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Abstract

The increasing number of affected people due to disasters, the complexity

and unpredictability of these phenomena and the different problems en-

countered in the planning and response in different scenarios, establish a

need to find better measures and practices in order to reduce the human

and economic loss in this kind of events. Disaster Operations Management

has become very popular and, considering the properties of disasters, the

use of tools and methodologies like OR have been given a lot of attention

in recent years. The present work provides a literature review on the topic

of OR models with some stochastic component applied to Disaster Opera-

tions Management (DOM), along with a detailed database on the consulted

papers, in order to give an insight on the state of the art in the topic and

determine possible future research directions.
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1

Introduction

During the last decade the world has witnessed some of the most catastrophic and eco-

nomically demanding disasters in history. The Indian Ocean earthquake causing the

2004 Tsunami, the Chilean earthquake (2010) and Japans Earthquake (2011) are listed

between the 10 largest earthquakes in the world since 1900 [1] (1). The Indian Ocean

Tsunami (2004) is also considered one of the deadliest disasters of the last century,

leaving 280,000 deaths and causing the evacuation of 1.7 million people in 12 countries

[2] (2). The Haitian Earthquake (2010), with destruction estimated at 120 % of the

countrys GDP (3) [3], had 3 million people affected, among which 1.3 million people

were left homeless and other disasters such as the European Heat wave (2003) and

Cyclone Nargis (2008) have also accounted for over 70,000 casualties each [4] (4).

Since the beginning of the millennium, almost 2.7 billion people have been affected,

1.1 million killed and a damage of 1.3 trillion dollars has been reported due only to

natural disasters [5] (5). The Japan earthquake and Tsunami (2011), considered the

worlds costliest disaster since 1965, accounted for an economic loss estimated in 240

billion dollars, which represented the 4.1 % of the countrys GDP of that year, while

Hurricane Katrina (2005) and Sichuan earthquake (2008) reported losses of 160 and

100 billion dollars respectively [6] (6).

Technological and man-made disasters (conflicts, genocide, famine, displaced popu-

lations, industrial accidents etc.) have accounted for additional millions of deaths. Ac-

cording to Iraq Body Count, the Iraq war caused between 109,822 and 119,993 civilian
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1. INTRODUCTION

deaths up to October 2012 [7] (7). In the Darfur Conflict, Sudan, more than 4 million

people needed aid, 2.5 million lived in refugee camps and approximately 200,000 people

were killed over the 6 years of conflict. On the other hand, Somalias famine claimed

the lives of almost 30,000 children under the age of 5, and affected tens of thousands

of people in the region.

The International Federation of Red Cross and Red Crescent Societies defines disas-

ter as a sudden, calamitous event that seriously disrupts the functioning of a community

or society and causes human, material, and economic or environmental losses that ex-

ceed the communitys or societys ability to cope using its own resources [8] (8). The

World Health Organization Collaboration Centre for Research on the Epidemiology of

Disasters (CRED) has developed the International Disaster Database (EM-DAT) con-

taining information on the occurrence and impact of more than 18,000 disasters since

1900. For an event to be considered in the database, ten or more people should be

reported dead, a hundred or more affected and there should be a declaration of a state

of emergency and the call for need of international assistance [9] (9).

Figure 1.1: Number of disasters by year 1900-2011 -

According to the information in the EM-DAT database, the total number of dis-
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Figure 1.2: Number of people reported affected by natural disasters 1900-2011

-

asters seems to be increasing, as well as the number of people affected by them, as

it can be seen in Figures 1.1 and 1.2. This may be influenced by the accumulation

of risks associated with factors such as increasing population, increasing urbanization,

dependence on critical infrastructure and climate change and variability [10] (10), fac-

tors that just emphasize the worlds population vulnerability and the need for better

measures to cope with this kind of phenomena.

The increasing number of disasters and their unpredictability, an ever growing pop-

ulation and the limited capacity of governments, make the response to these events

very challenging. Problems ranging from high structural and social vulnerability, lack

of emergency planning, lack or limitation of resources (money, personnel, medical at-

tention units etc.), uncertainty of demand, response times, structural reliability, the

delay in the arrival of aid teams and the possibility of secondary disasters, may be

encountered when talking about disaster relief. In the Haiti Earthquake (2010), the

vulnerability of the population was a crucial factor in the enormous impact the earth-

quake had, as this is considered the poorest country in the Western Hemisphere with

80% of the population under the poverty line [11] (11). The deficient infrastructure
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1. INTRODUCTION

was not seismically efficient, the government did not have the capacity to respond to an

event of this magnitude and the arrival of specialized teams of international aid began

24 hours after the quake strike, due mostly to the poor transportation infrastructure

[12] (12). On the contrary, in the case of the Chilean Earthquake, the government had

considered the possibility of such an event happening and had developed plans for re-

sponding in an efficient way. There was almost no need of international assistance, and

the capacity and control of the government over the situation reduced the impact of

the disaster considerably [3](3). This demonstrates the fact that efficient planning and

response is a very important aspect to reduce the social, economic and environmental

impacts of disasters.

