 0.005
Poor (P) 𝐸1(𝐸𝑥1, 𝐸𝑛1, 𝐻𝑒1) 𝐸𝑥0 + 0.383(𝑥min + 𝑥max)/2 0.382(𝑥min − 𝑥max)/6 𝐻𝑒0/0.618
Very Poor(VP) 𝐸2(𝐸𝑥2, 𝐸𝑛2, 𝐻𝑒2) 𝑥max 𝐸𝑛+1/0.618 𝐻𝑒+1/0.618
clouds. In the evaluation process of cloud manufacturing
service, the evaluation phrase is generally divided into five
levels. According to experts advices, [xmin, xmax] is [0, 1] and𝐻𝑒0 is 0.005. The calculation methods of the digital feature
for the five clouds are shown in Table 1.

The results are as follows: 𝐸−2(0.000, 0.104, 0.013),𝐸−1(0.309, 0.064, 0.008), 𝐸0(0.500, 0.039, 0.005), 𝐸1(0.691,0.064, 0.008), 𝐸2(1.000, 0.104, 0.013).
The positive cloud is amodel that transforms the concepts

of qualitative variable into quantitative value and its determi-
nation. The specific steps are as follows:

The inputs: eigenvector of the cloud, the number of
cloud droplets (n).
The outputs: the quantitative values of n cloud
droplets and their determination(y).
Step 1: Generate a normal random number (𝐸𝑛)
according to 𝐸𝑛 and𝐻𝑒.
Step 2: Create a normal random number (𝑥) accord-
ing to 𝐸𝑥 and 𝐸𝑛.
Step 3: Calculate the determination 𝑦 =𝑒−(𝑥−𝐸𝑥)2/2(𝐸𝑛)2 .
Step 4: (𝑥, 𝑦) is a cloud droplet in the domain.
Step 5: Repeat Steps 1 ∼ 4 until n droplets are
generated.

4.3. Evaluation Based on Extension Analysis. According to
the principle of extension, we use the matter-element to
descript the cloud manufacturing services, which takes the
evaluation indexes as the meta-features and the perceived
state value as the corresponding eigenvalues, shown as fol-
lows.

𝑅𝑆 = (𝑆, 𝐶,𝑋) =
[[[[[
[

𝑆 𝑐1 𝑥1𝑐2 𝑥2⋅ ⋅ ⋅ ⋅ ⋅ ⋅
𝑐𝑓 𝑥𝑓

]]]]]
]

(6)

According to dj’s requirements for QoS, classical domain
matter-element for dj is as

𝑅𝑗 = (𝑁𝑗, 𝐶𝑘, 𝑋𝑗𝑘) =
[[[[[
[

𝑁𝑗, 𝑐1, 𝑥𝑗1𝑐2 𝑥𝑗2⋅ ⋅ ⋅ ⋅ ⋅ ⋅
𝑐𝑓 𝑥𝑗𝑓

]]]]]
]

=
[[[[[[
[

𝑁𝑗, 𝑐1, ⟨𝑎𝑗1, 𝑏𝑗1⟩
𝑐2 ⟨𝑎𝑗2, 𝑏𝑗2⟩⋅ ⋅ ⋅ ⋅ ⋅ ⋅
𝑐𝑓 ⟨𝑎𝑗𝑓, 𝑏𝑗𝑓⟩

]]]]]]
]

(7)

where 𝑁𝑗 is for the jth demander and 𝑥𝑗𝑘 = ⟨𝑎𝑗𝑘, 𝑏𝑗𝑘⟩ is
the range of 𝑐𝑗𝑘in dj’s requirements, which is called classical
domain.

After confirming the classical domain, it is necessary to
fix the possible ranges of indexes, which is called joint domain
matter-element.

𝑅𝑃 = (𝑃, 𝐶𝑘, 𝑋𝑃𝑘) =
[[[[[
[

𝑃, 𝑐1, 𝑥𝑃1𝑐2 𝑥𝑃2⋅ ⋅ ⋅ ⋅ ⋅ ⋅
𝑐𝑓 𝑥𝑃𝑓

]]]]]
]

=
[[[[[[
[

𝑃, 𝑐1, ⟨𝑎𝑃1, 𝑏𝑃1⟩𝑐2 ⟨𝑎𝑃2, 𝑏𝑃2⟩⋅ ⋅ ⋅ ⋅ ⋅ ⋅
𝑐𝑓 ⟨𝑎𝑃𝑓, 𝑏𝑃𝑓⟩

]]]]]]
]

(8)

where 𝑥𝑃1,𝑥𝑃2,. . ., 𝑥𝑃𝑓, respectively, were the scopes of 𝑐1,𝑐2,. . ., 𝑐𝑓 about P.
Because all services properties have the same range and

cooperation requirements of different users are different,
there are many classical domain matter-elements, and only
one joint domain matter-element.

