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Abstract. 
According to the characteristics of emergency repair in overhead transmission line accidents, a complexity quantification method for emergency repair scheme is proposed based on the entropy method in software engineering, which is improved by using group AHP (analytical hierarchical process) method and Petri net. Firstly, information structure chart model and process control flowchart model could be built by Petri net. Then impact factors on complexity of emergency repair scheme could be quantified into corresponding entropy values, respectively. Finally, by using group AHP method, weight coefficient of each entropy value would be given before calculating the overall entropy value for the whole emergency repair scheme. By comparing group AHP weighting method with average weighting method, experiment results for the former showed a stronger correlation between quantified entropy values of complexity and the actual consumed time in repair, which indicates that this new method is more valid.



1. Introduction 
Electric power industry is vital to China’s economy and power grid plays a very important role in transferring electricity. The faults of overhead transmission lines are diverse, the locations of faults are stochastic, and circumstances of faults are complex [1, 2] so that the emergency repair of overhead transmission lines is a sophisticated task. According to the initial assessment, emergency personnel could figure out an emergency repair scheme. However, the rationality and feasibility of the scheme are all related to the complexity of task. Therefore, to precisely quantify and comprehensively analyze the complexity of emergency repair task has been a hot research topic [3].
So far, with regard to complexity quantification on emergency repair scheme, most overseas and domestic scholars have been focusing on factors which influence the complexity and graphical modeling methods. In the literature [4], quantified impact factors on emergency accident were analyzed for nuclear power plants. Besides three basic impact factors in software engineering, the abstract hierarchical architecture of task and the concept of engineering judgment were proposed. Finally the validity of impact factors is tested using assessment results. In the literature [5], a graph entropy method was applied in emergency maintenance for marine power facilities, which verified the correlation between MTC (maintenance task complexity) and the consumed time in maintenance. In the literature [6], a graphical modeling method for the operational processes was improved. By using Petri net, the model of operational processes was built, from which information structure chart and action structure chart were extracted. However, selected operational objects were only partial of the whole task so that the quantification in that method was limited.
In software engineering, software complexity measure includes two kinds of methods. The first is based on source code quantification and the second is based on structure and chart. In the literature [7], entropy method was selected to assess the complexity of marine power facility operation after similar characteristics were compared between software complexity and emergency process complexity. Since the complexity of source code resembles the one of logic structure and program maintenance which requires amount of source code knowledge resembles emergency maintenance that requires amount of system information and background knowledge, entropy method can reflect not only the complexity of information but also the complexity of logic. In the literature [8], graph entropy method was proposed as a way to quantify the complexity based on information structure chart and process control flowchart.
To improve the accuracy of complexity quantification in the sophisticated power grid, in this paper, Petri net will be used to model an intact emergency repair task based on graph entropy method. To improve the design of weights in computation of complexity, group AHP method is applied to set weights based on experts’ advice so that the design of weights is more pertinent and its subjective errors could be also reduced greatly.
2. Complexity Quantification Method
2.1. Extraction of Impact Factors on the Complexity Quantification of Emergency Repair Task
Emergency repair tasks along transmission lines are always characterized by the urgency of the time, the randomness in the form of damage, the flexibility of the way of repair, and the diversity of the recovery phase. Therefore, in the emergency repair process, faults should be eliminated as soon as possible by making the most of resources and techniques so as to diminish economic loss and reduce threats to security of power grid. Features of facilities, the damaged condition, the composition of the needed equipment and professionals, and the difficulties to assemble or disassemble components should be all taken into account. Besides, the allowed time of repair, the way of locating the damage, the isolation level after the damage, and the requirement on tools should be also considered.



To sum up, complexity quantification in emergency repair of transmission lines is a comprehensive measure about needed workload, resource, consumed time, and logic structure when damages to facilities are caused by accidents and emergency repair is necessary. The impact factors on complexity quantification could be sorted into 3 kinds: information complexity (IC), logic structure complexity (LC), and scale complexity (SC) of operation in emergency rescue and repair.
2.2. Graph Entropy Modeling
Graph entropy method is a way to quantify complexity based on information structure chart and process control flowchart. By establishing graph entropy model, the abstract process information can be displayed. There are two main ways of quantification:  chromatic information content, that is, the first-order entropy;  structural information content, that is, the second-order entropy.
 The formula to calculate the graph entropy value is shown below:
								
							where  is a category defined according to the structure chart;  is the total number of categories;  is the assessed probability of being in category ;  is the number of nodes in category ; and  is the total number of nodes.
 Application of graph entropy method will be illustrated based on the process control flowchart model  (Figure 1).




