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Abstract

:

In crane safety assessment, both quantitative and qualitative indicators are inevitably influenced by the subjective influence of the evaluator, which is unfavorable to the objective requirements of safety assessment. In response to these problems, this study proposes a crane safety assessment method based on the cloud model and the improved combination weighting method of game theory (ICWGT). This evaluation method constructs a multi-level assessment index system for crane safety status by selecting suitable indicators in layers and groups, according to the crane safety assessment rules, and gives a method for constructing the cloud model of the commentary set, the selection and derivation of the membership function, and the determination of the fuzzy relationship matrix. When performing fuzzy synthetic calculations based on the cloud model, the synthetic operator enhances the effect of expectation on entropy and makes the cloud image significantly deformed; this method uses a fine-tuned synthetic operator to improve the algorithm. Compared with the traditional crane fuzzy synthesis assessment method, this method combines the cloud model and ICWGT to achieve finding a balance between expert experience and sample data information, calculating the combined optimization weights of each index and component layer by layer. In order to verify the effectiveness of the method, we take the metal structure system of the shipyard portal crane as an example to explore the applicability of the method in crane safety assessment. The results show that the assessment method can accurately reflect the safety level of the crane and can provide reference material for crane safety assessment.
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1. Introduction


As an important piece of loading and unloading equipment in the port, the safety of cranes and their operation is a key concern. Inevitably, there are some port cranes where the safety performance cannot meet the standards in terminals around the world, which is the main reason for the frequent occurrence of safety violations and accidents. The current focus of crane safety management research is to study more advanced crane safety assessment methods so that the crane safety assessment results obtained are intuitive and accurate.



At present, the research direction of the crane safety assessment methods is mainly focused on three perspectives: the probabilistic approach, fuzzy mathematics, and machine learning, which include human factors, crane structure, the working environment, etc. Shepherd et al. [1] used statistical theory to analyze and summarize a large number of crane accident fatality reports provided by the U.S. Occupational Safety and Health Administration (OSHA), to establish a crane focus checklist. Aneziris et al. [2] quantified the occupational risks and accident triggers in the event of a crane accident, aggregated the risk factors that cause accidents, and integrated them into a logical system to guide their fieldwork. Tam et al. [3] analyzed the typical accident cases involving tower cranes and concluded that the main cause of accidents was found to be human factors. Shapira, A. et al. [4] analyzed the safety accidents caused by the operation of tower cranes on construction sites and proposed a model that can calculate the overall safety level index, in order to be able to truly reflect the impact it brings. Furthermore, Shin Jae I [5] found that the main factors of accidents in tower cranes during installation and dismantling are site safety management and the workers’ cooperation and familiarity. Sunaryo et al. [6] used risk identification and risk assessment (HIRA) to determine the root causes of potential accidents in container terminals, then used fault tree analysis (FTA) to determine the factors with the highest risk level. Han S. et al. [7] designed a comprehensive decision support model to perform a simulation evaluation, based on the impact of the project’s equipment, cost, and environmental aspects on known crane operations and presented two suggested approaches. Zhou W. et al. [8] studied the safety problem of tower cranes from the perspective of the social technology system, determined the influencing factors of tower crane safety by combining qualitative and quantitative methods, established a general safety model of tower crane qualitatively by using AcciMap technology and quantitatively analyzed the safety system. Ancione, G. et al. [9] designed a risk index evaluation system to evaluate the dynamic risks of crane operation in the oil and gas industry so that the coefficient could reflect the effects of safety equipment. Sadeghi, S. et al. [10] compared the risk factors studied in the literature with those that have received less or no attention and identified eight neglected areas in the crane safety body of knowledge that are critical to the safe management of cranes.



The safety assessment of cranes shares some similarities with the safety assessment of offshore wind turbines. Chen, W. et al. [11] demonstrated that wind loads can have an impact on the safety assessment of tower cranes by calculating their effect, and Lin Pan et. al. conducted work researching the variable pitch control strategy of a direct-driven offshore wind turbine using a KELM windspeed soft sensor, variable pitch control on direct-driven PMSG for an offshore wind turbine using a Repetitive-TS fuzzy PID control, and wind energy conversion systems analysis of PMSG on offshore wind turbines using improved SMC and the Extended State Observer, etc. [12,13,14,15,16].



For more manufacturing and control technology aspects of crane safety, perhaps we should refer to the innovative ideas in these studies [17,18,19,20,21]. In their paper, X. Xiao et al. introduced an automated method that allowed reorienting the parts during their building, using a five-axis machine. The reorientations still allowed the part to be built using traditional planar deposition but without the use of supports. These research works have had some beneficial effects on the crane safety assessment process.



In the crane safety assessment research, assessment methods based on machine learning have a high demand for standard database samples. Limited by the differences in the relevant safety standards of each country, scholars have difficulty in obtaining a large volume of valid crane safety accident data to accurately calculate the relevant risk probability. The relevant research methods encounter harsh conditions in practical applications. Therefore, the research on crane safety assessment methods is mostly based on fuzzy mathematical theory. Related methods are the traditional empirical method, based on probability [22,23,24,25], and the fuzzy synthesis assessment method, based on fuzzy mathematics [26,27,28]. These assessment methods offer expert experience for the theoretical basis in terms of the weight assignment, which better deals with the fuzzy problem existing in the process of crane safety level classification and determination. However, in the process of quantification, the evaluation level interval value is given a large subjective factor, which will lead to the decision result not being enough to fully express the current safety status of the crane.