In this way, Disaster Operations Management (DOM) or Disaster Relief Operations

(DRO) appear as efficient strategies to affront disasters, and the use of techniques able

to simulate and if possible reduce the uncertainty and complexity of these events seems

a very appropriate approach. This document surveys the literature developed on DOM

using Operations Research (OR) techniques and is divided as follows: Section 2 presents

the most important definitions and properties of DOM, Section 3 establishes the justifi-

cation of the research, the objectives are stated in Section 4 and the search methodology

used for the state of the art review is described in Section 5. A literature review is

presented in Section 6 and problems still not tackled and possible future research is sug-

gested in Section 7. Finally, Appendix A shows the constructed database for the review.
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2

DOM definitions and boundaries

of the study

Rawls and Turnquist [13] (13) define DOM as the sequence of operations that seek to

prevent or reduce the injuries, fatalities, and damages resulting from a disaster; and to

facilitate the recovery from such an event. Similarly Altay and Green [14] (14) consider

it as the set of activities that are performed before, during, and after a disaster with the

goal of preventing loss of human life, reducing its impact on the economy and returning

to a state of normalcy. Taking into account the previous definitions, Disaster Opera-

tions Management considers all the actions taken to reduce the disaster impact, from

the minimization of vulnerability and risk assessment, to the reconstruction procedures

and the implementation of programs to return to normalcy.

According to the Federal Emergency Management Agency (FEMA) of the United

States, the DOM life cycle is divided into four main stages or phases: Mitigation, Pre-

paredness, Response and Recovery [15] (15). Mitigation refers to the actions taken to

prevent a disaster, reduce the chance of it happening, or reduce its damaging effects.

Zoning and land use plans, building codes, barrier construction and vulnerability and

risk assessment are activities of this phase. Preparedness includes plans or preparations

made to save lives and to help response and rescue operations. It aims to reduce the

response time by the advanced procurement and pre-positioning of needed resources.

Activities such as the recruitment and training of personnel, emergency planning and

the acquiring of vehicles, equipment and resources are performed in the preparedness
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2. DOM DEFINITIONS AND BOUNDARIES OF THE STUDY

stage.

The Response activities take place immediately after the disaster and consider all

the measures taken to safely attend affected people. The emergency plans are activated,

the urban search and rescue begin, affected people are evacuated and taken for medical

care and emergency supplies are mobilized. Finally the recovery stage refers to the

long term plans to follow in order to return to normalcy and include debris removal,

reconstruction of infrastructure and implementation of financial assistance programs,

among others.

DOM is being used by many governments around the world in order to reduce

disasters impact. However the unpredictability (probability of occurrence, location,

impact), magnitude (limiting response capacity), uncertainty (number of victims or af-

fected, demand location, damaged infrastructure) and complexity (possibility of replicas

or secondary disasters, communication and coordination difficulty) of these events can

make it difficult to develop efficient plans. This is due to the fact that there are many

variables that should be considered in the different analyses which are almost impossi-

ble to predict.

In recent years, the OR community has given a lot of attention to the topic and

has demonstrated its appropriateness and usefulness in the area. One of the thorough

reviews developed in the topic was conducted by Altay and Green in 2006. In their

research, 109 articles were consulted considering all kind of disasters and OR method-

ologies and were later categorized by journal, phase of disaster, research methodology,

research contribution, disaster type and problem scenario. With their work it could be

seen that most of literature in OR focused on the mitigation phase, and mathematical

programming, including heuristics, was used as the main tool to attack the problems

[14] (14). According to this survey, a better understanding of the inputs and character-

istics of different events as well as the development of new solution methodologies were

needed. They also pointed out that there should be more research on multi-agency

structures in order to facilitate the coordination and communications during disasters,

there should be more models using soft OR techniques and there was still a necessity
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for the development of more methods for the recovery phase.

Complementing this research, two important reviews were carried on humanitarian

logistics. In the first one, by Kovcs and Spens (2007), 98 articles up to 2005 were

consulted, focusing on logistics and supply chain management in disasters [16] (16).

In their review of academic and practitioner literature they exalt the importance of

research in the different stages and the need of solutions to affront the challenges of

disasters such as the destabilized infrastructure, uncertainty in demand, supply and

response time and the need of dynamic models to cope with this challenges. In the sec-

ond one, Overstreet et al. (2011), 51 articles were reviewed and the research provides

a good reference for humanitarian logistic complexities and future research, including

areas such as planning policies and procedures, organizations personnel, infrastructure,

transportation, information technology or communications and inventory management

[17] (17).

As it was pointed out by Altay and Green, among all the OR techniques, mathemat-

ical programming has been given the most attention, and considering this, there have

been more literature reviews in this area than in the others. Caunhye et al. (2012)

conducted a review on optimization models in emergency logistics, classifying their

findings according to the operation carried out: facility location, relief distribution and

casualty transportation and model types, decisions, objectives and constraints [10] (10).