In order to calculate the satisfaction degree of dj to the k
th

index, we design themembership function (𝜇𝑗𝑘(𝑥𝑘)) of the kth
index in si as

𝜇𝑗𝑘 (𝑥𝑘) =
{{{{{{{{{{{{{

𝜌 (𝑥𝑘, 𝑋𝑗𝑘)𝐷 (𝑥𝑘, 𝑋𝑗𝑘, 𝑥𝑝𝑘) , 𝑥𝑘 ∉ 𝑋𝑗𝑘
−𝜌 (𝑥𝑘, 𝑥0, 𝑋𝑗𝑘)𝑋𝑗𝑘 , 𝑥𝑘 ∈ 𝑋𝑗𝑘

(9)

where j=1,2,. . .,n; k=1,2,. . .,f.𝜌(𝑥𝑘, 𝑋𝑗𝑘) is the distance of xk to interval𝑋𝑗𝑘 = ⟨𝑎𝑗𝑘, 𝑏𝑗𝑘⟩.
𝜌 (𝑥𝑘, 𝑋𝑗𝑘) = 𝑥𝑘 − 12 (𝑎𝑗𝑘 + 𝑏𝑗𝑘)

 − 12 (𝑏𝑗𝑘 − 𝑎𝑗𝑘) (10)
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𝐷(𝑥𝑘, 𝑋𝑗𝑘, 𝑥𝑝𝑘) is the distance from interval 𝑥𝑃𝑘 = ⟨𝑎𝑝𝑘,𝑏𝑝𝑘⟩ to interval 𝑋𝑗𝑘 = ⟨𝑎𝑗𝑘, 𝑏𝑗𝑘⟩.
𝐷(𝑥𝑘, 𝑋𝑗𝑘, 𝑥𝑝𝑘) = 𝜌 (𝑥𝑘, 𝑋𝑝𝑘) − 𝜌 (𝑥𝑘, 𝑋𝑗𝑘) (11)

𝜌(𝑥𝑘, 𝑥0, 𝑋𝑗𝑘) is the distance of xk to 𝑋𝑗𝑘 = ⟨𝑎𝑗𝑘, 𝑏𝑗𝑘⟩
about x0, where x0 is the optimal value in this index.𝜌(𝑥𝑘, 𝑥0, 𝑋𝑗𝑘) includes the left distance and the right distance
[11]. When 𝑥0 ∈ ⟨𝑎𝑗𝑘, (𝑎𝑗𝑘 + 𝑏𝑗𝑘)/2⟩, 𝜌(𝑥𝑘, 𝑥0, 𝑋𝑗𝑘) is the left
distance, which is marked as 𝜌𝑙(𝑥𝑘, 𝑥0, 𝑋𝑗𝑘).

𝜌𝑙 (𝑥𝑘, 𝑥0, 𝑋𝑗𝑘)

=
{{{{{{{{{{{

𝑎𝑗𝑘 − 𝑥𝑘, (𝑥𝑘 ≤ 𝑎𝑗𝑘)𝑏𝑗𝑘 − 𝑥0𝑎𝑗𝑘 − 𝑥0 (𝑥𝑘 − 𝑎𝑗𝑘) , (𝑥𝑘 ∈ ⟨𝑎𝑗𝑘, 𝑥0⟩)
𝑥𝑘 − 𝑏𝑗𝑘, (𝑥𝑘 ≥ 𝑥0)

(12)

As a special case, when 𝑥0 = 𝑎𝑗𝑘, the denominator in
formula (12) is 0, 𝑥0 − 𝑎𝑗𝑘 = 0; 𝜌𝑙(𝑥𝑘, 𝑎𝑗𝑘, 𝑋𝑗𝑘) is changed as

𝜌𝑙 (𝑥𝑘, 𝑎𝑗𝑘, 𝑋𝑗𝑘) =
{{{{{{{{{

𝑎𝑗𝑘 − 𝑥𝑘, (𝑥𝑘 < 𝑎𝑗𝑘)
𝑥𝑘 − 𝑏𝑗𝑘, (𝑥𝑘 > 𝑎𝑗𝑘)
𝑎𝑗𝑘 − 𝑏𝑗𝑘, (𝑥𝑘 = 𝑎𝑗𝑘)

(13)

When 𝑥0 ∈ ⟨(𝑎𝑗𝑘 + 𝑏𝑗𝑘)/2, 𝑏𝑗𝑘⟩, 𝜌(𝑥𝑘, 𝑥0, 𝑋𝑗𝑘) is the right
distance, which is marked as 𝜌𝑟(𝑥𝑘, 𝑥0, 𝑋𝑗𝑘).

