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Abstract
To recover from emergency is a very important action. A fast and efficient recovery is capable to reduce the loss of disaster and prevent the public panic. In this paper, the concept and classification of recoverability is defined, and a quantitative measurement to recoverability assessment is proposed. Afterwards, an optimization model of recoverability process is established to minimize the recovery time and optimize the allocation of resources. Finally, a practical example is given as a case study. 
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1.
Introduction 
During the past few years, different kinds of emergent events including natural disasters, industrial accidents, public health and social safety incidents occurred frequently and caused a great loss to people’s lives and properties. Recovery of emergent events plays a crucial role in emergency management in the sense that a fast and efficient recovery is able to reduce the loss of disaster. The recovery process not only includes the restoration of property, also to save human life. The primary task after a disaster is the salvage of human and property, which can only prevent the deterioration of situation, but can not make it better. The final objective of recovery is to bring the society back to a complete or near normal status of regular operations. Therefore the measure to recoverability, i.e., the capability or possibility of affected body back to normal operations as well as the time and resource needed is of practical significance during the recovery process.

Most priori work related to recovery concern qualitative assessment, however, quantitative assessment is able to provide important information as when and to what degree the society can restore to the normal status. Recoverability assessment plays a vital role throughout the life cycle of emergency management. It can not only assist the decision-maker to speed up the emergency rescue, reduce resource waste, but also enhance the credibility of the public opinion. After the occurrence of emergent events, due to the lack of true information and the spread of false information among general public, the stampede, looting and other derivatives disasters may occur as a result of public panic. Through well understanding of the situation, recoverability assessment helps decision makers to quantify the basis of rescue strategy and prevent public panic, unreasonable actions and secondary disasters.  
Although recoverability assessment is essential in disaster assessment, little work has been done in the literature. Some researchers pay attention to the optimized process after disaster. E.g, F. Fiedrich[1] proposed a dynamic optimization model using detailed description of operational areas and available resources to calculate the resource performance and efficiency for different tasks after earthquake disasters. Kweku-Muata Bryson[2] presented a mathematical programming model supporting the decision maker to select among competing subplans, a subset of subplans which maximizes the value of recovery capability of a strategy. A related issue is the risk assessment of disasters. Iman Karimia[3] presented a system for assessing the risk of natural disasters, particularly under highly uncertain conditions where neither the statistical data nor the physical knowledge required for a purely probabilistic risk analysis is sufficient. S. Spartalisa[4] presented an original mathematical model and a decision support system for the management of natural disasters. Aiping Tang[5] implemented an intelligent simulation system for earthquake disaster assessment system based on a development platform of Geographic Information System (GIS) and Artificial Intelligence (AI). Chen proposed the mitigability measurement[6] to evaluate how and to what extent human can impact the development of incidents regarding time and value level. However, there is no study to clarify the concept and assessment measurement of recoverability in emergency management. 

In this paper, we define the recoverability assessment regarding the deviation between instant status and the normal status. Through the quantitative measurement, the priority of disaster areas could be calculated and in the sequel used for the decision making of some rescue activities, e.g., the optimization of resource allocation. A linear programming model is given to optimize the recovery process under the constraints of resources. Through the multiple-level resource allocation, the resources are collocated optimally to the disaster areas. The rest of this paper is organized as follows. In section 2, the definition and classification of recoverability is given. An assessment model is introduced in section 3 concerning the degree of difficulty for a disaster area to be recovered. Then an optimization model is described to calculate the recovery time under the resource constraint. A case study is given as an example in section 5. Finally, the paper is concluded in section 6.
2.
Definition of recoverability assessment
In Merriam-Webster dictionary, recover is defined as “to get back; to bring back to normal position or condition; to make up for; to find or identify again; to obtain from an ore, a waste product, or a by-product”. In the filed of emergency management, recoverability represents the degree of difficulty that recover the disaster object to the complete or near normal status. As described in Figure 1, it indicates how far the current state is away from the normal state, or how long and how much it will take to recover the loss. 
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Figure 1  Description of recoverability

In recoverability assessment, various kinds of objects should be considered. Concerning the types of incidents and the goal of recovery, the objects can be divided into two categories: single object and region. The former (mainly in industrial accidents) includes building, lifeline project, waterpower engineering, civil engineering and other large corporations. The latter (mainly in natural disasters) can be province, city, town and village according to the administrative division, or factory, school, business district according to the functional division. The recoverability assessment is characterized by the following properties:
· It is an instant assessment. In emergency management, the timely and accurate assessment of recoverability is essential to reduce the loss and spend up the recovery process. For this purpose, the valid information about emergent events is of particular significance to reasonable arrangement of resources which enables the affected body achieve the greatest degree of restoration.

