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Preface

The Multidisciplinary Center for Earthquake Engineering Research (MCEER) is a national center of
excellence in advanced technology applications that is dedicated to the reduction of earthquake losses
nationwide. Headquartered at the University at Buffalo, State University of New York, the Center
was originally established by the National Science Foundation in 1986, as the National Center for
Earthquake Engineering Research (NCEER).

Comprising a consortium of researchers from numerous disciplines and institutions throughout the
United States, the Center’s mission is to reduce earthquake losses through research and the
application of advanced technologies that improve engineering, pre-earthquake planning and post-
earthquake recovery strategies. Toward this end, the Center coordinates a nationwide program of
multidisciplinary team research, education and outreach activities.

MCEER’s research is conducted under the sponsorship of two major federal agencies: the National
Science Foundation (NSF) and the Federal Highway Administration (FHWA), and the State of New
York. Significant support is derived from the Federal Emergency Management Agency (FEMA),
other state governments, academic institutions, foreign governments and private industry.

MCEER’s NSF-sponsored research objectives are twofold: to increase resilience by developing
seismic evaluation and rehabilitation strategies for the post-disaster facilities and systems (hospitals,
electrical and water lifelines, and bridges and highways) that society expects to be operational
following an earthquake; and to further enhance resilience by developing improved emergency
management capabilities to ensure an effective response and recovery following the earthquake (see
the figure below).
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A cross-program activity focuses on the establishment of an effective experimental and analytical network
to facilitate the exchange of  information between researchers located in various institutions across the
country. These are complemented by, and integrated with, other MCEER activities in education, outreach,
technology transfer, and industry partnerships.

The study described in this report focuses on developing an educational tool for illustrating concepts
of community recovery, and identifying data collection and research needs for more refined recovery
models in the future. A conceptual framework of disaster recovery, guided by insights from the
empirical literature, is introduced. The resulting model focuses on simulating recovery processes,
rather than on estimating dollar losses. It emphasizes the dynamic or temporal processes of recovery;
simulates impacts at the individual agent level of analysis; relates recovery across business,
household, and lifeline infrastructure sectors; relates recovery across individual, neighborhood, and
community scales of analysis; highlights the key role of lifeline systems in recovery; and is designed
to explore the complex consequences of mitigation, planning, and policy decisions.  The model was
applied to both a hypothetical community and to an area affected by a real earthquake, Kobe, Japan,
and it was able to replicate broad trends from the disaster. The next step in this research is to
formalize the insights obtained in the development and application of this model as recommendations
for future research and development.



v

 

Abstract 
 

This report concerns the modeling of urban recovery from earthquake disasters.  In 

contrast to much of the earthquake loss estimation literature, we focus on simulating 

recovery processes rather than on estimating dollar losses.  We first propose a conceptual 

framework of disaster recovery.  This framework is guided by insights from the empirical 

literature.  We then implement it in a prototype simulation model.  The model is 

distinguished in several respects:  (1) it emphasizes the dynamic or temporal processes of 

recovery; (2) it simulates impacts at the individual agent level of analysis; (3) it relates 

recovery across business, household, and lifeline infrastructure sectors; (4) it relates 

recovery across individual, neighborhood, and community scales of analysis; (5) it 

highlights the key role of lifeline systems in recovery; and (6) it is designed to explore the 

complex consequences of mitigation, planning, and policy decisions.  We first test the 

prototype model by applying it to a hypothetical community.  Results compare recovery 

timepaths in cases with and without pre-disaster mitigations.  We then apply the 

prototype model to simulate an actual event, the 1995 Kobe earthquake, where we 

examine how well it replicates broad trends from the disaster.  Further efforts are made to 

validate the model through sensitivity analysis.  We conclude by identifying conceptual, 

methodological, and data issues that have emerged from this work. 
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Section 1 

Introduction 
 

Each disaster reminds us that, from an economic standpoint, losses do not occur 

instantaneously, but are accumulated over the course of a sometimes long and complex 

recovery process.  Moreover, disasters are spatial events that impact some places and 

some groups within those places more heavily than others.  These effects can be observed 

in both natural disasters and human-induced events.  Thus in the September 11th tragedy 

of 2001, the loss of the World Trade Center towers and the thousands of human lives do 

not in themselves constitute the economic impact of the disaster.  Neither does the loss of 

gross regional product (GRP) on the 11th itself.  Rather, the economic impact of the 

disaster is strongly influenced by the multitude of decisions made in the days and months 

following – decisions regarding whether to relocate an office to New Jersey and for how 

long, whether to lay off workers and how many, and whether to inject stimulus spending 

into the New York City economy and how much.  Similar post-event decisions strongly 

influence recovery in natural disasters such as floods or earthquakes.  In other words, the 

process of disaster recovery is critical to understanding the spatial economic impacts of 

disasters, yet the recovery process itself is extremely complex and uncertain.   