Future research in multi-objective and dynamic models, models including the possibil-

ity of inter-facility stock transfer and casualty transportation combining transportation

time, injury seriousness and on field treatment are some of the directions proposed by

the authors. De la Torre et al. (2012) conducted a review on the problems related to

routing of vehicles in disaster-affected regions to deliver goods and services to distribu-

tion points and beneficiaries, classifying their review according to the characteristics of

the problem (allocation policies, needs assessment, uncertainty in demand and supply,

vehicle and routes characteristics) and their different objectives (minimization of time

of delivery, minimization of costs, minimization of unsatisfied demand etc) [18] (18).

The large amount of papers found by each of these reviews shows the popularity

that research in the topic has acquired. Still, it has been more than 5 years since
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2. DOM DEFINITIONS AND BOUNDARIES OF THE STUDY

the last complete literature review on OR in DOM undertaken by Altay and Green

(2006) and while there have been good recent bibliographic reviews for optimization

models (Caunhye et al, 2012; De la Torre, 2012), a general OR review is lacking for the

publications in recent years. Humanitarian logistics reviews (Kovcs and Spens, 2007;

Overstreet et al., 2011) focus their analysis in models considering logistics and supply

chain management that use mostly mathematical programming and logistic tools, pro-

viding little inside on the study and work developed with the other OR techniques.

Taking into account the multiple uncertainties of disasters, the use of stochastic com-

ponents in the models has acquired great popularity but still a review in the topic has

not been carried out. This is why the development of this literature review on the topic

seems appropriate at the time.

The objectives of the present work consider the development of a bibliographic re-

view on OR techniques with stochastic components in DOM, the creation of a database

of the recent developments in the topic, useful for future researchers, a classification of

all the consulted articles according to the phase of disaster, OR technique, publication

year and journal and finally the determination of lacking work and possible future re-

search topics in DOM.

For the literature review, the time period considered in the research ranges from

2006 to 2012. The EBSCO, EMERALD, IEEE Explore, INFORMS Journals, JSTOR,

SCIENCEDIRECT and SPRINGERLINK databases were consulted and the keywords

catastrophe, disaster, disaster operations management, disaster relief, disaster response,

emergency response, humanitarian logistics, disaster decision models and relief opera-

tions were used in the search process. The literature survey was limited to academic

journals. According to the abstract, only the articles that applied an OR technique

(Mathematical Programming, Simulation, Probability and Statistical Models, Queuing

Theory and Decision Theory) were taken into account. After this preliminary classifica-

tion, the articles were filtered, leaving only the ones that had any stochastic component.

Then, for every paper the references were reviewed and relevant papers or of the refer-

ences were selected with the same process. After this procedure, a total of 130 articles

were included in the review.
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After the filtering process, a classification method was established and the articles

were classified according to the phase of disaster (Mitigation, Preparedness, Response,

Recovery), the OR technique used (Mathematical Programming, Simulation Models,

Probability and Statistical Models, Decision Theory, Queuing Theory), the publication

year (2006-2012) and the journal (European Journal of Operations Research, Socio

Economic Planning Sciences, Transportation Research, Safety Science, among others).

A statistical analysis on the number of papers in each area was developed and a database

with the relevant information of all the consulted papers was created.
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3

OR Research in DOM

The articles revised consider work using different OR techniques that focus on multi-

ple problems. Mathematical programming research emphasis is on the preparedness

and response operations considering facility pre-positioning, resource allocation, relief

distribution and casualty transportation. Simulation research focuses on the develop-

ment of models that help to process and analyze input data for the response phase and

consider mostly the development and use of spatial support decision systems and geo-

graphic information systems. The consulted probability and statistical models affront

problems of the mitigation phase with the use of artificial neural networks and time se-

ries techniques in order to have better forecasts for events such as floods, snow disasters

and typhoons; they also work on demand prediction and risk assessment in disasters.

The decision theory models mostly apply methodologies as MAUT (Multi-attribute

utility theory), Multi-criteria analysis and Bayesian network models to determine dis-

asters risk and attention policies. Finally, from the articles found in queuing theory, 2

of them focus on Markovian processes used in prediction and forecast, and the others

consider network survivability.

3.1 Characterisation of articles

From the 109 articles reviewed, 50 consider mathematical programming, 10 simulation

models, 21 probability or statistical models, 26 work with decision theory methods and

3 use queuing theory, as it can be seen in Figure 3.1. Among them, 37 are considered
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part of the mitigation phase, 22 of the preparedness stage, 44 of the response stage and

6 recovery stage, as it is shown in Figures 3.2 and 3.3.

Figure 3.1: Classification of articles by OR methodology -

Figure 3.2: Classification of articles by phase of disaster -

With this distribution of articles, a popular trend can be determined. Disaster Op-

erations Management reviews focus primarily on mathematical programming models

for the preparedness and the response phases, with a lot of them having a simulation

component. Meanwhile the probabilistic and statistical methods were used mostly on

risk and prediction analysis in the mitigation phase and there is decision theory re-

search for all of the stages. Work on the recovery stage, as well as on queuing theory
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3.2 Mathematical Programming

Figure 3.3: Papers Timeline -

methodologies, has not been taken much into account. Considering this, a more de-

tailed analysis on the papers was carried out in order to establish the most popular

research directions according to the methodology classification.

