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Abstract 

In this paper an evaluation of methods to compare evacuation plans is proposed. 
The method is based on the assumption that an evacuation is represented by 
means of a production process fed by a set of inputs that are combined to obtain 
a set of outputs. A non-parametric method and, in particular, a Data 
Envelopment Analysis (DEA), is presented. The framework is that the 
production function of fully efficient firms is unknowable. An application to 
compare the possible impacts of various hurricane hazards is presented. Constant 
Return of Scale hypothesis is adopted.   
Keywords: evacuation planning, evaluation methods, DEA. 

1 Introduction 

Transportation planning is finalised to define a transportation system and relative 
infrastructures and services, in specific forecasting scenario. Transportation 
planning concerns both ordinary and emergency conditions and internal and 
external planning process. In this paper we consider the internal transportation 
planning process in emergency conditions. 
     Transportation planning in emergency conditions aims to specify 
interventions to reduce risk. Risk has three main components: 
 occurrence, related to event probability or frequency;  
 vulnerability, related to the resistance of the infrastructures when the effect of 

the event has occurred;  
 exposure, related to the weighted value of people, goods and infrastructures 

affected during and after the event. 
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     The main measure to reduce exposure is evacuation, which consists of 
reducing the number of users and goods that can experience negative effects 
when emergency events occur [1, 2]. 
     The evaluation of methods for planning, allow for a comparison of the effects 
of different plans in respect of one or more criteria. Single elements of an 
evacuation plan can be evaluated by means of specific indicators. Based on these 
indicators, different evacuation plans can be compared in ex ante and in ex post 
conditions. Analysis of single indicators can give different results. For this 
reason it is necessary to adopt evaluation methods that allow us to consider 
contemporaneously all the known indicators (performance measures).  
     Measures can be quantitative or qualitative and direct or indirect (proxy 
variables). Indicators are functions to synthetize available information and have 
to be defined for each plan component. 
     In some countries, the planning process in emergency conditions, and relative 
evaluation methods, are carried out according to rules and/or standards. 
     In Australia, a framework for measuring the performance of emergency 
management is defined. The approach involves three levels of elements  [3]: 
objectives to achieve; performance criteria to measure how each objective is 
achieved; acceptable solutions to provide as examples of what may enable 
achievement of the performance criteria. 
     Nakanishi et al.  [4] propose a set of performance indicators, which measure 
the achievement of emergency preparedness goals and policies of a transit 
agency.  
     Some authors [5, 6] propose a multi-objective optimization approach for 
evacuation planning; the authors indicate a set of Measures of Effectiveness to 
improve evacuation process, that consider other factors in respect of traditional 
evacuation times.  
     Some authors adopt specific performance in designing methods for specific 
components of transportation systems in evacuation conditions based on specific 
performances [7, 8]. 
     In this paper, an evaluation method, based on efficiency criterion, is 
proposed. The method is based on the assumption that an evacuation is 
represented by means of a production process fed by a set of inputs that are 
combined to obtain a set of one or more outputs. Performances of this process 
are measured in terms of efficiency.  
     In literature several methods to measure efficiency are available. A possible 
classification of these methods is based on the production function:  
 parametric methods, based on the assumption that the production function of 

fully efficient firms is known [9, 10];  
 non-parametric methods, based on the assumption that the production 

function of fully efficient firms is not known; in this class, some methods 
are DEA [10, 11] and Free Disposal Hull (FDH) [12, 13]. 

     In this paper a DEA non parametric method is proposed to compare 
evacuation planning.  
     The paper is structured as follows: in Section 2, DEA in transportation 
planning is recalled and in Section 3 specific reference evacuation planning is 
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reported; in Section 4, a prototypal application of DEA to compare evacuation 
plans is presented. 