	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
				
				
					
				
			
		
		
			
				
				
					
				
			
		
		
			
				
				
					
				
				
					
				
			
		
		
			
				
				
					
				
			
		
		
			
				
				
					
				
			
		
		
			
				
				
					
				
				
					
				
			
		
		
		
		
			
				
				
					
				
			
		
		
			
				
				
					
				
			
		
		
			
				
				
					
				
			
		
		
			
				
				
					
				
			
		
		
		
		
			
				
				
					
				
			
		
		
			
				
				
					
				
			
		
		
			
				
				
					
				
			
		
		
			
				
				
					
				
			
		
		


Figure 1: Process control flowchart model .


Here, operation h and operation i are the same-type operations, but their results are opposite. In this model, logic complexity (LC) can be quantified by calculating the first-order entropy, and scale complexity (SC) can be quantified by calculating the second-order entropy. While calculating the first-order entropy, those nodes with the same number of inputs and outputs in control flowchart are classified into the same category. While calculating the second-order entropy, adjacent nodes with same number and same type within an arc distance in control flowchart are classified into the same category.
Based on the above rules of classification, nodes for model  are classified and listed in Table 1.
Table 1: Classification and calculation for the first- and second-order entropy of model .
	

	
                  Category	
                  
                  The first-order entropy for model 	
                  
                  The second-order entropy for model 
	Input	Output	Node	Node	Neighbor node
	

	1	0	2	a	a	b, c
	2	1	2	b, c, e, and f	b, c	a, d, and h (or i)
	3	2	2	d, g	d	b, c, e, and f
	4	3	0	h, i	e, f	d, g, and h (or i)
	5	 	 	 	g	e, f, h, and i
	6	 	 	 	h	c, f, and g
	7	 	 	 	i	b, e, and g
	Entropy value	1.8366	2.7255
	



By taking the calculation of the first-order entropy in model  as an example, nodes for the first-order entropy are classified into four categories as {a}, {b, c, e, f}, {d, g}, and {h, i}.  represents entropy value of each impact factor. The probabilities for each category are 1/9, 4/9, 2/9, and 2/9, respectively. According to formula (1), the first-order entropy for model  is worked out as below:
								
In the same way, the second-order entropy for model  is worked out as follows:
								
In a graph entropy model, a node represents a unit of information, and an arc represents the relationship between nodes. Data types of information include type C (character), type B (Boolean), type F (floating), and other customized types. Information complexity (IC) of maintenance task could be worked out by calculating the second-order entropy value of information structure chart model using graph entropy method [9].
Until now, complexity quantification methods for the three impact factors above have been all presented.
2.3. Process Control Graphical Modeling Based on Petri Net
Process control flowchart worked out by different graphical modeling methods will be in different structure, which will directly influence the quantification of task complexity. At present, there are mainly the following graphical modeling methods for process control flowchart: UML (unified modeling language), Petri net, and PERT chart. Among them, PERT chart is mainly used to determine the vital path that influences the overall situation but could not reflect the amount of information needed in emergency maintenance task. The graphical modeling in UML is relatively simple, but it overemphasizes the logic of operation so that the needed information in emergency maintenance task is represented insufficiently [10]. Petri net not only could draw the logic structure chart with concepts of Library and Transition, but also could describe the amount of information and of emergency repair resource in the form of resource while the system changes; thus this method is preferred to the other two methods [11].
Petri net is a triple; that is, . In Petri net,  is a set of Library, and the status of system is described by the elements of , respectively;  is a set of Transition, and the change of system status is described by the elements of , respectively.  and  belong to different categories.  is a set of input functions and output functions, which establishes a single-track connection from Library to Transition or from Transition to Library, where it is required that homogeneous elements cannot connect with each other [12]. A simple graphical modeling in Petri net is shown in Figure 2.




	
	
		
			
		
			
		
			
		
			
		
			
		
			
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
		
			
				
					
				
					
				
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
	


Figure 2: Graph modeling in Petri net.


At first, information structure chart is built applying Petri net. Library in Petri net is a variable of information taken as the top node in the information structure chart and the type of the variable is taken as the bottom node. If a variable includes more than one resource, it should be connected with a variable pool and then each resource in the pool could be connected with the type of this variable. Besides, Petri net has a logic control structure itself so that it can be directly used as process control flowchart. After quantification of complexity for the three factors, the quantified value of overall complexity of emergency repair scheme can be calculated as below: 
								