3.2 Mathematical Programming

3.2.1 Facility Location

Most of the consulted papers in mathematical programming consider the facility loca-

tion or prepositioning, combined with resource allocation, relief distribution and some-

times casualty transportation. In the facility location front, Jia et al. [19] (19) devel-

oped three different heuristics: a genetic algorithm, a location-allocation heuristic and a

Langrangian relaxation heuristic to determine the facility location of medical supplies in

case of a large-scale disaster. They formulate a maximal covering problem with the pos-

sibility of having multiple facilities with different quality levels for each demand point,

with the objective of maximizing covered demands. Chang et al. [20] (20) developed a

two stage stochastic programming, scenario-based model for planning flood emergency

logistics, considering a multi-group, multi-level, multi-echelon network. In the first

stage they group disaster areas and classify their level of emergency, while minimizing

the expected shipping distance; in the second stage, the location-allocation model, with

the objective of minimizing the costs (facility setup, transportation, demand shortage)

13



3. OR RESEARCH IN DOM

they select the local rescue bases to open, the quantity of rescue equipment to send to

storehouses and the routes that emergency transportation should follow. They use GIS

and sampling based approximation in their case study of a flood in Taipei city. Balcik

and Beamon [21] developed a Mixed Integer Program (MIP) for distribution centers

(DC) location and stock pre-positioning, maximizing the expected demand covered by

the established DCs. They tested their program by modeling the global location of

distribution centers based on earthquake strike historical data.

Rawls and Turnquist [22] proposed a Langrangian L-shaped heuristic algorithm for

solving a two-stage stochastic scenario based mixed integer program in order to provide

an emergency response pre-positioning planning tool for hurricane and other disaster

scenarios. In their model the objective is to minimize the expected costs over all sce-

narios that result from the selection of facility locations and sizes, commodity stocking

decisions, unused material holding costs and unmet demand penalties, considering un-

certainty in demand for stocked supplies and transportation network availability. With

their case study on preparedness for hurricane threats in the South-eastern United

States, they showed a reduction of approximately 30% in the computational time in

comparison with the results from commercial MIP software. Afterwards, they devel-

oped the multi-period version with a two-stage, dynamic and scenario based stochastic

program for the preposition and allocation of facilities and commodity distribution af-

ter a disaster event, with the objective being the minimization of total costs. This

model considered multiple periods and scenarios, as well as the possibility of including

infrastructural damage in the network [13].

As it can be seen, a lot of the facility location models involve Mixed Integer Pro-

gramming, also used in Duran et al. [23], and stochastic programming, including Song

et al. [24] work, combining them with heuristic algorithms in order to reduce the com-

putational time and facilitate the problems convergence. Also, including a multi-period

analysis is a new and interesting approach for solving this kind of problems.
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3.2 Mathematical Programming

3.2.2 Resource Allocation

Resource allocation models focus on the activities of locating resources before or right

after the occurrence of a disaster. Sheu et al. [25] developed a model grouping demand

points with a fuzzy clustering technique in order to allocate commodities in disasters,

with the objective being the minimization of traveling costs from relief centers. Bal-

cik et al. [26] mixed the resource allocation and the relief distribution by proposing

a multi-period Mixed Integer Program to determine schedules for vehicles and an eq-

uitable allocation of resources, by the minimization of transportation costs and the

maximization of the benefits of aid recipients, for local distribution points. Their ap-

proach considers two phases, the first one generates all possible delivery routes, the

second one determines the amount of supplies to be sent to each demand point by the

vehicles in the coming periods.

3.2.3 Relief Distribution and Casualty Transportation

The principal focus of the mathematical programming review on Disaster Operations

Management is the relief distribution and casualty transportation after a disaster.

Tzeng et al. [27] developed a fuzzy multi-objective linear programming model for

designing relief delivery systems. The model considers three objectives: first, the eco-

nomic objective, minimization of total cost, second, the efficient objective, minimizing

the total travel time and third, the equitable objective, by maximizing the minimal

satisfaction during the planning period. The Taichung, Nantou City earthquake on

September 1999 was used as the case study to test the model. Other multi-objective

models include the evacuation in transportation networks model proposed by Stepanov

and MacGregor [28] and the multi-criteria network-flow goal programming model for

relief distribution established by Vitoriano et al. [29] , which considered time, cost, eq-

uity, reliability and safety objectives to measure their models performance, and which

was applied to the Haitian catastrophic earthquake of 2010.

Models considering Mixed Integer Programming (MIP) are applied frequently in this

field. Yan and Shih [30] developed a multi-objective, mixed-integer, multi-commodity

network flow problem for the roadway repair and relief distribution, with the objective
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of minimizing the length of time required for these activities, within a limited period

of time. They created the problem in a time-space network and used the weighting

method for the objective functions and a heuristic algorithm to solve the problem.

Zhang et al. [31] proposed a local Search heuristic with mixed integer programming

for the multiple-disaster multiple- response emergency allocation and disaster relief

problem, considering a stochastic occurrence of a secondary disaster and having as an

objective the minimization of total rescue costs of primary and secondary disasters.

Their algorithm reduced by 26.4% the computational time compared to the optimiza-

tion based method. Other models containing MIP are seen in Wohlgemuth et al. [32]

and the Rottkemper et al. [33].