𝜌𝑟 (𝑥𝑘, 𝑥0, 𝑋𝑗𝑘)

=
{{{{{{{{{{{

𝑎𝑗𝑘 − 𝑥𝑘, (𝑥𝑘 ≤ 𝑥0)𝑎𝑗𝑘 − 𝑥0𝑏𝑗𝑘 − 𝑥0 (𝑏𝑗𝑘 − 𝑥𝑘) , (𝑥𝑘 ∈ ⟨𝑥0, 𝑏𝑗𝑘⟩)
𝑥𝑘 − 𝑏𝑗𝑘, (𝑥𝑘 ≥ 𝑏𝑗𝑘)

(14)

As a special case, when 𝑥0 = 𝑏𝑗𝑘, the denominator in
formula (14) is 0 too, 𝑥0 − 𝑏𝑗𝑘 = 0; then 𝜌𝑟(𝑥𝑘, 𝑏𝑗𝑘, 𝑋𝑗𝑘) is as

𝜌𝑟 (𝑥𝑘, 𝑏𝑗𝑘, 𝑋𝑗𝑘) =
{{{{{{{{{

𝑎𝑗𝑘 − 𝑥𝑘, (𝑥𝑘 < 𝑏𝑗𝑘)
𝑥𝑘 − 𝑏𝑗𝑘, (𝑥𝑘 > 𝑏𝑗𝑘)
𝑎𝑗𝑘 − 𝑏𝑗𝑘, (𝑥𝑘 = 𝑏𝑗𝑘)

(15)

|𝑋𝑖𝑗|is the modulo of interval 𝑋𝑗𝑘 = ⟨𝑎𝑗𝑘, 𝑏𝑗𝑘⟩.𝑋𝑗𝑘 = 𝑏𝑗𝑘 − 𝑎𝑗𝑘 (16)

The graph of designed membership function is shown in
Figure 3.

If 𝑤𝑘 is the preference of dj to the assessment index of si,
and ∑𝑘=𝑓

𝑘=1
𝑤𝑘 = 1, the comprehensive correlative degree that

si meets the need of dj can be calculated by

𝐼𝑗𝑖 = 𝑘=𝑓∑
𝑘=1

𝑤𝑘𝜇𝑗𝑘 (17)

1

−1

x
；ＪＥ ；ＤＥ Ｒ0 ＲＥ ＜ＪＥ＜ＤＥ

Figure 3: The membership function.

In the same way, comprehensive correlative degree that
provider of si is satisfied with dj is

�̃�𝑖𝑗 = 𝑡=𝑔∑
𝑡=1

𝜔𝑡𝜇𝑖𝑡 (18)

where 𝜔𝑡 is preference of provider of si for the assessment
index of dj or task, ∑𝑡=𝑔𝑡=1 𝜔𝑡 = 1.
4.4. Establishment of Bi-Level Programming Mathematical
Model. Aiming at the maximum satisfaction of each part,
the bi-level programming mathematical model is established.
The upper mathematical model is

max
𝑛∑
𝑖=1

( 𝑚∑
𝑗=1

𝑥𝑖𝑗𝐼𝑖𝑗) (19)

s.t. 𝑛∑
𝑖=1

𝑥𝑖𝑗 ≤ 1, 𝑗 = 1, 2, ⋅ ⋅ ⋅ , 𝑚; (20)

∑
𝑠𝑖∈𝑆

𝐼𝑖𝑗𝑥𝑖𝑗 ≥ 𝑡ℎ𝑖 ∑
𝑠𝑖∈𝑆

𝑥𝑖𝑗, ∀𝑢𝑗 ∈ 𝑈; (21)

𝑥𝑖𝑗 = {0, 1} (22)

Formula (19) is the objective function of upper optimiza-
tion, which means selecting the most satisfied services for
the demand side. The constraint formula (20) indicates that
demander only selects one service in a matching process.
Formula (21) limits the range of services that meet the basic
constraints. In formula (22), when 𝑥𝑖𝑗 = 1 it is selected and
when 𝑥𝑖𝑗 = 0, it is not selected.