· It is a dynamic assessment. Both the loss caused and the target condition change during the procedure of rescue. Also, the resources needed to recover the loss changes accordingly. So the assessment of the recoverability should be adjusted dynamically according to the current situation for the sake of precise evaluation. As more information is acquired during the recovery process, the corresponding result of evaluation will change with improved precision.
· It is a predictive assessment. Instead of measuring the loss caused, the recoverability assessment focuses on the time and resources needed to bring the condition back to a complete or near normal under the existing condition. The result of evaluation is helpful to emergency manager for decision making.
There are different categories to recoverability. According to the goal of recovery, the recovery process is composed of fast recovery and whole recovery. Fast recovery is a low level recovery that ensures the basic operation of society, while whole recovery is a high level recovery indicating that the operation of society recovers to the normal condition or even a higher balance if the rescue is effective. For example, after a serious earthquake, fast recovery mainly involves activities such as providing the victims with necessary food and temporary shelters, while whole recovery concerns reconstructing the destroyed buildings and lifeline facilities. Correspondingly, the recoverability is measured differently in each phase. From the perspective of affected object, it can be divided into human recoverability, property recoverability, area recoverability, equipment recoverability, etc. From the perspective of responsible organization, it can be divided into security sector recoverability, fire protection recoverability, etc. According to the frangibility of city[7], it can be divided into easy-to-destroy and hard-to-recover, easy-to-destroy and easy-to-recover, hard-to-destroy and easy-to-recover, hard-to-destroy and hard-to-recover. The classification of recoverability is depicted in Figure 2.

The emergency management life cycle can be divided into four phases: information acquisition, effective response, focusing and dealing, and fast recovery. At each stage, the recoverability assessment has different functions respectively. 

During the information acquisition phase, i.e., the early stage of emergent events, the information about events is acquired through face-to-face message, communication tools or derivation from the relations. Since the information is usually asymmetric, missing, and untrue, recoverability assessment is mainly based on known experience to achieve a preliminary estimation of recoverable level for affected object under current situation, arrange resources, and start the rescue at the same time.

In the effective response stage, the strategy made in the absence of information is revised on the analysis of treatment information. Since the information acquired has a significant increase in this stage, recoverability assessment is able to evaluate the recoverable capability of human, property and region, determine the recovery time and necessary resources, as well as the availability of resources. The objective is to complete the preparation of emergency treatment at the minimal cost.

The third stage implements the rescue on the focusing affected regions on the analysis of disaster severity. Recoverability assessment aims on the recoverable capability of focusing area, restoration time and resources. If the original balance can not be restored or the cost of recovery is greater than that of reconstruction, decision makers should take other remedial measures. 

Finally, fast recovery phase is to create a low-level balance state. As the detailed information about the amount of resources used and the status of the disaster are available, recoverability evaluation helps to estimate the recovery time, optimize the allocation of resources and speed up the recovery process.

[image: image2]
Figure 2. Classification of recoverability

3.
An assessment model of recoverability
Due to the insufficient resources in real situations, it is impossible to meet all demands at the same time, so a realistic problem in emergency management is how to assess the priority of different areas and departments. An intuitive approach is to allocate the limited resources to the areas of the highest possibility of recoverability. 
As mentioned, the recovery process contains fast recovery and whole recovery, each of which can be further divided into several phases depending on the characteristic of the target. For each phase, the goal is defined by emergency manager and ordered from low to high level. For the sake of quantitative analysis, the goals of recovery can be represented as numerical values, where Goalj indicates the recovery level for the jth phase.

Goal = {Goal1, Goal2, …, Goaln}, Goalj ( [0,1]                  (1)                                
For example, Sun Zhenkai[8] divided the electric system restoration after an earthquake into three phases for recovering 30%, 60% and 100% of the lost functions and discussed the time of recovery respectively. 