							where , and  are weights of different factors’ complexity and  is short for the complexity of task.
2.4. Weight Setting
Weights () will be set by method of group AHP [13], and then the similarity can be determined based on experts’ judgment on consistency. Next, weights should be recalculated in order to decrease subjective errors [14]. It is assumed that  complexity factors will be assessed by  experts;  is the judgment matrix made by the expert .  is the relative importance of complexity factor  to factor . Here are  and . After the judgment matrix is given, its consistency should be tested until it is satisfying, and then weights could be calculated [15]. The process is as follows.
Step 1.  experts are classified into  types; there are  and . Based on the judgment matrix, the standard matrix is expressed as ; herein,
Step 2. The similarity is assessed by calculating the vector angle . The larger the value of  is, the more similar the assessment result is:
Step 3.  and  are combined into type ; there are , , , and . If  is true, then the cluster chart is worked out and the process stops. Otherwise, this step is repeated.
It is assumed that there are  types of experts and  experts in type , and then weight of each type of experts is as below:
								
Via the equation below, the weight matrix  could be worked out for each complexity impact factor:
								
If  is satisfied, then  is calculated below:
								
3. Case Study
An overhead transmission line is out of order, and its hanging clamps need replacing. The information structure chart model for emergency repair task is shown in Figure 3.




	
	
		
		
		
		
		
			
				
				
					
				
			
		
		
			
				
				
					
				
			
		
		
			
				
				
					
				
			
		
		
		
			
				
				
					
				
			
		
		
		
		
		
			
				
				
					
				
			
		
		
			
				
				
					
				
			
		
		
			
				
				
					
				
			
		
		
		
		
		
			
				
				
					
				
			
		
		
			
				
				
					
				
			
		
		
			
				
				
					
				
			
		
		
		
			
				
				
					
				
			
		
		
		
		
		
			
				
				
					
				
			
		
		
			
				
				
					
				
			
		
		
			
				
				
					
				
			
		
		
		
		
			
				
				
					
				
			
		
		
		
		
			
				
				
					
				
			
		
		
			
				
				
					
				
			
		
		
			
				
				
					
				
			
		
		
		
		
			
				
				
					
				
			
		
		
			
				
				
					
				
			
		
		
		


Figure 3: Information structure chart model for emergency repair task.


The meanings of Library and Transition are shown below, and the process control flowchart is shown in Figure 4. A1: the safety requirement is met at accident site. A2: electroscope meets the requirement for voltage classes. A3: the safety distance between operator and electroscope is more than 1.5 m. A4: the insulation of extendible electroscope is long enough. A5: there is no voltage in transmission lines and the specification of ground wire meets the requirement. A6: ground wire has been connected, and transfer tackle has been fixed. A7: two electricians have prepared for conductor backup protection and have been waiting on cross arms. A8: wires and clamps have been fitted. A9: no operation errors for intermediate process have been confirmed, and report has been made. A10: emergency repair task of overhead transmission lines has finished. T1: pole was climbed. T2: the voltage of transmission lines with electroscope has been checked. T3: ground wire has been set up according to operating instruction. T4: measures to prevent ground wire from swing have been taken. T5: steel wire safety knots have been passed to electricians on transmission lines from the ground. T6: conductors and clamps were lifted, and the used ones were replaced. T7: bolts have been fastened, checking if there are tools left over and climbing down pole to report. T8: the ground wire was removed. B1: if ground wire is fixed, then the process goes to A7; otherwise, it goes to T4.




	
	
		
		
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
		
		
			
		
			
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
		
		
			
				
				
					
				
			
		
		
		
		
		
			
		
			
				
					
				
					
				
			
		
		
		
			
		
			
				
					
				
					
				
			
		
		
		
			
		
			
				
					
				
					
				
			
		
		
		
			
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
		
			
				
				
					
				
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
				
		
	


Figure 4: Process control flowchart model for emergency repair of overhead transmission lines.


The first- and the second-order entropy of process control flowchart in emergency repair task are classified and listed in Table 2.
Table 2: Classification on the first- and the second-order entropy of process control flowchart.
	

	Category	First-order entropy of 	Second-order entropy of 
	Node	Input	Output	Node	Neighbor node
	

	1	{A1}	0	1	{A2, A3, A4}	{T1, T2}
	2	{A10}	1	0	{A1}	T1
	3	{A2 to A9, T3 to T8}	1	1	{T1}	{A1, A2, A3, A4}
	4	{B1}	2	2		
	5	{T1}	1	3	{T8}	{A9, A10}
	6	{T2}	3	1	{A10}	{T8}
	



According to Section 2 in this paper, the quantified entropy value of complexity of each impact factor can be calculated.
The second-order entropy of information structure chart for emergency repair task is as below:
						
The first-order entropy of process control flowchart for emergency repair task is as below:
						
The second-order entropy of process control flowchart for emergency repair task is as below:
						