The lower mathematical model is

max
𝑛∑
𝑖=1

( 𝑚∑
𝑗=1

𝑥𝑖𝑗�̃�𝑖𝑗) (23)

s.t. 𝑚∑
𝑗=1

𝑥𝑖𝑗 ≤ 𝜃𝑖, 𝑖 = 1, 2, ⋅ ⋅ ⋅ , 𝑛; (24)
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∑
𝑢𝑗∈𝑈

�̃�𝑖𝑗𝑥𝑖𝑗 ≥ 𝑡ℎ𝑖 ∑
𝑢𝑗∈𝑈

𝑥𝑖𝑗, ∀𝑠𝑗 ∈ 𝑆; (25)

𝑥𝑖𝑗 = {0, 1} (26)

In the lower optimization model, formula (23) is the
optimization function, which recommends themost advanta-
geous task to the provider of service. The constraint formula
(24) limits the load of each service. The market positioning
and service group of each provider is described by constraint
(25).

The proposed model is a multiobjective linear 0-1 integer
programming model. In order to solve this model, the
objective function is transformed into a linear single target
by weighted sum method of membership function. Let fixed
weight coefficients be w1 and w2, w1 +w2=1; the above
multiobjective optimization model is transformed into a
single-objective programming model:

max 𝑅 = 𝑤1 𝑛∑
𝑖=1

( 𝑚∑
𝑗=1

𝑥𝑖𝑗𝐼𝑖𝑗) + 𝑤2 𝑛∑
𝑖=1

( 𝑚∑
𝑗=1

𝑥𝑖𝑗�̃�𝑖𝑗) (27)

s.t. 𝑛∑
𝑖=1

𝑥𝑖𝑗 ≤ 1, 𝑗 = 1, 2, ⋅ ⋅ ⋅ , 𝑚; (28)

𝑚∑
𝑗=1

𝑥𝑖𝑗 ≤ 𝜃𝑖, 𝑖 = 1, 2, ⋅ ⋅ ⋅ , 𝑛; (29)

∑
𝑠𝑖∈𝑆

𝐼𝑖𝑗𝑥𝑖𝑗 ≥ 𝑡ℎ𝑖 ∑
𝑠𝑖∈𝑆

𝑥𝑖𝑗, ∀𝑢𝑗 ∈ 𝑈; (30)

∑
𝑢𝑗∈𝑈

�̃�𝑖𝑗𝑥𝑖𝑗 ≥ 𝑡ℎ𝑖 (𝜃𝑡) ∑
𝑢𝑗∈𝑈

𝑥𝑖𝑗, ∀𝑠𝑗 ∈ 𝑆; (31)

𝑥𝑖𝑗 = {0, 1} (32)

The model can be solved by linear programming.
A task of the manufacturing industry is generally a

combination of manufacturing services in a certain process.
Because the composite service set is finally broken down into
atomic services that meet certain constraints, this paper only
analyzes the matching process of atomic services.

The bi-level programming selection process of the cloud
manufacturing services is described as follows:

Step 1: Get demanders’ desired vectors of services
and the actual perceptive value vectors of services.
At the same time, obtain desired vectors of providers
to demanders and actual perceptive value vectors of
demanders.
Step 2: Quantify the evaluation semantics to numeri-
cal values by positive clouds.
Step 3: Establish the classical domain of both supply
and demand sides according to desired vectors.
Step 4: Build the joint domain of both providers
and demanders according to actual perceptive value
vectors.

Step 5: Calculate the comprehensive correlative
degree of dj for si and the comprehensive correlative
degree of si to dj, respectively.
Step 6: Structure the bi-level optimization model
from comprehensive correlative degrees 𝐼 and �̃�.
Step 7: Transform the multiobjective optimization
model into a single target optimization model using
linear weighted method.
Step 8: Solve the single objective programmingmodel
and output the selection result.

5. Experiment Study

In order to verify the rationality and practicability of our
proposed model, the simulation platform is carried out
in the laboratory environment. JDK8, eclipse4.3, and SQL
Server2005 constitute the development environment. Tom-
cat7.0 is a server to build simulation platform of cloud
manufacturing services. The simulation platform is written
by java language to achieve the selection and call of cloud
manufacturing services. To take some mold processing,
for example, the simulation platform contains 200 cloud
manufacturing services and 10 demanders to test the mold
processing. The maximum load number for each service is
3. On the one hand, the providers publish their services to
the simulation platform and set the requirements about the
demanders and tasks. On the other hand, the demanders set
the requirements of QoS about the manufacturing services
according to the actual conditions.