If the assessment is applied to the whole disaster area, the indicators to be recovered can be building, lifeline project, water power engineering, civil engineering and so on. The value of these indicators is provided by responsible departments. If the assessment is applied to single object such as building or power equipment, the indicators can be chosen depending on the characteristic of object.
Suppose m indicators are considered of a disaster area during the recovery process and each has its own goal and instant state represented by the level of functional state. As shown in Figure 3, the further the instant state is away from the goal, the harder it is to be recovered. The recoverability of the area at the instant state A can be defined as the weighted squared Euclidean distance between the goal and the instate state:
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In this model, (i ([0,1] is the weight indicating the importance of indicator, Goalji is the goal of the ith indicator during the jth phase, Staji is the value of A on the corresponding indicator. Obviously, the recoverability has a value between 0 and 1, and a bigger value of recoverability indicates the higher difficulty of recovery.
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Figure 3. Phases of recovery process

4.
An optimization model of recovery process
When one disaster happens, it may cause many effects, each of which corresponds to a recovery process. One recovery may correlate with other recoveries and require several types of resources. For example, the snowstorm occurred in China in 2008 caused the railway and road transportation trapped, houses collapsed, and large area in blackout. To recover the effect of blackout, railway transportation and transmission facility should to be recovered. Also the recovery of transmission facility involves electricity workers, maintenance equipments, new facilities and other resources. Figure 4 describes the components of recovery process and their relationship in a hierarchical structure. 
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Figure 4  Recovery process

As well as the level of recovery, recoverability assessment also concerns the resources and time needed to achieve the recovery goal. In the assessment model, we focus on the last two layers of the process and study the resource allocation problem. The recovery time mostly depends on the resources acquired. Taking earthquake as an example, all the lifeline systems may be destroyed, as power, gas, transportation, water supply and communication system. The recovery of each system needs different kinds of resources from various suppliers. E.g., the power system needs workers and equipments to repair network, and power fuel transported by transportation system. How to allocate the resources to the disaster areas optimally is a practical problem in the recovery process, especially in the cases that the resources are insufficient.
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(i=1,…,m, j=1,…,n) be the cost from the ith source to the jth terminal. The problem how to satisfy the demands at minimum cost can be described as a linear programming (LP) and solved by Hitchcock[9] method as a special case of min-cost flow.
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The problem is described by a Bipartite Graph, where the vertices are divided into two disjoint sets: U and V such that every edge connects a vertex in U to one in V. Here, U = {u1,u2,…,um} are supply nodes representing distinct sources of resource, and V = {v1,v2,…,vn} are demand nodes representing distinct disaster areas. 
For each node 
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 indicating which recovery process should be started first. The specification of priority depends on the actual situations, e.g., those that closely related to people's lives should be recovered first such as water and power supply. In this paper we use the recoverability to define the priority in the sense that the most easily recoverable area has the highest priority in resource allocation. 
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A simple example is given with three nodes in both U and V in Figure 5.
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Figure 5. An example of optimization model
To solve the optimization model, three cases are considered concerning the available resources and demands.
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The solution to this case is perfect and solved by “Table Operations Method” in which two tables are needed, namely, Table 1 contains 
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). Then the formulation of the LP problem similar to Hitchcock problem is as follows:
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The objective of the model is to find the solution to
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 which minimizes the cost satisfying the demand constraints and flow bound constraints. This problem can be solved in two steps: (1) calculate the initial solution by “Minimum Cost Method”, (2) obtain the optimal solution by “Closed Circuit Method”.
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Table 1 Cost matrix                         


Table 2. Supply-demand matrix
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Case 2: 
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In the real situation of emergency management, the supply and demand of resources are always different. In this case where the amount of resources is sufficient, the allocation problem is equivalent to the first case.
Case 3: 
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In this case, the available resources are less than the total demands, so some disaster areas fail to acquire sufficient resources at the first allocation. Let 
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(6)
Obviously, the fewer resources it receives, the longer delayed time it is. 
We assume that resources such as manpower and equipment are reusable and can be reallocated. Therefore, this problem can be regarded as a multi-level dynamic programming.