Ngueveu et al. [34] implemented an incremental Memetic Algorithm to solve the

Cumulative Capacitated Vehicle Routing Problem (CCVRP), where the objective is to

minimize the sum of arrival times at customers, considering capacity limitations. The

algorithm starts with a population of chromosomes, which are the CCVRP solutions;

two parents are selected and a crossover algorithm is performed over them, and the

best produced children replace one of the worst individuals in the current population.

The computational results show that the algorithm improves the solution cost of the

nearest neighborhood heuristic by more than 30%. Other heuristic approaches includ-

ing genetic algorithms are used by Lin et al. [35] and Berkoune et al. [36].

Two-stage stochastic programming models are also very popular in the field. Shen

et al. [37] proposed a model divided in two stages, a planning stage and an operational

stage. For the first stage, the route planning, they developed a stochastic programming

model, considering the uncertainty in the model by including chance constraints and

quantifying all the unmet demand. The second stage was developed in order to in-

clude the uncertain parameters (once they are observed) to the model. Three different

programs were used for this stage, LP recourse strategy, a knapsack recourse strategy

and a re-planning, for comparison. Other authors that developed models with two

stage programming include Maqsood and Huang [38] model for flood management and

Tricoire et al. [39] bi-objective two-stage stochastic program with recourse, scenario-

based, using the epsilon-constraint heuristic method with branch and bound for relief
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3.2 Mathematical Programming

distribution.

Finally, programs including casualty transportation or evacuation are also frequent

in the literature. Chiu and Zheng [40] developed a cell transmission based linear pro-

gram model for the simultaneous traffic assignment and departure schedule for multi-

priority groups and evacuation traffic flows for emergency response to disasters. Li

and Ozdamar [41] considered a two-stage mixed Integer multi-commodity network flow

model for the capacitated location-routing problem (LRP). Their objective included the

minimization of unsatisfied demand and delay in commodity and health care service.

In the model they categorized wounded people, considered an expansion of the hospital

capacities and predicted future demand per period. In the same topic, Akhavan and

Rios [42] developed a simulation and optimization model for planning the logistics for

providing auxiliary medical facilities to respond to a 6.2 magnitude earthquake scenario

in Bogot, Colombia. In their model they categorized the people by their injury type

and established the extra capacity of ambulances and of permanent hospitals in order

to reduce the expected number of deaths, and also located the temporary hospitals

needed to attend the situation.

3.2.4 Search and Rescue

Among other activities and scenarios for mathematical programming problems, the

search and rescue activity has acquired popularity in recent years. Jotshi and Batta [43]

developed a heuristic algorithm to deal with the problem of search for an immobile en-

tity (uniformly distributed) on an undirected network. Their objective was to minimize

the search time, considering that there is no communication between the searcher and

the entity and that the location of the entity is not known with certainty, but a region

of interest could be found from data fusion. The solution is found using the Eulerian

graph conversion. Chen and Miller-Hooks [44] proposed a scenario based, Multi-stage

stochastic program with column generation for the Urban Search and Rescue Team

Deployment Problem USAR-TDP, in order to get the optimal search and rescue team

deployment. Having for objective the maximization of the expected number of saved

lives, they could establish the routes and deployment of search teams, considering that

the number of teams varies with period, the demand depends on diminishing likelihood
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3. OR RESEARCH IN DOM

of survival and building damage, and new destroyed sites are discovered and entered

the model following a Poisson distribution.

All consulted papers in the review are included in a database which considers the

characteristics of distribution centers multiple or single, supply location known or

unknown, demand deterministic or stochastic, demand location known or unknown,

fleet homogeneous or heterogeneous, commodities single or multiple and if they are

considered multi-period or not. Factors such as the objective Function, methodology

used, problem to be solved and important assumptions and achievements of the models

used are also provided. Appendix A contains this database, and Figures 3.4 and 3.5

and 3.6 summarize the results.

Figure 3.4: Classification of Mathematical Programming articles by Objective

Function -

3.3 Simulation Models

Simulation methodologies in DOM focus primarily on the use of Geographic Infor-

mation Systems (GIS), Spatial Decision Support Systems (SDSS) and Discrete Event

Simulation (DES) models. Most of the spatial decision support systems research has

focused on the integration of forecasting and early warning models with GIS applica-

tions [45]. Because of this, Wen et al. developed a SDSS Architecture in Emergency
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Figure 3.5: Classification of Mathematical Programming articles by Optimiza-

tion Methodology -

Figure 3.6: Classification of Mathematical Programming articles by Problem

to solve -
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Response in Grid GIS that show good advantages in sharing distributed and hetero-

geneous resources, and allow a regular update of resources, making it a good tool for

decision making authorities.

In the GIS front, there have been a great amount of simulation papers including

Horner and Downs [46] research on a flexible geographic information system-based net-

work flow model for routing, that combines a geographic information system and a

flexible network flow model for the distribution of relief goods to populations after a

hurricane occurrence. The model identifies locations to localize distribution centers, in-

cluding multiple policies and with the possibility of visualizing the planning scenarios.