The evaluation indexes of services include the reliability
(c1), credibility (c2), technical level (c3), time (c4), and price
(c5). The providers evaluate the demanders and tasks from
three aspects: reputation (a1), technical difficulty (a2), and
payment speed (a3).

For example, four demanders simultaneously request
a service with the same function at the same time. The
attribute values of demanders andQoS requirements of cloud
manufacturing services are shown in Table 2.

In Table 2, the reputation (a1) comes from perceptive
module, which updates the data once half a month. The tech-
nical difficulty (a2) is determined according to task through
industry standards or demander’s experiences and payment
speed (a3) indicates for how many days the demanders will
be able to pay after delivery. The requirements of QoS are
described by demander when applying for services. Because
people tend to use semantics to express their needs, reliability
(c1), credibility (c2), and technical level (c3) are the evaluation
semantics at five levels. The time (c4) is the interval number
of days that express the task that needs to be completed in a
range after the submission of the task.Theprice (c5 ) is the cost
of goods reaching the buyer, whose units are Chinese Yuan.

The simulation platform finds 20 cloud manufacturing
services that meet the requirements. The perceived values
of si and cooperation intentions of providers are shown in
Table 3.

In Table 3, the perceived values of QoS for each service
come from perceptive module too; the reliability (c1) is
represented by the ratio of the number of satisfied tasks
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Table 2: The attribute values of dj and the requirements of QoS.

The attribute values of dj the requirements of QoS
uj a1 a2 a3 c1 c2 c3 c4 c5
d1 Poor Easy 25 Good Common Common [10, 14] 2.5
d2 Good Hard 15 Good Common Good [6, 10] 3.2
d3 Common Common 20 Good Good Good [8, 12] 3.0
d4 Good Very hard 10 Good Good Very Good [4, 8] 3.5

Table 3: The perceived values of si and cooperation intentions of providers.

QoS Cooperation intentions
si c1 c2 c3 c4 c5 a1 a2 a3
s1 8/11 Common Common 12 2.57 Good Common 19
s2 20/20 Very Good Good 9 2.83 Common Hard 15
s3 0/1 Poor Poor 20 2.02 Very Good Easy 28
s4 7/10 Common Good 9 2.80 Good Hard 15
s5 9/9 Very Good Common 13 2.47 Good Common 20
s6 8/8 Good Very Good 4 3.68 Good Very hard 10
s7 16/20 Common Common 15 2.29 Common Common 22
s8 18/19 Good Very Good 5 3.58 Common Very hard 11
s9 31/31 Very Good Common 16 2.25 Common Common 23
s10 28/28 Very Good Good 6 3.20 Common Hard 12
s11 30/30 Very Good Good 12 2.63 Good Hard 19
s12 1/2 Poor Good 11 2.70 Common Hard 18
s13 9/9 Very Good Common 14 2.33 Very Good Common 21
s14 15/17 Good Very Good 8 2.96 Good Very hard 14
s15 10/15 Common Very Good 6 3.31 Common Very hard 12
s16 3/5 Poor Common 17 2.11 Good Common 24
s17 2/2 Common Very Good 4 3.63 Common Very hard 10
s18 3/3 Good Poor 18 2.04 Good Easy 26
s19 20/21 Very Good Very Good 7 3.19 Good Very hard 13
s20 21/21 Good Good 12 2.61 Good Hard 19

to the number of received tasks; the technical level (c3)
is determined by the service providers according to their
processes and techniques; the time (c4) is the number of
days to complete the task after receiving the order; the price
(c5) is the cost of goods reaching the demander, which
consists of two parts: manufacturing costs and postage. The
cooperation intentions show the market positioning of the
service providers, which are submitted when the service is
published.The reputation (a1) and the technical difficulty (a2)
are represented by evaluation semantics while the payment
speed (a3) is the number of days that service providers expect
payment after the orders.

5.1. Evaluate Services Based on Extenics. In order to describe
the solving process of extension evaluation in detail, we take
the selection services as examples to analyze the evaluation
process. Firstly, we establish multidimensional matter ele-
ment of each service from the information of QoS in Table 3.
Because the bigger the benefit index is better and the smaller
the cost index is better, we can obtain classical domain of each
user from the requirements of QoS for four users in Table 2,
which are shown in Table 4.

In order to automatically make the selections of cloud
manufacturing services matching, the evaluation phrases
are quantified by cloud models firstly. The optimal value
is determined according to whether the index is benefit
attribute or cost attribute excluding c4. Because the delivery
time (c4) involves the transport, occupation of inventory, and
other factors, the middle of the delivery time is optimal.
Then, using formula (9) the satisfaction degree of dj to the
kth index 𝜇𝑗𝑘(𝑥𝑘) is calculated. The preferences of demanders
for each attribute of services are different, but in order to
facilitate the analysis, the weight vectors of dj to si are
given as {0.2, 0.2, 0.2, 0.1, 0.3}. According to formula (17), the
calculation results of comprehensive correlative degree are
shown in Table 5.