Perhaps as a result, no comprehensive framework or model of disaster recovery 

currently exists in the literature.  Many studies touch upon facets of recovery, but none 

take it as their focus.  A comprehensive model of recovery is needed in order to evaluate 

the potential consequences of decisions that affect disaster losses and recovery timepaths.  

This report describes completed work on the first stages of research towards a 

comprehensive recovery model and computer-based simulation.  This work addresses the 

need for management and decision support tools for improving community resilience to 

disasters through exploration and analysis of strategies for reducing recovery time and 

any consequences related to failure of critical infrastructure.  The recovery model and 

simulation also helps to further the social vulnerability perspective of disasters by 

operationalizing many of the observations and relationships identified within the 
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literature.  Currently, the scope of the disaster recovery model and computer simulation is 

limited to earthquake disasters.  However, most of the socio-economic concepts and 

relationships in the model are also applicable to other types of hazards. 

Because disaster recovery is a very complex process, model development should be 

guided in part by empirical observations of actual disasters.  Section 2 reviews the 

modeling literature on disaster economic losses, as well as the empirical literature on 

disaster recovery.  It argues that current economic modeling has largely neglected issues 

of disaster recovery, and identifies numerous insights from the empirical literature that 

can help to address this research need.  The literature on urban simulation and its 

applicability to disaster modeling is also discussed.  Section 3 lays out the research 

strategy used in developing and evaluating the disaster recovery simulation.  This 

includes conceptual design, proof of concept, implementation, evaluation, and synthesis.    

Section 4 develops a detailed and robust conceptual model for community disaster 

recovery by drawing from the literature review on loss and recovery modeling.  The 

design methodology is based on Object Modeling Techniques (OMT).  The conceptual 

model is translated into the computer simulation in Section 5 using a simple numerical 

framework.  At this stage of development, in lieu of existing algorithms or formal theory, 

model algorithms are developed for prototyping and descriptive purposes only.  Section 6 

describes a test application of the prototype simulation to an earthquake striking a 

hypothetical city.  Section 7 presents further development of the simulation and its use in 

modeling an actual disaster, the 1995 Kobe earthquake.  This application is intended to 

test the broad performance of the prototype model and identify implementation issues, 

rather than to replicate the details of the disaster.  Applying the recovery simulation to 

both a hypothetical and a real disaster provides insight into the feasibility of data 

collection, model calibration, and results interpretation.  The behavior and sensitivity of 

the recovery simulation is explored in detail in Section 8.  Sensitivity analysis is of 

particular importance because of the scarcity of data on socio-economic recovery on 

which to base statistical comparisons.  Based on the three preceding sections, Section 9 

concludes with recommendations for future versions of the disaster recovery model and a 

discussion of further research needs. 
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Section 2 

Literature Review 

2.1  Modeling Disaster Loss 
A substantial literature has been emerging in recent years on modeling the economic 

impacts of natural disasters.  Early studies proposed relatively simple applications of 

Input-Output methodologies (Cochrane, 1974; Kawashima and Kanoh, 1990), while 

recent research has developed increasingly sophisticated approaches including 

econometric models (West and Lenze, 1994), economic rebalancing models (Brookshire 

et al., 1997; Cochrane, forthcoming)1, sequential Input-Output models (Okuyama et al., 

2000), computable general equilibrium models (Rose and Guha, 1999), and integrated 

infrastructure-economy models (Rose et al., 1997; Gordon et al., 1998; Cho et al., 2001; 

Chang et al., 2002).  In all of these studies, impacts are primarily driven by damage to 

various economic sectors and inter-industry linkages.  All of these studies focus on the 

urban or regional scale. 

While the literature on loss modeling has been growing rapidly, modeling of 

recovery processes has been largely neglected.  The significance of this distinction can be 

illustrated by the schematic diagram in Figure 2-1.  Loss models generally focus on the 

initial loss caused by a disaster, treating the recovery timepath in a summary fashion; in 

the extreme case, losses are assumed to be incurred over one year, after which the 

economy returns to normal.  Yet the recovery timepath itself clearly makes a great 

difference in determining loss, as illustrated by comparing the different disaster cases in 

the figure.  Losses (from damage) and gains (from reconstruction stimulus) are measured 

as the difference between the disaster case and the without-disaster baseline.  In Case A, 

the economy suffers a substantial initial loss followed by a small gain before returning to 

the baseline trend.  By contrast, the economy in Case B eventually reaches a new 

equilibrium that is lower than the without-disaster baseline, indicating a much larger net 

                                                 

1 HAZUS, the Federal Emergency Management Agency’s nationally applicable earthquake loss 

estimation methodology, uses the economic rebalancing approach. 
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loss.  In disaster Case C, the reconstruction stimulus pushes the economy to a new trend 

that is above the baseline, so that in the long run, gains may completely offset losses.  