Other papers such as Ye et al. [47] (GIS-based study of natural disaster vulnerability

for Xiamen city) and Chen et al. [48] (secondary disaster pre-warning based on GIS

and subsequent risk analysis), also use this kind of systems.

Massaguer et al. [49] developed a multi-agent simulation system for disaster re-

sponse activity that takes information from instrumented points in the University of

California, Irvine, and combines geographic space simulation and agent behavior for

a building evacuation simulation. They use a geographical spatial system, modeling

each person as an agent and using neural networks for the agent decision making part.

El-Anwar et al. [50] developed an automated system to support decision-makers in op-

timizing post-disaster temporary housing arrangements. The system consists of three

models: data collection, automated optimization and output analysis and visualization

and considers as objectives the minimization of negative socio-economic impacts, max-

imization of housing safety, minimization of negative environmental impacts and the

minimization of public expenditures. In another paper, Fonseca et al. [51] proposed

a simulation tool for hurricane evacuation planning in the I-65 major US Interstate

highway, including statistical testing to identify variation in relevant traffic variables

affecting the flow of vehicles.

Finally, three research works consider the DES approach. Agent-based event sim-

ulation software for disaster responses, implemented in the Pittsburgh downtown area

was developed by Wu et al. [52]. The model considered an Arena module and was

integrated with GIS in order to help with the visualization and input of data. Yi et
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al. [53] proposed a generic simulation model to represent the operations of hospitals

during an earthquake disaster scenario, and with the obtained results they fitted gen-

eralized regression equations in order to obtain steady-state hospital capacities during

this event. Noreña et al. [54] developed a discrete-event simulation model for the

transfer and attention of injured people in temporary and permanent hospitals during

the first 96 hours after the disaster strike. The model attempts to determine the extra

capacity in hospitals and ambulances to minimize the expected number of casualties

in an earthquake scenario in Bogot, Colombia. Figure 3.7 shows the distribution by

methodology for the total of articles.

Figure 3.7: Classification of Simulation articles by used methodology -

Considering this last research, a probabilistic analysis was conducted in order to

improve the model assumptions regarding the creation of injured people (specifically

the trapped people) and the possibility of including triage classification times. The

structure of the model is shown in Figure 3.8. In the model trapped and injured people

are created following a certain distribution, and a percentage of trapped people are

considered to be found dead. This percentage varies according to the impact of the dis-

aster, but for catastrophic disasters it is considered to be between 50% and 90%. The

trapped people are different from the injured people in the fact that they need external

help in order to be rescued. Both, injured and trapped, are classified considering their

level of injury and depending on the availability of communications with hospitals and

their capacities, are sent in an ambulance to a permanent hospital (in the case of the

severely injured) or with any vehicle to a temporary health centre (in the case of low
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injured or if there is no capacity in permanent hospitals). After the arrival, the patients

are attended depending on the staff capacity. The service time depends on the level

of injury of the patient. An inventory model is also developed for the hospital medical

and pharmaceutical resources. Finally, people are considered dead if the total time of

the transportation and medical attention is larger than the survival rate of the patient.

Figure 3.8: ]

Noreña et al. Simulation Model Structure [54] -

In order to improve the assumption of the trapped people arrival rate, two papers

were consulted. Shiono et al. [55] modeled the search and rescue activity, and simulated

the live and dead recoveries from the Juarez Hospital after the Mexico City Earthquake

in 1985. Then they compared the simulated results with the real data, and confirmed

a good fitting. Both, live and dead recoveries decreased with time.

The second article by Ohta et al. [56] considers the classification of trapped people

by death modes, and the assignment of survival time lengths and percentage of the

total trapped for each mode, shown in Table 3.1. With these results a graph with the

survival rate by mode was constructed, as it can be seen in Figure 3.9 and a maximum

survival time is obtained. With this time, according to the respective percentage by

mode and considering the total expected number of trapped people reported by dis-

trict in Bogots Emergency Plan (BEP), different uniformly distributed recovery times
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were assigned to all the trapped people (between 0 and the maximum arrival time by

assigned mode) as it is shown in Table 3.2. In this stage it is considered that all people

are found within the survival time, the number of people found dead (entities not con-

sidered in the model) will be given by the percentage of dead trapped people that was

mentioned above. The recovery times are then ordered from minimum to maximum

and a time between arrivals is calculated. Then a probability distribution is fitted to

this data (Figure 3.10), and this is included in the creation of trapped people entities.

The simulation model is then run for different percentages of dead trapped people to

determine if there is a change in the model results (Expected number of deaths).

Death Modes Life Time Length Percentage (%)

Mode 1 Suffocation 5-6 min 2

Mode 2 Injuries - Head, Chest 3 hours 11

Mode 3 - Abdomen 12 hours 23

Mode 4 - Limbs 1 day 30

Mode 5 - No injury 2.5 34

Table 3.1: Classification of Trapped People in Death Modes [56]

Figure 3.9: ]

Rates according to the death mode and elapsed time [56] -

According to the results, considering the different scenarios of extra ambulance and

hospital capacity, for dead percentages of 80% or more there is no significant change in

the expected number of deaths, in comparison to the previous model, however for the

first scenarios where there is not much extra capacity, up to 80% and in the rest up
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Injury Mode Percentage (%) Time (hour)

Mode 1 2.0 UNIF (0-0.1)

Mode 2 11.0 UNIF (0-8)

Mode 3 23.0 UNIF (0-30)

Mode 4 30.0 UNIF (0-50)

Mode 5 34.0 UNIF (0-96)

Table 3.2: Limits for the retrieval time Uniform Distribution by mode

Figure 3.10: Distribution fitting of inter-arrival times of trapped people -

to 70% of dead percentage report a significant change in the expected number of deaths.