According to the three impact factors on the complexity of emergency repair task of overhead transmission line, experts’ judgment matrixes are here below:
						
The results of consistency test are 0.004135, −0.00058, and 0.012115, respectively, less than 0.1, and all meet the criterion. The similarities are worked out as , , and , respectively; that is, the second expert and the third expert are combined into one category. Therefore, the weights are 0.2, 0.4, and 0.4 for each type of experts. According to formula (8), weight coefficients , , and  are calculated as 0.230515, 0.575143, and 0.194341, respectively, for complexities of three impact factors. Based on formula (4), the quantified value of task’s complexity is computed as below:
						
In order to test the validity of complexity quantification based on AHP weighting method, average weighting method is used for comparison, and complexities in 20 emergency repair tasks are worked out by these two methods as shown in Table 3. The actual consumed time of emergency operation is set based on the historical statistic data from maintenance stations.
Table 3: Quantified entropy values of task complexity and actual consumed time.
	

	Emergency repair task	Information complexity	Logic complexity	Scale complexity	Complexity of task	Time (s)
	Average weighting	AHP weighting
	

	1	3.5785	1.8456	3.5412	3.094255	2.710724	600
	2	4.5412	2.2145	2.4125	3.230857	2.950491	480
	3	5.5452	3.2451	6.1421	5.129207	4.525085	1530
	4	4.8542	2.2541	3.5745	3.713931	3.291971	630
	5	3.5874	1.5418	2.5412	2.688406	2.364063	350
	6	4.1254	2.5463	3.1247	3.328316	3.090249	310
	7	5.4214	3.2541	4.1286	4.357716	4.0222	850
	8	2.9548	1.1217	2.1589	2.208714	1.908412	240
	9	1.8574	0.9845	2.3154	1.804667	1.547446	210
	10	4.5848	3.2579	6.1547	4.811276	4.279221	1108
	11	5.7895	2.5894	6.8744	5.39732	4.557066	1800
	12	5.2154	3.2154	6.4121	5.117798	4.495189	1400
	13	4.1154	3.2145	4.2154	3.872729	3.646977	670
	14	2.1551	0.5114	0.9511	1.391015	1.181877	190
	15	6.1541	2.1152	4.1548	4.455325	3.828616	1210
	16	3.2145	0.3251	0.8541	1.928473	1.607629	300
	17	5.2148	2.2151	7.5412	5.443085	4.488074	1250
	18	1.1218	0.3241	0.5214	0.737947	0.635086	150
	19	5.1241	3.2145	4.2152	4.254526	3.930456	780
	20	0.8115	0.2154	0.5215	0.570355	0.480978	145
	



Nonlinear curve fitting within a 95% prediction interval is conducted with data in Table 3, and the comparison of accuracy for these two methods is made as shown in Figures 5 and 6. In Figure 5, the relationship between average weighting value of complexity quantification and the consumed time in emergency operation is illustrated. In Figure 6, the relationship between AHP weighting value of complexity quantification and the consumed time in emergency operation is shown.




	
	
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
			
		
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
		
		
			
		
		
			
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
		
			
	


Figure 5: Complexity quantification based on average weighting.






	
	
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
		
		
			
		
		
			
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
			
		
		
			
	


Figure 6: Complexity quantification based on group AHP weighting.


The fitting curve in Figure 6 shows a more significant trend of synchrony to increase or decrease between the quantitative value of TC (task complexity) and the consumed time in emergency repair task than the one in Figure 5. Therefore, AHP weighting method can reflect the complexity as well as the workload in emergency repair task. By comparing scatterplots in the two figures, points in Figure 6 distribute more intensively within a 95% prediction interval than those in Figure 5, which proves that AHP weighting method is more preferred to average weighting method for complexity quantification of task.
4. Conclusion
The implementation of emergency repair scheme can prevent the accident from further deterioration [16], and the process to execute the emergency repair scheme is just the process to finish the emergency repair task; therefore, complexity of task will directly influence the smooth degree while implementing the emergency repair scheme.
Petri net is used as graphical modeling for whole emergency repair scheme to fully demonstrate information on personnel and tools and the logic of process which influence the complexity of tasks; therefore, the accuracy of quantified values for various factors based on graph entropy method has been greatly improved.
In the process of quantifying the overall complexity, an improvement has been done; that is, experts’ advice on the relative importance of impact factors to emergency repair task of overhead transmission lines is taken into account by group AHP method while setting weights. This improvement not only makes a much more professional design of weighting, but also helps to decrease the subjective errors greatly. By comparing with average weighting method, group AHP weighting method shows a better performance and its validity is also proved by the trend of synchrony to increase or decrease between the quantified value of task complexity and the consumed time in emergency repair task.
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