Thus, considering the fuzziness and randomness of the crane safety assessment index, this study uses the cloud model [29] to realize the quantitative simulation of uncertainty problems to improve the crane safety assessment method. This method improves the crane safety assessment system based on the cloud model and the ICWGT [30,31,32]. Firstly, the assessment cloud model is established according to the crane safety level assessment standard. Secondly, the membership cloud model matrix of the system index is calculated using the assessment value of the sample index, while the combination optimization weight coefficient matrix of the system index is calculated using the improved ICWGT, based on the cloud model. Then, the improved fuzzy synthesis algorithm is used to synthesize the membership cloud relationship matrix and the combination optimization weight coefficient matrix, to obtain the characteristic parameters corresponding to the cloud model of the assessment results. Finally, the forward cloud generator is used to generate the cloud image of the assessment result cloud model and the commentary set cloud model, then the cloud drops in the image are analyzed to judge the safety assessment result of the crane and verify the feasibility of the method.




2. Methodology


2.1. The Crane Safety Assessment System, Based on the Cloud Model and ICWGT


The crane safety assessment process, based on the cloud model and ICWGT (as shown in Figure 1), mainly includes the establishment of the commentary set cloud model, the determination of the fuzzy relationship matrix, and the determination of the combined optimization weight cloud. The calculation of the comprehensive assessment results is conducted using the fuzzy synthesis algorithm and the assessment results are compared with the commentary set cloud model.



2.1.1. Fuzzy Integrated Assessment Method, Based on the Cloud Model


Cloud model theory can address the problem of a combination of qualitative concepts and quantitative values; its fuzziness and randomness are characterized by three numerical features: expectation (  E x  ), entropy (  E n  ) and super entropy (  H e  ).



The fuzzy comprehensive assessment algorithm, based on the cloud model, uses the cloud model theory to improve the membership function and uses the membership cloud model of the index to calculate the weight matrix and the comprehensive assessment matrix. The data are collected in the form of an expert scoring system and the weight coefficient is obtained by statistics. The reverse cloud generator is used to obtain the characteristic parameters    (  E x , E n , H e  )    of the cloud model. The membership cloud relationship matrix and combinatorial optimization weight coefficient matrix of the system index can be expressed as:


  R =    (   r 1  ,  r 2  , ⋯ ,  r n   )   T  =  [      E  x 1      E  n 1      H  e 1        E  x 2      E  n 2      H  e 2       ⋮   ⋮   ⋮      E  x n      E  n n      H  e n       ]   



(1)






  W =  (   ω 1  ,  ω 2  , ⋯ ,  ω n   )  =    [      E  x  ω 1       E  n  ω 1       H  e  ω 1         E  x  ω 2       E  n  ω 2       H  e  ω 2        ⋮   ⋮   ⋮      E  x  ω n       E  n  ω n       H  e  ω n        ]   T   



(2)






  V = R • W =  [      E  x 1      E  n 1      H  e 1        E  x 2      E  n 2      H  e 2       ⋮   ⋮   ⋮      E  x n      E  n n      H  e n       ]  •      [      E  x  ω 1       E  n  ω 1       H  e  ω 1         E  x  ω 2       E  n  ω 2       H  e  ω 2        ⋮   ⋮   ⋮      E  x  ω n       E  n  ω n       H  e  ω n        ]   T  =  (  E x , E n , H e  )   



(3)








2.1.2. Commentary Set Cloud Model


The crane commentary set is established according to the crane safety level assessment standard. It describes the risk classification level of the object to be evaluated in the qualitative concept, defines the scope of each assessment level in the quantitative domain, and forms the commentary set cloud model to make the boundary of the assessment safety level fuzzy. The schematic cloud image of the commentary set cloud model determination process is shown in Figure 2.



The centroid of the normal cloud model is located at the center of the cloud and its abscissa is the value of the expected   E x  , while the ordinate is    2  / 4  . When the cloud image is divided into cloud models by a straight line   y =  2  / 4  , the number of the cloud drops above this line is high and the density is high, while below the line, the cloud drops are sparse. According to the characteristics of cloud droplet distribution in the cloud model and the position of the centroid, it is necessary to quantitatively represent the intermediate level variables constrained to    [   C  min   ,  C  max    ]    in the assessment criteria, when establishing the commentary set cloud model. The cloud model digital feature calculation method can be expressed as:


  E x =   C min + C max  2   



(4)






     2   4  =  e  −     ( C min − E x )  2    2   ( E n )  2      → E n =   E x − C min     ln 8      



(5)






  H e = k  



(6)




where  k  is an empirical value that is adjusted according to the ambiguity of the comment standard.




2.1.3. Determination of the Fuzzy Relationship Matrix


This fuzzy assessment method uses the membership degree to express the uncertainty of the indicator sample values attributed to different criteria levels. However, the determination of the membership function transforms the uncertainty in the evaluation process into exact values, which conflicts with the randomness and dispersion that exists in the crane safety evaluation process. This evaluation method uses the membership cloud model to represent the uncertainty of the current status of indicators attributed to different criteria levels, which can avoid translating the membership into specific values. This can ensure that the uncertainty of the sample indicators is maintained in the derivation process and that the evaluation results accurately represent the current safety status of the crane.



It is known from the fuzzy theory that the expectation curve of the membership cloud model is the membership curve of its characteristics. When the assigned value    x i    of indicator  i  is known, the numerical characteristic calculation process, based on the corresponding membership cloud model, can be expressed as:


  E  x i  =  x i     



(7)






  E  n i  =  {     0    ,  x i  ∈  [  0 ,    a  i 1   +  b  i 1    2   ]           x i  −    a  i 1   +  b  i 1    2   3      ,  x i  ∈  (     a  i 1   +  b  i 1    2  ,  b  i 1    ]          min  (   x i  −    a  i j − 1   +  b  i j − 1    2  ,    a  i j + 1   +  b  i j + 1    2  −  x i   )   3      ,  x i  ∈  (   a  i j   ,  b  i j    ]  &   j = 2 , 3 , 4            a  i 5   +  b  i 5    2  −  x i   3      ,  x i  ∈  (   b  i 4   ,    a  i 5   +  b  i 5    2   ]       0    ,  x i  ∈  [     a  i 5   +  b  i 5    2  , 1  ]           



(8)






  H  e i  = k    



(9)




where  k  is an empirical value, which is adjusted according to the ambiguity of the comment standard.