2 DEA in transportation planning 

DEA was originally introduced to evaluate production efficiency in industrial 
systems, where inputs are labour, energy and capital resources and outputs are 
goods or services. Starting from Farrell’s definition of efficiency  [14], the first 
formulation of DEA was introduced by Charnes et al.  [11]. This formulation was 
based on the hypothesis of Constant Returns to Scale (CRS). An extension of the 
CRS model has been proposed by Banker et al.  [15], in which the CRS 
hypothesis is removed and Variable Returns to Scale (VRS) decreasing or 
increasing are admitted.  
     DEA is based on technical efficiency concept that measures capacity of a 
Decision Making Unit (DMU) to realize a productive process that combine 
production factors (input) to obtain a product (output). Then, each DMU is 
represented by means of a set of one, or more, inputs and a set of one, or more, 
outputs.  
     Defining the space of input variables (Rr) and output variables (Rs), each 
DMU can be allocated in a point representative of his efficiency belonging to the 
space R(r U s).  
     Efficient DMU belong to the frontier. The distance from this frontier is a 
measure of inefficiency of a DMU, that could be eliminated through a variation 
in quantity of inputs (input-oriented) or outputs (output-oriented) or both 
(additive model)  [16]. 
     Time variation of efficiency measures, is considered according to different 
approaches. Common approaches presented in literature are: contemporaneous 
approach; intertemporal approach; sequential approach; windows analysis  
 [17, 18]. These approaches differ on construction of  observation set  into 
different temporal periods. 
     DEA has subsequently been applied in many fields of economics and 
engineering  [19]. General works regard the decision making process in the 
phases of selection and ranking of alternative scenarios [20–23]. Specific works 
using the DEA approach to analyse different components of the transportation 
system have been produced regarding: urban transport systems [24,  25], air 
transport systems  [26], railways systems [27, 28], container maritime transport at 
an international scale  [29].  

3 DEA in evacuation planning 

In literature, few studies applying DEA to compare evacuation plans have been 
developed  [30, 31]. 
     To apply DEA for comparing evacuation plans it is necessary to define 
evacuation planning process in terms of inputs and outputs. The selection of 
inputs and outputs depends on available data about evacuation and depends on 
the approach adopted to analyse the evacuation process.  
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     Two different levels of simulation are possible. The classical one for which 
all the people are physically evacuated from the (considered) exposed area and a 
computer simulation approach on which the behaviour of users is modelled  [32] 
leaving from specific hypothesis, for instance fuzzy choice  [33], and the supply 
is modelled by means of a topological approach [34, 35]. 
     If the evacuation process is analysed adopting a simulation approach (both 
physical and computer): 
 inputs can be selected from variables that fed simulation models,  

▪ elements to represent demand components, for instance estimated 
population to evacuate, occasional and systematic users in the study area; 

▪ elements to represent supply components, for instance the total amount of 
urban road network extension or the total amount of available surfaces for 
the refuge area, or the average distance from the refuge area, or available 
emergency vehicles [36, 38]; 

 outputs can be selected from variables resulting from simulation models; for 
instance, output variables can be evacuation times estimated adopting 
simulation models [39, 40], or measured in the field [41–45].  

     If the evacuation process is analyzed, adopting exercises approach inputs and 
output can be selected from the same variables estimated in the simulation 
approach that are measured by means of monitoring models.  

4 A prototypal application 

In this paper an application of DEA to compare evacuation plans is presented. 
The application is finalised to obtain frontier efficiency starting from available 
data.  
     A database is obtained from results of a study published from the US Army 
Corps of Engineers (USACE) to analyze the possible impacts of various 
hurricane hazards in the State of Maine  [46]. Data are relative to ten counties 
(DMUi) for which data are available. The study reports data relative to counties 
in which the State is subdivided (Table 1).  
     Starting from the full database, which comprehends all available information, 
in order to represent evacuation process of each county, the following data are 
selected data: 
 
 evacuation process inputs; data are obtained from database of the Decennial 

Census taken by the US Census Bureau for the year 2000 and are relative to 
permanent population and vehicles evacuating; 

 evacuation process outputs; data are expressed in terms of estimated 
clearance times by evacuation scenario. 
 

     CRS DEA methods specification is adopted. Two applications are carried out 
representing evacuation process by means of: 
a) one input (permanent population) and one output (clearance times); 
b) one input (vehicle evacuating) and one output (clearance times). 
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Table 1:  Available data (source USACE 2007  [46]). 