3.4 Probability and Statistical Models

The probability and statistical approach in DOM focuses on the risk management

models that forecast the occurrence of a determined event using time series analysis,

dynamic programming models for the design of disaster relief systems, Statistical mod-

eling to analyze and determine natural and man-made disaster risks, the use of artificial

neural network for the risk assessment of events and probabilistic models to describe

and analyze emergency systems and evacuation. Forecast models consider the work

developed by Mishra and Desai [57] on drought forecasting based on time series using

ARIMA and artificial neural network models (recursive multi-step and direct multi-

step), based on the Standardized Precipitation Index (SPI) and Moreira et al. [58]

SPI-based drought forecasting using log-linear models, in Alentejo Region, Portugal,

which demonstrated that the utilized method was a useful tool for short drought warn-

ing.
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Other works on that topic also include Xu et al.s [59] that proposes a model on

the demand forecast of commodities after natural disasters applying a hybrid forecast-

ing method integrating Empirical Model Decomposition (EMD) and Auto-Regressive

Integrated Moving Average (ARIMA) models, used in the prediction of agricultural

products for the response to the 2008 Chinese winter storms. In the dynamic program-

ming front Sheus paper [60] on dynamic relief-demand management for emergency

logistics provides an efficient three step model to predict demand in a disaster scenario.

Using data fusion to forecast relief demand, fuzzy clustering to classify affected areas

into groups and multi-criteria decision making, they developed a method capable of

dynamic relief-demand forecasting and allocation of resources in emergency logistics

operations.

On the other hand, statistical models are greatly used in the risk assessment stage.

Guikema [61] proposes a statistical learning methodology, considering a diverse set of

methods design to perform inference analysis over large, complex data sets, for risk

analysis of the impact of natural disasters in large-scale, critical infrastructure systems

and electric power distribution systems, transportation systems, etc. Toya and Skid-

more [62] develop a model to estimate the relationship between measures of economic

development and the effect of natural disasters, using linear regression analysis for

deaths and damages or GDP vs. different economic and social factors, while Chatter-

jee and Abkowitz [63] develop a linear regression model for the regional terrorism risk

assessment, expressed in expected annual monetary terms as function of attributes as

population density and critical infrastructure. Other statistical models can be found in

McLay et al. [64] for the analysis of the volume and nature of emergency medical calls

during severe weather events and Dong et al. [65] for predicting the failure probability

of a landslide dam.

Finally probabilistic models have also been considered in the DOM analysis. The

use of Artificial Neural Networks (ANN) can be found in Lee [66] and Wu et al. [67],

that use Back Propagation Artificial Neural networks (BP-ANN) to forecast the short-

term storm surge and surge deviation in Taichung harbor, Taiwan, during 2003 and

develop a risk evaluation method for heavy snow disasters, considering environmental
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possibilities of hazard, disaster inducing factors and disaster bearing bodies in Xilin-

gol, Mongolia respectively, as well as in [68] that present a methodology for using

ANN in emergency decision support systems. Other models using probability tools in-

clude Guanquan and Jinhui [69] that present a new approach for addressing the event

probability uncertainties and analyzing probability distribution, in order to construct

probable fire scenarios, and Jacobson et al. [70] who study the probability distribution

of different aspects of patients in order to develop a model to assign different priority

levels to victims of disasters, based on their injuries. They modeled the problem as a

priority assignment problem in a clearing system with multiple classes of impatient jobs

that are classified by lifetime, service time and reward distributions, with the objective

of maximizing total expected reward. Figures 3.11 and 3.12 show the classification of

articles in Probability and Statistics.

Figure 3.11: Classification of articles in Probability and Statistics based on

used methodology -

3.5 Decision Theory

Decision theory research has become popular due to the multi-organizational char-

acteristic of disaster management. The review contemplates models using Bayesian

probabilistic networks, Analytical Hierarchy Process, Multi-criteria decision making,

Multi-attribute evaluation and other decision theory methodologies to facilitate the

decision making process and analysis of different information, while considering the
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Figure 3.12: Classification of articles in Probability and Statistics based on the

objective -

possibility of having multiple decision makers. Models consulted using Bayesian prob-

abilistic networks include Yahya et al. [71] that developed a model for earthquake risk

management, based on exposure, vulnerability and robustness of the structures, and

the probability of earthquake occurrence, and Frey and Butenuth [72] that created a

Dynamic Bayesian Network for the assessment of the functionality of infrastructural

objects after a natural disaster, with a case study of the trafficability of roads after

flooding.