2.2. Determination of Optimization Weights for the Crane Assessment System


2.2.1. Determination of Subjective Weight Cloud


Different from the traditional analytic hierarchy process in which experts use the Satty scale to express the relative importance of the two indicators, this evaluation method uses the analytic hierarchy process, based on the cloud model, to determine the subjective weight cloud. An improved cloud model scale method is constructed. The corresponding scale table, based on the improved cloud model, is shown in Table 1, and the cloud model image is shown in Figure 3.



The square root method is used to calculate the subjective weight cloud and the subjective weight cloud of  i  is noted as    W i S  ( E  x i S  , E  n i S  , H  e i S  )  ; its numerical feature calculation formulas can be expressed as:


  E  x i S  =   E  x i     ∑  E  x i      =      (    ∏  j = 1  n   E  x  i j      )     1 n        ∑  i = 1  n      (    ∏  j = 1  n   E  x  i j      )     1 n           



(10)






  E  n i S  =   E  n i     ∑  E  n i      =      (    ∏  j = 1  n   E  x  i j       ∑  j = 1  n      (    E  n  i j     E  x  i j      )   2         )     1 n        ∑  i = 1  n      (    ∏  j = 1  n   E  x  i j       ∑  j = 1  n      (    E  n  i j     E  x  i j      )   2         )     1 n           



(11)






  H  e i S  =   H  e i     ∑  H  e i      =      (    ∏  j = 1  n   E  x  i j       ∑  j = 1  n      (    H  e  i j     E  x  i j      )   2         )     1 n        ∑  i = 1  n      (    ∏  j = 1  n   E  x  i j       ∑  j = 1  n      (    H  e  i j     E  x  i j      )   2         )     1 n        .  



(12)








2.2.2. Determination of the Objective Weight Cloud


Using the entropy weight method based on the cloud model improvement to determine the objective weight cloud, according to the cloud model theory, the objective weight cloud of indicator  i  is    W i O  ( E  x i O  , E  n i O  , H  e i O  )  , and its numerical feature calculation formulas can be expressed as:


  E  x i O  =   1 − E  n i      ∑  i = 1  n    (  1 − E  n i   )         



(13)






  E  n i O  =  1 n     



(14)






  H  e i O  = k    



(15)




where   k = 0.01   is taken to indicate a low dispersion of the objective weights.




2.2.3. Determination of the Weight Cloud for ICWGT-Based Portfolio Optimization


Using ICWGT to optimize the weights obtained by different assignment methods, we assume that the weight vectors obtained using  L  methods are   W  ( l )  =  (   ω  l 1   ,  ω  l 2   , ⋯ ,  ω  l n    )   ,   l = 1 , 2 , ⋯ , L  . Any linear combination of  L  weight vectors can be expressed as:


  W =   ∑  l = 1  L    a l  W   ( l )  T     



(16)




where    a l    is a linear combination coefficient, while    a l  > 0  ,  W  represents all possible weight vectors.



The game theory is used to optimize the  L  linear combination    a l    in the above formula, to minimize the deviation between the combination weight vector    W g    and all possible weight vectors   W ( l )  ; the resulting allocation coefficients    a l    are normalized to obtain     a l  *   . The solution    a l    of the combination coefficient can be expressed as:


   a l  =     ∑  g = 1  L    W g  W   ( l )  T          ∑  l = 1  L      (    ∑  g = 1  L    W g  W   ( l )  T     )   2           



(17)






    a l  *  =    a l      ∑  l = 1  L    a l       



(18)







The cloud model theory is introduced to replace the traditional subjective and objective weights, with the expected values of the subjective and objective weight clouds; the distribution coefficients    α 1    and    α 2    of the weight clouds are obtained through the calculation of Formulas (17) and (18) to minimize the deviation of the obtained optimized weights. Therefore, the objective weight cloud    W i I  ( E  x i I  , E  n i I  , H  e i I  )   of indicator  i  can be expressed as:


  E  x i I  =  α 1  ⋅ E  x i S  +  α 2  ⋅ E  x i O     



(19)






  E  n i I  =      (   α 1  ⋅ E  n i S   )   2  +    (   α 2  ⋅ E  n i O   )   2       



(20)






  H  e i I  =      (   α 1  ⋅ H  e i S   )   2  +    (   α 2  ⋅ H  e i O   )   2    .  



(21)









2.3. Improved Fuzzy Synthesis Algorithm


Many studies on reliability evaluation using the cloud model use multiplicative operators for fuzzy synthetic calculations to obtain the evaluation results. However, this expands the influence of the expectation of indicators affiliated with the cloud model on entropy and super entropy. This causes large deviations in the computational results and a significant distortion of the cloud images with respect to the indicator membership cloud model and the commentary set cloud model. Thus, the algorithm is improved using a fine-tuned synthetic operator to reduce the influence of the expectation on the results.