County 

Permanent 
population 

(inab.*100,000) 
input1 

Vehicles 
evacuating 

(car*10,000) 
input2 

Clearance 
time 

(hours) 
output 

1 Cumberland 2.79 9.1 2.75 
2 Hancock 0.55 6.4 3.75 
3 Kennebec 1.22 5.5 2.75 
4 Knox 0.42 2.8 4.00 
5 Lincoln 0.36 3.6 1.75 
6 Penobscot 1.50 7.7 3.00 
7 Sagadahoc 0.38 2.0 1.75 
8 Waldo 0.40 3.1 6.25 
9 Washington 0.33 3.1 4.00 

10 York 2.07 16.8 1.75 
 

     In both applications, the most efficient county has the minimum ratio between 
outputs and inputs. In fact, reducing clearance time, the exposure risk component 
decreases. The frontier is represented from a straight line passing from the origin 
and angular coefficient equal to the minimum output/input ratio. To modify 
inefficiency of some counties, evacuation times have to be reduced. 
 

a) Permanent population and clearance times 
     Considering an evacuation process characterised by one input and one output, 
it results that York County is the most efficient; it has the minimum value of 
output/input1 0.85. Then the frontier has the following form: 
 

clearance time (a) = 0.85 * permanent population 
 

     To report the other counties at efficiency similar to the best one, different 
steps can be developed. For instance, to improve Lincoln County performance, 
different models can be used. The considered models are (Tab. 2): 
a1) reduced clearance times to reach the frontier with the same permanent 

population; 
a2) increased permanent population to reach the frontier with the same 

clearence time;  
a3) reduced clearance time and increased permanent population to reach the 

frontier. 
 

b) Vehicle evacuating and clearance times 
     Considering an evacuation process characterised by one input (vehicle 
evacuating) and one output (clearance times), it results that York County is 
again, the most efficient one; it has the minimum value of output/input2 0.10. 
Then the frontier has the following form: 
 

clearance time (b) = 0.10 * vehicles evacuating 
 

also in this case it is possible to underline the hypothetical improvement that the 
other counties could implement. For instance, to improve Lincoln County 
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performance, different models can be used. The considered models are (Tab. 2): 
b1) reduced clearance time has to reach the frontier with the same vehicles 

evacuating; 
b2) increased vehicle evacuating to reach the frontier with the same clearance 

time; 
b3) reduced clearance time and increased vehicles evacuating. 

Table 2: CRS method: one input, one output results. 

County 
output/ 
input1 

output/ 
input2 

Permanent 
population 

(inab.*100,000) 

Vehicles 
evacuating 

(car*10,000) 

Clearance time 
 

(hours) 

(a2) (a3) (b2) (b3) (a1) (a3) (b1) (b3) 

1 Cumberland 0.98 0.30 3.24 2.98 27.5 9.3 2.36 2.53 0.91 0.96 

2 Hancock 6.84 0.59 4.41 2.17 37.5 6.7 0.46 1.84 0.64 0.70 

3 Kennebec 2.25 0.50 3.24 2.07 27.5 5.7 1.03 1.75 0.55 0.60 

4 Knox 9.55 1.43 4.71 2.22 40.0 3.2 0.36 1.88 0.28 0.33 

5 Lincoln 4.82 0.49 2.06 1.07 17.5 3.8 0.31 0.91 0.36 0.39 

6 Penobscot 2.00 0.39 3.53 2.35 30.0 7.9 1.27 1.99 0.77 0.82 

7 Sagadahoc 4.59 0.88 2.06 1.08 17.5 2.2 0.32 0.92 0.20 0.22 

8 Waldo 15.82 2.02 7.35 3.31 62.5 3.7 0.34 2.81 0.31 0.39 

9 Washington 12.08 1.29 4.71 2.17 40.0 3.5 0.28 1.84 0.31 0.36 

10 York 0.85 0.10 2.07 2.07 16.8 16.8 1.75 1.75 1.75 1.75 

 

 

Figure 1: One input (permanent population) and one output (clearance times). 
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     Non-parametric methods compare efficiency of an evacuation process with 
respect to a frontier production function that depends on the set of cities 
considered. This means that if the set changes, then the measure of efficiency can 
be different.  
 

 

Figure 2: One input (vehicle evacuating) and one output (clearance times). 

     Easy results of DEA applications presented in this paper show that efficiency 
of evacuation plans varies with DEA method formulation and subset of 
considered data. The type of input and output selected influence the frontier. In 
the specific case considered in the application presented in this paper, other 
elements, that influence organisation of an evacuation, have to be considered. 
For instance, the distance between evacuation area and safe area has to be 
considered to explain the high value of evacuation times.  
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