In order to analyze the advantages of extension evaluation
in services evaluation, a comparative analysis is conducted
with TOPSIS evaluation method [26], variable precision
rough set method [25], and intuitionistic fuzzy evaluation
method [27]. The results of other three methods are shown
in Table 6.

The sorted results of the four methods are shown in
Table 7.
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Table 4: The classical domain of dj’s requirements for services.

The demanders d1 d2 d3 d4

The classical domain

[[[[[[[[[[
[

𝑆𝑑1 𝑐1 ⟨𝐺, 𝑉𝐺⟩
𝑐2 ⟨𝐶,𝑉𝐺⟩
𝑐3 ⟨𝐶,𝑉𝐺⟩
𝑐4 ⟨10, 14⟩
𝑐5 ⟨2.02, 2.5⟩

]]]]]]]]]]
]

[[[[[[[[[[
[

𝑆𝑑2 𝑐1 ⟨𝐺,𝑉𝐺⟩
𝑐2 ⟨𝐶, 𝑉𝐺⟩
𝑐3 ⟨𝐺,𝑉𝐺⟩
𝑐4 ⟨6, 10⟩
𝑐5 ⟨2.02, 3.2⟩

]]]]]]]]]]
]

[[[[[[[[[[
[

𝑆𝑑3 𝑐1 ⟨𝐺, 𝑉𝐺⟩
𝑐2 ⟨𝐺, 𝑉𝐺⟩
𝑐3 ⟨𝐺, 𝑉𝐺⟩
𝑐4 ⟨8, 12⟩
𝑐5 ⟨2.02, 3.0⟩

]]]]]]]]]]
]

[[[[[[[[[[
[

𝑆𝑑4 𝑐1 ⟨𝐺,𝑉𝐺⟩
𝑐2 ⟨𝐺,𝑉𝐺⟩
𝑐3 ⟨𝑉𝐺, 𝑉𝐺⟩
𝑐4 ⟨4, 8⟩
𝑐5 ⟨2.02, 3.5⟩

]]]]]]]]]]
]

Table 5: The calculation results of comprehensive correlative degree.

dj \ si s1 s2 s3 s4 s5 s6 s7 s8 s9 s10
d1 -0.0038 0.3768 -0.1505 -0.0541 0.4430 0.1184 0.1434 0.1104 0.5214 0.2577
d2 0.0631 0.5175 -0.1829 0.0906 0.4999 0.1697 0.1585 0.2078 0.5277 0.4000
d3 -0.0025 0.4760 -0.2160 -0.0047 0.4926 0.0650 0.1008 0.0772 0.5253 0.2850
d4 -0.0158 0.4285 -0.2418 -0.0552 0.4728 0.2200 0.0699 0.2997 0.4937 0.4188
dj \ si s11 s12 s13 s14 s15 s16 s17 s18 s19 s20
d1 0.4751 -0.1404 0.5020 0.2446 0.2859 0.0537 0.0535 0.4189 0.3591 0.3570
d2 0.5243 -0.0612 0.5259 0.4893 0.1011 0.0161 0.1183 0.3831 0.5887 0.4057
d3 0.5110 -0.0943 0.5235 0.3149 -0.0555 -0.0155 0.0285 0.3108 0.4699 0.3170
d4 0.4520 -0.1677 0.4931 0.4109 0.1888 -0.0576 0.2147 0.2801 0.6482 0.2560

Table 6: The calculation results of other three methods.

Evaluation method s1 s2 s3 s4 s5 s6 s7 s8 s9 s10
TOPSIS method 0.4158 0.6439 0.2500 0.4798 0.5627 0.6998 0.4114 0.7001 0.5447 0.6756
Variable precision rough set method 0.3807 0.5927 0.0513 0.4575 0.4678 0.6258 0.3385 0.6401 0.4224 0.6236
Intuitionistic fuzzy method 0.4228 0.5511 0.3397 0.4623 0.4996 0.6154 0.4137 0.6037 0.4886 0.5764
Evaluation method s11 s12 s13 s14 s15 s16 s17 s18 s19 s20
TOPSIS method 0.6279 0.3943 0.5476 0.6464 0.5989 0.3348 0.6485 0.4429 0.7379 0.5643
Variable precision rough set method 0.5698 0.3471 0.4368 0.6057 0.5327 0.2199 0.5472 0.2690 0.6957 0.5208
Intuitionistic fuzzy method 0.5419 0.4217 0.4896 0.5477 0.5214 0.3655 0.5804 0.4346 0.5977 0.5160

As shown in Table 7, the sorting results of other three
methods are basically the same, but there are four different
results for four demanders in proposed method. Specific
analysis is as follows.