If we suppose that the assessment unit has  n  assessment indicators, the indicator set is   X =  (   x 1  ,  x 2  , ⋯ ,  x n   )   , the weight is   W =  (   ω 1  ,  ω 2  , ⋯ ,  ω n   )   ; each indicator    x i   (  i = 1 , 2 , ⋯ , n  )    generates the corresponding security cloud    S i   (   E   x i    ,  E   n i    ,  H   e i     )   , whose matrix is denoted as   S =    [   S 1     S 2    ⋯    S n   ]   T   . The weight of the indicator generates the corresponding weight cloud    W i   (   E   x   ω i      ,  E   n   ω i      ,  H   e   ω i       )   , whose matrix is   W =    [   W 1     W 2    ⋯    W n   ]   T   . The fine-tuning synthesis operator is calculated as follows:


    C = W × S     =  [       E   x   ω 1       E   x 1    +  E   x   ω 2       E   x 2    + ⋯ +  E   x   ω n       E   x n           E   x   ω 1         E   n   ω 1   2    +  E   n 1 2      +  E   x   ω 2         E   n   ω 2   2    +  E   n 2 2      + ⋯ +  E   x   ω n         E   n   ω n   2    +  E   n n 2             E   x   ω 1         H   e   ω 1   2    +  H   e 1 2      +  E   x   ω 2         H   e   ω 2   2    +  H   e 2 2      + ⋯ +  E   x   ω n         H   e   ω n   2    +  H   e n 2           ]      =  (  E x , E n , H e  )     



(22)







This evaluation method uses a fine-tuned synthesis operator to improve the fuzzy synthesis algorithm so as to calculate the crane safety level fuzzy comprehensive assessment results; the assessment results can be expressed as:


  E x =   ∑  i = 1  n   E  x i I  ⋅ E  x i       



(23)






  E n =   ∑  i = 1  n   E  x i I  ⋅      (  E  n i I   )   2  +    (  E  n i   )   2         



(24)






  H e =   ∑  i = 1  n   E  x i I  ⋅      (  H  e i I   )   2  +    (  H  e i   )   2      .  



(25)









3. Results


In this study, the data from the metal structure safety assessment of the shipyard portal crane in paper [32] are used for case analysis to verify the effectiveness of the fuzzy comprehensive assessment method of crane safety levels, based on the cloud model and ICWGT. The assessment index system of the metal structure system of the shipyard portal crane is shown in Figure 4. The test data and assessment values of the structural sample indexes are shown in Table 2. The safety assessment level classification standard adopts a five-level assessment standard. The structural safety assessment level is shown in Table 3 and the safety assessment level classification standard is shown in Table 4. MATLAB will be used to implement the computational processing of the data and the construction of the cloud model, while Origin will be used to present the data results in the form of cloud images.



3.1. Fuzzy Integrated Assessment


3.1.1. Determination of the Membership Cloud Model Matrix


Referring to the test data and assessment value of the sample indexes of the metal structure of the shipyard portal crane, the assessment value of the sample indexes of each subsystem is substituted into Formulas (7) and (8) to determine the expectation   E x   and entropy   E n   of the indexes of each subsystem belonging to the cloud model. According to the characteristics that the indexes of the system are quantitative indexes, the value of the super entropy   H e   is positioned at 0.01, so as to determine the indexes of each subsystem belonging to the cloud model matrix. The membership cloud model matrix of the complete system is obtained by synthesizing the cloud model of the assessment results of each subsystem. The membership cloud model matrix of each subsystem and the complete system obtained by calculation are shown in Table 5.




3.1.2. Determination of the Weight Cloud for the ICWGT-Based Portfolio Optimization


	(1)

	
Determination of the subjective and objective weight cloud model matrix







The subjective weight cloud model of each subsystem and the metal structure of the complete machine is determined by the improved analytic hierarchy process, based on the cloud model. This evaluation method refers to the subjective weight of the assessment index of the portal crane structure of the shipyard in reference and uses Formulas (10)–(12) to calculate this.



The objective weight cloud model of each subsystem and the metal structure of the complete machine is determined by the improved entropy weight method, based on the cloud model. In this study, the objective weight is determined by the information entropy–unascertained measure theory and is calculated by Formulas (13)–(15).



The subjective and objective weight cloud model matrix of each subsystem and the complete system obtained by calculation are shown in Table 6.



	(2)

	
Determination of the weight cloud model matrix for combinatorial optimization







The weight cloud model matrix of crane metal structure combination optimization is determined by an improved game theory combination weighting method based on the cloud model. Firstly, the distribution coefficients of the combined optimization weight cloud are determined by the expected values of the subjective weight cloud and the objective weight cloud. The expected values of the subjective and objective weight cloud are brought into Formulas (17) and (18) to calculate the distribution coefficients    a s    and    a o    of the combined optimization weight cloud. The obtained distribution coefficients are substituted into Formulas (19)–(21), to determine the combined optimization weight cloud model matrix of the metal structure of each subsystem and the complete machine system.



The combination optimization weight cloud model matrix of each subsystem and the complete system obtained by calculation are shown in Table 7.




3.1.3. Determination of the Assessment Results


The membership cloud relationship matrix of each subsystem, the complete machine system, and the combination optimization weight cloud model matrix are combined by the fuzzy synthesis algorithm improved by the fine-tuning synthesis operator. The membership cloud relationship matrix and the combination optimization weight cloud are substituted into Formulas (23)–(25) to determine the cloud model of the assessment results of each subsystem and the complete machine system. The cloud image of the assessment results is obtained using the positive cloud generator. The cloud model of the assessment results of each subsystem and the complete system obtained by calculation are shown in Table 8, and the cloud image of the assessment results is shown in Figure 5.