In the multi-criteria front, Zhijun et al. [73] developed a model using the Analyt-

ical Hierarchy Process (AHP) and the Weighted Comprehensive Method (WCM) to

determine the risk degree of grassland fire in Jilin province, China, with the use of

GIS tools. Kolat et al. [74] developed a methodology to create micro-zoning maps, by

superimposing maps of slope, flood susceptibility, soil, swelling and liquefactions poten-

tial, combining GIS with simple additive weighting and Analytical Hierarchy Process

methods to provide a weight to each layer. Other papers like Tesfamariame et al. [75],

propose multi-criteria decision techniques, including uncertainties in the decision mak-

ing process, considering multiple decision makers and fuzzy utilities, for seismic risk

management.

Finally, multi-attribute models include articles like Zhai et al. [76] that proposes

a multi-attribute model for evaluation of flood management in Japan and Kailiponi
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[77] that proposes a multi-attribute utility theory model for analyzing evacuation deci-

sions. The former article studies the relationship between important attributes of flood

prevention measures (external flood reduction, internal flood reduction, early warning

systems, environmental protection and willingness to pay for countermeasures) and

socio-economic factors and tests its model using information from Toki and Nagoya

cities in Japan. The latter attempts to optimize conflicting objectives for evacuation

decisions, considering the high level of uncertainty during events of disaster. Results

are shown in Figure 3.13.

Figure 3.13: Classification of decision theory models based on the used method-

ology -
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Future Reseach

A great amount of research has been done with OR methods in DOM in recent years;

however there are still some topics that have not received sufficient attention in the

literature of OR in DOM. Due to the uncertainty related to the occurrence and magni-

tude of disasters, there is a lack in the consideration of different scenarios and planning

for them, as a measure to cope with the uncertainty. Many models assume various

parameters or variables without giving them much thought or analysis, which can lead

to important mistakes during the planning and response phases. As it was proposed

by Altay and Green [14], a better understanding of the specific characteristics of the

events and their impact is still needed in order to develop pertinent models.

There has been a greater popularity for the development of multi-disciplinary mod-

els that include different methodologies in order to respond to a specific problem. The

use of probabilistic or stochastic tools can help with the accuracy of the assumptions

of optimization models, as the use of queuing theory elements helps to replicate the

real system behavior. The use of simulation can help in visualizing data and results

and in comparing the performance of the model with the real system and the use of

multi-objective and multi-criteria models for decision making seem appropriate consid-

ering the different actors involved in the decision process. This is how the convergence

of different methodologies in one model can facilitate the handling of information and

the decision making process. The previous solutions respond to problems in DOM as

a whole, research needed on the different stages is mentioned next.
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In the preparedness and response phase one of the encountered limitations include

models for the allocation of resources that assume that resources and commodities are

stocked in distribution centers with restricted capacity, to which the demand points are

assigned, but that do not consider the possibility of inter-facility stock transfer. Each

DC has to attend a specific number of demand points, and they are charged an unmet

demand fee, but the possibility to assign a specific demand point to another distribution

facility is not considered. This is also caused by the lack of contemplation of multiple

periods in the models. Recently there is a trend to include multi-period analysis, but it

is still a reduced number of models that implement it. The use of multi-period models

helps the decision maker, as it is a more comprehensive analysis and new information

can be included for the future periods, once it is known.

Another topic that has not been much studied in the response phase is the inventory

planning in de DCs or local relief centers, mostly because of the uncertainty of supply

and demand of commodities. During and after disasters, most of the relief items or

commodities that are donated, arrive at uncertain times and can involve a large number

of different items. A good distribution of these items among all the relief centers as well

as the good management of these resources is important to the shortages or scarcity.

Models that include allocation of resources, distribution relief and inventory planning

can contribute to the literature and help in the development of decision making models.

On the other hand, the evacuation and casualty transportation research has been

limited and so needs further study. From the modeling of search and rescue activities,

considering the information on potential zones to find trapped victims, the availabil-

ity of teams in the disaster zone, the arrival of international teams, the magnitude of

the disaster, the efficiency in the peoples retrieval etc., to the deployment of emergency

transportation and the providing of health care is needed in order to reduce the number

of casualties due to a disaster. Models that include transportation, inter-arrival and

service times, injury seriousness, medical centers capacities among other factors form

an important research direction in this front. Also, the contemplation of the possibility

of having damage in infrastructure, as well as possible secondary disasters should be

an integral part of the models, as they are one of the most important causes of loss

of efficiency in the response phase. The need of effectiveness and productivity in this
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stage is crucial, and given its multi-organizational characteristic, a good coordination

and cooperation between multiple relief agencies and governments is essential. Further

research in topics like communication networks in disasters, information systems, as

well as consideration of multi-objective or multi-criteria models are needed for making

better decisions.

Finally, as it has been mentioned by multiple authors, more research is necessary in

the recovery phase of DOM. The mitigation, attention and response phases have been

given a lot of attention, and there is a good amount of studies in each of these stages,

however the planning for long term scenarios and the return to normalcy is still lacking.

Activities like debris removal and facility repair should be given more importance in

the DOM cycle and OR methodologies seem a good way to attack this kind of problems.
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