Firstly, the TOPSIS method [26] takes the optimal and
inferior ideal values as reference points. After the reference
points are selected, there is only one sorted result for
the fixed services. But the extension evaluation create a
classical domain matter-element for each user according to
the requirements and choose the optimal value (x0) from
the actual situation; each user has a sorting result. The d1
and d3, whose tasks are easy and the payment speeds are
slow, want to select middle or upper level services, so the
middle or upper level services in other sorted sequences
are better services for them, while the d2 and d4 want
better services, whose requirements of tasks and their QoS
are high. Hence, there are slight differences between these
four queues. The classical domain matter-elements and the
optimal values (x0) dynamically reflect the details of each
demander’s preference at the indexes. Generally, in the
market environment the best service is not necessarily the

right service, while the extension method only recommends
the right services.

Secondly, in the variable precision rough set method [25],
the weights in the services selections are derived from the
historical data, and the similarities between the comprehen-
sive evaluation of actual QoS and ideal selection are sorted.
Its results are relatively objective. Because of the fixed weight
and records of bi-level planning selection in this experiment,
after analyzing the 700-1000 records, the weights calculated
by the rough set start to approximate the given weights. The
similarity formula (1 − √∑(𝑞max

𝑗 × 𝑡𝑗 − 𝑄𝑖𝑗 × 𝑤𝑗)2) [25] is to
“1 − √∑[𝑤𝑗(𝑞max

𝑗 − 𝑄𝑖𝑗)]2” which has the same information
with the positive ideal distance of the TOPSIS method. The
weights in this method are determined by the experience of
all demanders, which ignores demanders’ preferences, and
only apply to those who have no experience at the beginning.

Finally, compared with intuitionistic fuzzy methods [27],
in intuitionistic fuzzy operations, the calculation will increase
sharply with the increase of evaluation index, which is not
suitable with the calculation for the big data. The proposed
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Table 7: The sorted results of four methods.

Evaluation method The sorted results
TOPSIS method s19 > s8 > s6 > s10 > s17 > s14 > s2 > s11 > s15 > s20 > s5 > s13 > s9 > s4 > s18 > s1 > s7 > s12 > s16 > s3
Variable precision rough set method s19 > s8 > s6 > s10 > s14 > s2 > s11 > s17 > s15 > s20 > s5 > s4 > s13 > s9 > s1 > s12 > s7 > s18 > s16 > s3
Intuitionistic fuzzy method s6 > s8 > s19 > s17 > s10 > s2 > s14 > s11 > s15 > s20 > s5 > s13 > s9 > s4 > s18 > s1 > s12 > s7 > s16 > s3

Extension evaluation

𝑑1 s9 > s13 > s11 > s5 > s18 > s2 > s19 > s20 > s15 > s10 > s14 > s7 > s6 > s8 > s16 > s17 > s1 > s4 > s12 > s3𝑑2 s19 > s9 > s13 > s11 > s2 > s5 > s14 > s20 > s10 > s18 > s8 > s6 > s7 > s17 > s15 > s4 > s1 > s16 > s12 > s3𝑑3 s9 > s13 > s11 > s5 > s2 > s19 > s20 > s14 > s18 > s10 > s7 > s8 > s6 > s17 > s1 > s4 > s16 > s15 > s12 > s3𝑑4 s19 > s9 > s13 > s5 > s11 > s2 > s10 > s14 > s8 > s18 > s20 > s6 > s17 > s15 > s7 > s1 > s4 > s16 > s12 > s3

algorithm in this paper has a good theoretical basis, a small
amount of calculation, and flexible parameter setting and
can be adapted to different environments. In addition, it can
reflect the satisfaction in the details of the property, which
is a good way to evaluate the QoS of cloud manufacturing
services.

5.2. �e Analyses of Bi-Level Programming on Selection.
Because the locations of each service in other three sorted
queues are very similar from Table 7 and the attributes
of selected services by other three methods are not obvi-
ously different, the one-way selection algorithm of variable
precision rough set method is selected to compare with
the proposed bi-level programming model. The experiment
designs that four concurrent demanders continuously choose
services 10 times and the full load task (𝜃𝑖) of each manu-
facturing service is 3. The benefits of service providers are
as important as demander’s in this experiment, w1=w2=0.5.
Then, the single-objective programming model is established
from formula (27) to formula (32). Solving the proposed
model, the optimal results for both sides are output.