4. Discussion and Conclusions


4.1. Discussion


According to the cloud model and cloud images of crane fuzzy comprehensive assessment results, based on the cloud model and ICWGT, the expected value of the cloud model of the known boom system assessment results is   E x = 0.814  , which is the center value of the results. The safety assessment level of each subsystem is consistent with that of the whole machine. Therefore, according to Table 4, the expected value of the boom system is (0.75, 0.85), and the corresponding assessment level is II. By analyzing the cloud morphology thickness and cloud droplet dispersion in Figure 5a, it can be seen that cloud droplets are mostly concentrated in the level V2 region, and a small number of cloud droplets are distributed in the level V1 region. Therefore, it is concluded that the safety level of the boom system is II. This assessment result indicates that the metal structure of the boom system is in good condition. Using the same judging method, it can be established that the safety level of the herringbone frame system is II, the safety level of the portal frame system is II, the safety level of the turntable column system is II, and the safety level of other structures is I.



For the whole system, the index assignment is the assessment result cloud model of each subsystem, so the fuzzy relationship matrix of the complete machine system    R P    is obtained according to the calculation results of each subsystem in Table 8. Then, the expected value of the complete machine system assessment results is calculated to be   E x = 0.805  . According to Table 4, the expected value of the complete machine system is (0.75, 0.85), and the corresponding assessment level is II. By analyzing the cloud morphology in Figure 5f, it can be concluded that the metal structure safety level of the crane is II, which means that the shipyard portal crane is in good condition and it is recommended to strengthen maintenance.



The assessment results are compared with those obtained by the fuzzy analytic hierarchy process (FAHP), the method approximating the ideal solution ordering, and ICWGT combined with gray correlation analysis. The comparison of the results is shown in Table 9.



As shown in Table 9, the FAHP used in the literature [21] is to judge the safety level of the crane using the calculated level characteristic values, and the final assessment results of the crane depend on the range in which the level characteristic values are located. Approximating the ideal solution ordering method used in the literature [23] judges the safety level of the crane based on the ranking of the combined prospect values. The ICWGT, combined with the gray correlation analysis method, used in the literature [26] gives the results of the crane safety assessment by a more accurate description of the stage change trend of the crane’s safety condition, based on the calculated results. However, these three methods evaluate the sample values only through theoretical calculations to obtain the assessment results and have the problem of not being able to accurately describe the safety condition of the crane. In the crane fuzzy integrated assessment model, based on the cloud model and ICWGT, the assessment results of the overall safety and subsystems of the shipyard portal crane will be reflected by the cloud model. Its digital characteristics,    (  E x , E n , H e  )   , reflect the central value, fuzziness, and randomness. The final assessment results of this method can be displayed in the form of cloud images, which are more intuitive and accurate.



The assessment results obtained by this method are basically consistent with those obtained by the other three methods, which proves that the method is accurate. Compared with those, this method can achieve multi-level and quantitative modeling and analysis of the crane state. Adding the cloud model theory to the crane safety assessment can give a more reasonable combination optimization weight cloud. The fuzzy synthesis algorithm is improved by fine-tuning the synthesis operator to make the assessment result more reasonable and judge the safety level of the crane more accurately. The assessment results obtained by this method can be shown by its cloud model and cloud images, which have three digital characteristics of expectation, entropy, and hyper-entropy. The cloud images of the assessment results obtained by the forward cloud generator can intuitively reflect the center value of the assessment results and their randomness and fuzziness. This study can provide a more comprehensive theory for the safety assessment of cranes, which can help in further use and maintenance.




4.2. Conclusions


	(1)

	
The cloud model theory can convert the qualitative concept of safety levels into a quantitative representation with mathematics. The randomness and fuzziness of the crane safety assessment indexes are handled by this theory. Based on the cloud model to improve the fuzzy comprehensive assessment method, the numerical characteristics of the cloud model are used to represent the fuzzy relationship matrix, the weight coefficient matrix, and the final assessment results. Then, the cloud map is generated by a forward cloud generator to make the presentation of assessment results more intuitive.




	(2)

	
In this study, a new crane safety assessment method is obtained by combining ICWGT with cloud model theory. In calculating the combination optimized weight cloud of the crane metal structure, based on the sample values, the game theory idea is applied to optimize the combination coefficients, which makes the allocation of subjective and objective weight clouds more reasonable. In the synthesis calculations, the synthesis algorithm is improved by using a fine-tuned synthesis operator. The method not only takes expert experience and currently available sample information into account but also overcomes the influence of human subjective factors and the fluctuation of data information in weight assignment.




	(3)

	
The crane safety assessment method based on the cloud model and ICWGT has been applied to a comprehensive assessment of the operation condition and safety level of the shipyard portal crane. The assessment results match the engineering reality. This validation result proves the accuracy of the method and has a theoretical reference value for a comprehensive assessment study of crane safety levels.







This crane safety assessment method is based on the central limit theorem and the universality of the cloud model. The normal cloud model is selected as the basis to improve the commentary set, fuzzy relationship matrix, combination weighting method, and fuzzy synthesis algorithm. However, methods of choosing different cloud models for different state indicators need to be further explored. Moreover, the set of risk factors for crane operation used in this study is derived from the analysis of crane safety issues and investigation of crane-related studies, but this set will be affected by the development of crane-related technologies. With the gradual quantification of qualitative indicators, the set of crane-related risk factors needs to be supplemented and improved.
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Figure 1. The process of the crane safety assessment, based on the cloud model and ICWGT. 
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Figure 2. The schematic cloud image of the commentary set cloud model determination process. 
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Figure 3. Scale graph based on the improved cloud model. 
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Figure 4. Shipyard portal crane metal structure system assessment index system. 
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Figure 5. The cloud images of the assessment results: (a) the boom system; (b) the herringbone system; (c) the gantry system; (d) the turntable column system; (e) other structures; (f) the complete machine system. 
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Table 1. Improved scale table based on cloud model.
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Definition

	
Scaled Cloud Model






	
    B i         is   more   important   than    B j    

	
Absolute

	
    A 9   (  9 , 0.167 , 0.05  )    