Firstly, we assume that there is a virtual resource point owning the supply of 
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and transform the problem to the first case. After the first allocation, two kinds of nodes with insufficient resources are considered: partial nodes are specified with some but insufficient resources for which the delayed time could be calculated using Equation (6), while empty nodes get no resource at all and can be neglected in the calculation. Secondly, the disaster nodes that received resources in the previous allocation are considered as new suppliers of resources and the disaster nodes that received no resource as new demand nodes. The partial point
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 participating the second allocation. The allocation process continues until all demand nodes are distributed with sufficient resources. Finally the recovery time can be calculated as the maximal recovery time of all disaster areas.

The resource allocation process can be described in a multi-level bipartite graph shown in Figure 6, through which resources are allocated layer by layer until all disaster areas obtain adequate resources.
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Figure 6. Resource allocation procedure

5.
Case Analysis

Assume after an earthquake, the power network of three cities (V1, V2, V3) needs to be repaired. Three indicators: main body, distribution and service are considered in the assessment with the weights ((1, (2, (3) = (1/6, 2/6, 3/6). The current goals of indicators are set as 70%, 75% and 80% respectively. The instant state of three cities are (Sta11, Sta12, Sta13) = (60%,60%,65%), (Sta21, Sta22, Sta23) = (55%,65%,70%), (Sta31, Sta32, Sta33) = (45%,55%,60%). Then using Equation (2), the recoverability is calculated as:
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According to the recoverability of the three cities, we have Rec(V3) > Rec(V1) > Rec(V2), indicating that the priority of rescue is V2, then V1, followed by V3. 

Next, we consider the problem of resource allocation. Suppose we obtain the cost matrix shown in Table 4. 
the manpower is the resource needed in the recovery, and three power rescue teams are the resource suppliers. The distance between cities and teams are shown in Table 3. Using the recoverability as priorities of cities, 
     Table 3. Distance between teams and cities  

            Table 4.Cost matrix (1)
	
	V1
	V2
	V3

	U1
	20
	40
	30

	U2
	30
	50
	20

	U3
	50
	20
	30

	
	V1
	V2
	V3

	U1
	0.31
	0.37
	1

	U2
	0.47
	0.46
	0.67

	U3
	0.78
	0.18
	1


Table 5.Supply-demand matrix (1)
	
	V1
	V2
	V3
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In the situation of supply and demand matrix defined in Table 5, we found that
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, implying the resource is insufficient for all demands. We add an imaginary team U4, for which the supply 
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(j=1,2,3). Similarly, the new cost matrix and supply-demand matrix are obtained in Table 6 and Table 7 respectively. Using the method described in section 4, we get the optimal solution to the first allocation shown in Table 8.

           Table 6. Cost matrix (2)                    

           Table 7. Supply-demand matrix (2)
	
	V1
	V2
	V3
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	V1
	V2
	V3

	U1
	0.31
	0.37
	1

	U2
	0.47
	0.46
	0.67

	U3
	0.78
	0.18
	1

	U4
	0
	0
	0


Table 8.Optimal solution
	
	V1
	V2
	V3
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Finally, we can calculate the shortest recovery time. Because V1 and V3 can get plenty of resources in the first allocation, they will be recovered in standard time T1 and T3. While, V2 can get plenty of resources through the second allocation, so the delayed time of V2 is: T’2 = 1.36T2. Hence, the fastest recovery time is T = max(T1, T’2, T3).
6.
Conclusions 
Recoverability assessment is an important problem in emergency management. In this paper, we define the concept and classification of recoverability assessment. The measurement to recoverability obtains the priority of several disaster areas and provides the decision maker with a quantitative evaluation to select the proper rescue strategy. Then an optimization model for resource allocation is proposed to assess the recovery process after emergent events. In this model, two functions are defined. One is the cost function which gives the normalized weights of the arcs between disaster nodes and suppliers regarding the distance and recoverability. The other is the penalty function to calculate the delayed time under the insufficient resources. Through multi-level linear programming, the resource allocation problem can be solved and the recovery time is estimated.
This paper gives a primary discussion of recoverability and simple models of assessment as a starting point for future research. The selection of indicators in recoverability model is a problem of further investigation. The optimization model proposed needs improvement on extension to multiple types of resources, and taking into consideration the correlation between recoveries. Since the model is simplified with some assumption, care should be taken in real applications, e.g., the penalty function requires verification according to the facts. Further research is needed to investigate the effectiveness and feasibility of recoverability assessment in guiding the decision making in practical emergency management.
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