In order to analyze the impacts of one-way choice and
two-way choice on the interests of service providers, we
compare the market positioning of service providers with
the actual situation of demanders and tasks requirements
according to the orders in which the demanders use the
services. Figures 4, 5, and 6 show the results form technical
difficulty (a2), reputation(a1), and payment speed(a3).

Figure 4 shows the level differences of semantic evalua-
tion for technical ability between actual situation of service
providers and task demands in both cases. Because at each
selection the best service is always recommended to the
demander in the traditional one-way selection, services are
allocated to d1, d2, d3, and d4 according to the order of
application. At the beginning, d1 and d3 whose tasks are
easy are allocated excellent manufacturing capacities which
inevitably lead to waste of manufacturing capacities. When
the demands are tight later on, the weak technical services
are recommended to high-demand d2 and d4 which make
the QoS unwarranted. As shown in Figure 4(a) the curves
of d1 and d3 go from negative number to close to 0 while
the difference of d2 and d4 goes from basic consistent to
increasing difference. Because the proposed model recom-
mends services according to demanders’ requirements by
two-way selection and the index of technical ability is a hard
constraint, the suitable technical abilities are recommended
for the right demanders. The curves shown in Figure 4(b)

are mild which means the gaps of technical ability between
expectation and reality are not large.

The level differences of semantic evaluation for repu-
tation between cooperation intention of service providers
and actual situation of demanders are shown in Figure 5.
In the real market, service providers with high technical
capability and good service quality often want to provide
services for the demanders with good reputation, timely
payment, and technical difficulty. But in the traditional
one-way service selection process, the interests of service
providers are ignored. As a result, the services are allocated
to the demanders whose reputations are uneven, and the
level gaps of reputation are large between the reputation
requirement of service providers and actual situation of
demanders in Figure 5(a). As shown in Figure 5(b), there
are slightly larger gaps of reputation between d1 with poor
reputation and reputation requirement of selected services,
which are also in the acceptable ranges.

From Figure 6 we can see that the differences of days
for payment speed between cooperation intention of service
providers and actual situation of demanders are big in
Figure 6(a) while they are small in Figure 6(b). The payment
period is usually related to the manufacturing duration. In
the traditional one-way selection, the high quality services,
selected at beginning, quickly complete those tasks while the
demanders are slow to pay which have resulted in a serious
lag in the payment period. As shown in Figure 6(a), only the
payment period of d4, whose requirements of QoS are high,
meets the requirements at the beginning. With the increase of
the tasks the QoS of selected services are getting worse. The
payment periods of d1, d2, and d3 with poor requirements for
QoS begin to meet the requirements of payment period, but
the d4’s payment periods are in advance. Figure 6(b) shows
that the providers of selected services are basically satisfied
with the actual payment periods of the demanders.

In fact, the selection process of the cloud manufacturing
service is a consultation process of manufacturing outsourc-
ing. Service providers have their ownmarket positioning and
hope to provide services for a group of demanders according
to strength and market demand, while the demanders select
different services according to the actual manufacturing
task. In a realistic market environment the best one is not
necessarily the right one. In the selection process of cloud
manufacturing services, it is necessary to ensure the interests
of both the providers and the demanders for the harmonious
and healthy development of cloud manufacturing industry.
The proposed model does that well.
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Figure 4: The gaps of technical abilities.
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Figure 5: The gaps of reputations.

6. Conclusion

To better serve both sides of the supply and demand in
the cloud manufacturing service platform, we propose a bi-
level programming model of cloud manufacturing services
to select services for users based on extension theory. The
proposed model employs the cloud model to realize the
uncertainty transformation from qualitative concepts of lan-
guage description to quantitative numbers and extension
method to assess both sides of the supply and demand,
which is solved by linear programming. Compared with
traditional recommended methods, our method takes full
account of the interests of service providers which have
long been neglected. Moreover, the cloud model can reflect

the uncertainty of the concept in natural language and the
linkage between randomness and fuzziness and the extension
evaluation reflect the satisfaction in the details of the property
with simplified calculation. Experimental results show that
the proposed model is a better solution for the selection of
cloud manufacturing services and more suitable with the
actual transaction situation.

The next step is to focus on the two-way selection and
matching of composite services in cloud manufacturing.

Data Availability

The data used to support the findings of this study are
included within the article.
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