	
Between adjacent levels

	
    A 8   (  8 , 0.167 , 0.05  )    




	
Strong

	
    A 7   (  7 , 0.167 , 0.05  )    




	
Between adjacent levels

	
    A 6   (  6 , 0.167 , 0.05  )    




	
Obvious

	
    A 5   (  5 , 0.167 , 0.05  )    




	
Between adjacent levels

	
    A 4   (  4 , 0.167 , 0.05  )    




	
Slight

	
    A 3   (  3 , 0.167 , 0.05  )    




	
Between adjacent levels

	
    A 2   (  2 , 0.167 , 0.05  )    




	
    B i         is   as   important   as    B j    

	
   A 1    (1,0,0)




	
    B i         is   more   important   than    B j    

	
Between adjacent levels

	
    A  1 / 2    (   1 / 2  ,   0.167  / 4  ,   0.05  / 4   )    




	
Slight

	
    A  1 / 3    (   1 / 3  ,   0.167  / 9  ,   0.05  / 9   )    




	
Between adjacent levels

	
    A  1 / 4    (   1 / 4  ,   0.167  /  16   ,   0.05  /  16    )    




	
Obvious

	
    A  1 / 5    (   1 / 5  ,   0.167  /  25   ,   0.05  /  25    )    




	
Between adjacent levels

	
    A  1 / 6    (   1 / 6  ,   0.167  /  36   ,   0.05  /  36    )    




	
Strong

	
    A  1 / 7    (   1 / 7  ,   0.167  /  49   ,   0.05  /  49    )    




	
Between adjacent levels

	
    A  1 / 8    (   1 / 8  ,   0.167  /  64   ,   0.05  /  64    )    




	
Absolute

	
    A  1 / 9    (   1 / 9  ,   0.167  /  81   ,   0.05  /  81    )    
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Table 2. Test data and assessment values of sample indicators of the shipyard portal crane [32].
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Structure

	
Strength

	
Rigidity

	
Stability

	
Crack

	
Deformation

	
Corrosion

	
Maintenance Situation




	
Status Value

/MPa

	
Rating Value

	
Status Value

/MPa

	
Rating Value

	
Status Value

/MPa

	
Rating Value

	
Status Value

/d

	
Rating Value

	
Status Value

/%

	
Rating Value

	
Status Value

/%

	
Rating Value

	
Status Value

/d

	
Rating Value






	
Boom

	
125

	
0.47

	
50

	
0.66

	
125

	
0.79

	
1000

	
0.99

	
0.5

	
0.95

	
1

	
0.9

	
1000

	
0.99




	
Herringbone

	
148

	
0.37

	
20

	
0.83

	
148

	
0.92

	
250

	
0.96

	
0.7

	
0.93

	
3

	
0.7

	
143

	
0.93




	
Gantry

	
119

	
0.49

	
15

	
0.78

	
119

	
0.81

	
1000

	
0.99

	
1

	
0.9

	
4

	
0.6

	
200

	
0.95




	
Turntable column

	
185

	
0.21

	
5

	
0.89

	
185

	
0.89

	
91

	
0.89

	
0.1

	
0.99

	
2

	
0.8

	
250

	
0.96




	
Other structures

	
154

	
0.34

	
10

	
0.82

	
154

	
0.95

	
56

	
0.82

	
1.2

	
0.88

	
2.1

	
0.79

	
111

	
0.91
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Table 3. Shipyard portal crane structural safety assessment levels.
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	Security Level
	Strength
	Rigidity
	Stability
	Crack
	Deformation
	Corrosion
	Maintenance Situation





	   Very   good    C 1    
	(0.6, 1.0]
	(0.8, 1.0]
	(0.8, 1.0]
	(0.9, 1.0]
	(0.8, 1.0]
	(0.8, 1.0]
	(0.8, 1.0]



	   Good    C 2    
	(0.4, 0.6]
	(0.6, 0.8]
	(0.6, 0.8]
	(0.8, 0.9]
	(0.6, 0.8]
	(0.6, 0.8]
	(0.6, 0.8]



	   Fair    C 3    
	(0.25, 0.4]
	(0.4, 0.6]
	(0.4, 0.6]
	(0.7, 0.8]
	(0.4, 0.6]
	(0.4, 0.6]
	(0.4, 0.6]



	   Poor    C 4    
	(0.15, 0.25]
	(0.2, 0.4]
	(0.2, 0.4]
	(0.5, 0.7]
	(0.2, 0.4]
	(0.2, 0.4]
	(0.2, 0.4]



	   Very   poor    C 5    
	(0, 0.15]
	(0, 0.2]
	(0, 0.2]
	(0, 0.5]
	(0, 0.2]
	(0, 0.2]
	(0, 0.2]
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Table 4. Shipyard portal crane safety assessment level classification standards.
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	Security Level
	Score Range
	Operating Conditions
	Description of Security Level





	I
	(0.85, 1]
	Normal operation
	The crane safety is in excellent condition, routine maintenance recommended.



	II
	(0.75, 0.85]
	Normal operation
	The crane safety condition is in good condition, it is recommended to strengthen maintenance.



	III
	(0.5, 0.75]
	Operation with faults
	The crane is faulty, safety in general, specific inspection and minor repairs are recommended.



	IV
	(0.25, 0.5]
	Shutdown
	Crane has a large fault and poor safety. Repair is recommended (intermediate repair).



	V
	(0, 0.25]
	Immediate shutdown
	Crane has serious faults and poor safety. Overhaul or scrapping is recommended.
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Table 5. The membership cloud model matrix of each subsystem and the complete system.
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	System
	Membership Cloud Model Matrix





	Boom
	    R   P 1    =  [       (  0.470 , 0.048 , 0.010  )         (  0.660 , 0.053 , 0.010  )         (  0.790 , 0.037 , 0.010  )         (  0.990 , 0 , 0.010  )         (  0.950 , 0 , 0.010  )             (  0.900 , 0 , 0.010  )         (  0.990 , 0 , 0.010  )           ]    



	Herringbone
	    R   P 2    =  [       (  0.370 , 0.043 , 0.010  )         (  0.830 , 0.023 , 0.010  )         (  0.920 , 0 , 0.010  )         (  0.960 , 0 , 0.010  )         (  0.930 , 0 , 0.010  )             (  0.700 , 0.067 , 0.010  )         (  0.930 , 0 , 0.010  )           ]    



	Gantry
	    R   P 3    =  [       (  0.490 , 0.055 , 0.010  )         (  0.780 , 0.040 , 0.010  )         (  0.810 , 0.030 , 0.010  )         (  0.990 , 0 , 0.010  )         (  0.900 , 0 , 0.010  )             (  0.600 , 0.033 , 0.010  )         (  0.950 , 0 , 0.010  )           ]    



	Turntable column
	    R   P 4    =  [       (  0.340 , 0.047 , 0.010  )         (  0.820 , 0.027 , 0.010  )         (  0.950 , 0 , 0.010  )         (  0.820 , 0.023 , 0.010  )         (  0.880 , 0.007 , 0.010  )             (  0.790 , 0.037 , 0.010  )         (  0.910 , 0 , 0.010  )           ]    



	Other structures
	    R   P 5    =  [       (  0.210 , 0.038 , 0.010  )         (  0.890 , 0.003 , 0.010  )         (  0.890 , 0.003 , 0.010  )         (  0.890 , 0.020 , 0.010  )         (  0.990 , 0 , 0.010  )             (  0.800 , 0.033 , 0.010  )         (  0.960 , 0 , 0.010  )           ]    



	Complete machine
	    R P  =  [           V   P 1           V   P 2               V   P 3               V   P 4           V   P 5             ]  =  [           (  0.814 , 0.095 , 0.093  )         (  0.763 , 0.082 , 0.081  )             (  0.813 , 0.092 , 0.087  )             (  0.884 , 0.094 , 0.094  )         (  0.794 , 0.088 , 0.089  )           ]    
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Table 6. The subjective and objective weight cloud model matrix.
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	System
	Subjective Weight Cloud Model Matrix
	Objective Weight Cloud Model Matrix





	Boom
	    W   P 1   S  =    [       (  0.308 , 0.298 , 0.321  )         (  0.226 , 0.231 , 0.244  )         (  0.130 , 0.102 , 0.100  )         (  0.131 , 0.149 , 0.153  )         (  0.047 , 0.076 , 0.035  )             (  0.103 , 0.112 , 0.111  )         (  0.047 , 0.031 , 0.035  )           ]   T    
	    W   P 1   O  =    [       (  0.118 , 0.020 , 0.010  )         (  0.124 , 0.020 , 0.010  )         (  0.147 , 0.020 , 0.010  )         (  0.139 , 0.020 , 0.010  )         (  0.164 , 0.020 , 0.010  )             (  0.145 , 0.020 , 0.010  )         (  0.164 , 0.020 , 0.010  )           ]   T    



	Herringbone
	    W   P 2   S  =    [       (  0.258 , 0.248 , 0.269  )         (  0.168 , 0.153 , 0.158  )         (  0.109 , 0.106 , 0.107  )         (  0.113 , 0.112 , 0.114  )         (  0.211 , 0.201 , 0.203  )             (  0.102 , 0.112 , 0.101  )         (  0.039 , 0.029 , 0.035  )           ]   T    
	    W   P 2   O  =    [       (  0.119 , 0.020 , 0.010  )         (  0.139 , 0.020 , 0.010  )         (  0.143 , 0.020 , 0.010  )         (  0.148 , 0.020 , 0.010  )         (  0.124 , 0.020 , 0.010  )             (  0.145 , 0.020 , 0.010  )         (  0.165 , 0.020 , 0.010  )           ]   T    



	Gantry
	    W   P 3   S  =    [       (  0.323 , 0.313 , 0.309  )         (  0.159 , 0.151 , 0.155  )         (  0.111 , 0.107 , 0.113  )         (  0.108 , 0.106 , 0.112  )         (  0.058 , 0.068 , 0.047  )             (  0.178 , 0.168 , 0.169  )         (  0.059 , 0.061 , 0.055  )           ]   T    
	    W   P 3   O  =    [       (  0.117 , 0.020 , 0.010  )         (  0.138 , 0.020 , 0.010  )         (  0.148 , 0.020 , 0.010  )         (  0.149 , 0.020 , 0.010  )         (  0.162 , 0.020 , 0.010  )             (  0.136 , 0.020 , 0.010  )         (  0.162 , 0.020 , 0.010  )           ]   T    



	Turntable column
	    W   P 4   S  =    [       (  0.309 , 0.297 , 0.321  )         (  0.101 , 0.112 , 0.111  )         (  0.049 , 0.031 , 0.035  )         (  0.179 , 0.169 , 0.178  )         (  0.098 , 0.112 , 0.111  )             (  0.157 , 0.147 , 0.153  )         (  0.107 , 0.105 , 0.113  )           ]   T    
	    W   P 4   O  =    [       (  0.118 , 0.020 , 0.010  )         (  0.145 , 0.020 , 0.010  )         (  0.161 , 0.020 , 0.010  )         (  0.136 , 0.020 , 0.010  )         (  0.149 , 0.020 , 0.010  )             (  0.138 , 0.020 , 0.010  )         (  0.148 , 0.020 , 0.010  )           ]   T    



	Other structures
	    W   P 5   S  =    [       (  0.351 , 0.334 , 0.355  )         (  0.098 , 0.089 , 0.090  )         (  0.039 , 0.035 , 0.045  )         (  0.168 , 0.148 , 0.150  )         (  0.079 , 0.071 , 0.076  )             (  0.169 , 0.171 , 0.163  )         (  0.092 , 0.089 , 0.095  )           ]   T    
	    W   P 5   O  =    [       (  0.116 , 0.020 , 0.010  )         (  0.149 , 0.020 , 0.010  )         (  0.165 , 0.020 , 0.010  )         (  0.139 , 0.020 , 0.010  )         (  0.159 , 0.020 , 0.010  )             (  0.138 , 0.020 , 0.010  )         (  0.142 , 0.020 , 0.010  )           ]   T    



	Complete machine
	    W P S  =    [           (  0.339 , 0.287 , 0.284  )         (  0.324 , 0.342 , 0.341  )             (  0.107 , 0.110 , 0.111  )             (  0.185 , 0.231 , 0.232  )         (  0.045 , 0.031 , 0.032  )           ]   T    
	    W P O  =    [           (  0.153 , 0.040 , 0.010  )         (  0.140 , 0.040 , 0.010  )             (  0.233 , 0.040 , 0.010  )             (  0.178 , 0.040 , 0.010  )         (  0.296 , 0.040 , 0.010  )           ]   T    
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Table 7. The combination optimization weight cloud model matrix.
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	System
	Weight Cloud Model Matrix for Combinatorial Optimization





	Boom
	    W   P 1   I  =    [       (  0.221 , 0.161 , 0.174  )         (  0.179 , 0.125 , 0.132  )         (  0.138 , 0.056 , 0.054  )         (  0.134 , 0.081 , 0.083  )         (  0.101 , 0.042 , 0.020  )             (  0.122 , 0.061 , 0.060  )         (  0.101 , 0.019 , 0.020  )           ]   T    



	Herringbone
	    W   P 2   I  =    [       (  0.191 , 0.129 , 0.140  )         (  0.154 , 0.080 , 0.082  )         (  0.125 , 0.056 , 0.056  )         (  0.130 , 0.059 , 0.060  )         (  0.169 , 0.105 , 0.106  )             (  0.123 , 0.059 , 0.053  )         (  0.099 , 0.018 , 0.019  )           ]   T    



	Gantry
	    W   P 3   I  =    [       (  0.228 , 0.169 , 0.167  )         (  0.149 , 0.082 , 0.084  )         (  0.128 , 0.058 , 0.061  )         (  0.127 , 0.058 , 0.061  )         (  0.106 , 0.038 , 0.026  )             (  0.159 , 0.091 , 0.091  )         (  0.106 , 0.034 , 0.030  )           ]   T    



	Turntable column
	    W   P 4   I  =    [       (  0.219 , 0.158 , 0.170  )         (  0.122 , 0.060 , 0.059  )         (  0.102 , 0.019 , 0.019  )         (  0.159 , 0.090 , 0.094  )         (  0.122 , 0.060 , 0.059  )             (  0.148 , 0.078 , 0.081  )         (  0.126 , 0.056 , 0.060  )           ]   T    



	Other structures
	    W   P 5   I  =    [       (  0.244 , 0.183 , 0.194  )         (  0.121 , 0.049 , 0.049  )         (  0.096 , 0.021 , 0.025  )         (  0.155 , 0.081 , 0.082  )         (  0.115 , 0.040 , 0.042  )             (  0.155 , 0.094 , 0.089  )         (  0.115 , 0.049 , 0.052  )           ]   T    



	Complete machine
	    W P I  =    [           (  0.250 , 0.151 , 0.148  )         (  0.236 , 0.180 , 0.178  )             (  0.167 , 0.060 , 0.058  )             (  0.182 , 0.122 , 0.121  )         (  0.165 , 0.025 , 0.017  )           ]   T    
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Table 8. The cloud model of the assessment results.
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	System
	Assessment Result





	Boom
	    V   P 1     (  0.814 , 0.095 , 0.093  )    



	Herringbone
	    V   P 2     (  0.763 , 0.082 , 0.081  )    



	Gantry
	    V   P 3     (  0.813 , 0.092 , 0.087  )    



	Turntable column
	    V   P 4     (  0.794 , 0.088 , 0.089  )    



	Other structures
	    V   P 5     (  0.884 , 0.094 , 0.094  )    



	Complete machine
	    V P   (  0.811 , 0.153 , 0.150  )    
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Table 9. The comparison of the results of the four assessment models.
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System

	
FAHP [26]

	
The Approximating the Ideal Solution Ordering Method [28]

	
The ICWGT Combined with the Gray Correlation Analysis [32]

	
Fuzzy Integrated Assessment Model Based on the Cloud Model and ICWGT




	
Security Level

	
Security Level

	
Trends in Security Level Changes

	
Security Level

	
    E x    

	
    E n    

	
    H e    

	
Security Level






	
Boom

	
II

	
II

	
The initial stage of II

	
II

	
0.814

	
0.095

	
0.093

	
II




	
Herringbone

	
II

	
II

	
The initial stage of II

	
II

	
0.763

	
0.082

	
0.081

	
II




	
Gantry

	
II

	
II

	
The end-stage of I

	
I

	
0.813

	
0.092

	
0.087

	
II




	
Turntable column

	
II

	
II

	
The end-stage of I

	
I

	
0.794

	
0.088

	
0.089

	
II




	
Other structures

	
II

	
I

	
The end-stage of I

	
I

	
0.884

	
0.094

	
0.094

	
I




	
Complete machine

	
II

	
II

	
The initial stage of II

	
II

	
0.805

	
0.153

	
0.150

	
II
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