The extent to which the recovery timepath can be influenced by decision variables 

will be of great interest to policy-makers.  To date, models incorporating temporal 

processes have focused on the temporal distribution of reconstruction spending, 

production chronology factors (Okuyama et al., 2000), reconstruction borrowing and debt 

repayments over time (Brookshire et al., 1997), and prioritizing lifeline reconstruction to 

minimize economic disruption (Rose et al., 1997; Cho et al., 2001). 

 

 

Figure 2-1.  Schematic of Disaster Recovery 
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2.2  Empirical Research on Recovery 
In contrast, the empirical literature on disaster recovery as a process – while lacking 

any comprehensive models – provides many useful insights.  The classical work by Haas, 

Kates and Bowden (1977) provides a generalized framework for disaster recovery in 

which a community undergoes four post-disaster stages in regular, predictable sequence.  

Subsequent case studies have cast doubt on this idea of an orderly, inevitable progression 

of recovery stages (Hogg, 1980; Rubin and Popkin, 1990; Rubin, 1991; Berke et al., 

1993; Bolin, 1993).  Instead, this more recent literature has been concerned with 

disparities and inequalities in recovery, and with conceptualizing disaster recovery as a 

social process involving decision-making, institutional capacity, and conflicts between 

interest groups.  These themes resonate with development of social vulnerability theory 

in disaster studies, which suggest that marginal groups may not only be especially 

vulnerable to suffering losses, but they are likely to have more difficulty in recovering 

(Hewitt, 1997; Blaikie et al., 1994).  They may, for example, have lesser access to 

insurance, loans, relief aid, or government bureaucracies and decision-making, or face 

shortages in low-income housing (e.g., Bolin and Bolton, 1986; Bolin and Stanford, 

1991; Hirayama, 2000). 

The importance of disparities has also been borne out by empirical studies of 

businesses in disasters.  In various California earthquakes, researchers have found that 

small businesses and those that were generally marginal even before the disaster had the 

most difficulty in recovering (Durkin, 1984; Kroll et al., 1991; Tierney and Dahlhamer, 

1998; Alesch and Holly, 1998).   One study of the 1994 Northridge earthquake identified 

four main factors that significantly influenced the survival and recovery of small 

businesses:  entrepreneurial skill of the business owner, post-event demand for the 

business’ products, pre-event business characteristics such as financial condition, and 

availability of resources for recovery (Alesch and Holly, 1998). 

Further, spatial effects have been found to be important in disaster recovery.  

Decentralization of population and economic activity may be accelerated (Chang, 2001), 

business losses are correlated with disaster severity in the neighborhood (Tierney and 

Dahlhamer, 1998), and retail and other locally-oriented businesses generally lag in 

recovery (Alesch and Holly, 1998; Kroll et al., 1991). 



 6

2.3  Urban Simulation 
Large-scale models that simulate urban change and development were first 

introduced in the 1950s and 1960s as methods and tools to support urban planning.  The 

initial activity in this area faced numerous criticisms (Lee, 1973), including such issues as 

data-intensity, difficulties with calibration, weak theoretical basis, and their “black box” 

nature.  Many but not all of these issues have been at least partly resolved in subsequent 

decades with more routine data collection by local governments, the advent of 

increasingly powerful computers, and efforts at better documentation (Wegener, 1994).  

For an overview of the developments in this area, see Klosterman (1994) and Waddell 

and Ulfarsson (forthcoming).  For a recent bibliography, see Simpson (2001). 

Urban simulation models have largely focused on two facets of urban development – 

land use and transportation.  According to one review (Wegener, 1994), typical 

subsystems include residential location, employment location, residential and non-

residential floorspace, land consumption, goods movement, travel patterns, and network 

congestion; however, most models treat only some of these.  The models are generally 

applied to answer such questions as how land use or housing policies would affect 

development and transportation, or how transportation changes (e.g., a new highway) 

would affect the distribution of activities across the urban space (see, e.g., Landis and 

Zhang (1998) on the California Urban Futures Model).  One class of models is structured 

around a unifying principle (e.g., minimizing transport costs) that allows for simultaneous 

solution across all the model elements.  Another class is hierarchically structured, with 

subsystems that can be independently solved.  The behavior of agents in many of the 

models (including households, firms, and travelers) is based on random utility or discrete 

choice theory.  With a few exceptions, the models generally operate at a meso-scale, i.e., 

at the level of medium-sized zones or groups of households and industries.   

The exceptions include microsimulation models that operate at the individual, 

household, and/or business level.  Despite their data-intensive nature, microsimulation 

approaches have been increasing in popularity because behavioral theory is clearer at the 

individual level; moreover, such approaches allow a more detailed analysis of households 

from an equity perspective (Waddell and Ulfarsson, forthcoming).  One particularly 

interesting case is UrbanSim, a microsimulation model intended to support planning 
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decisions regarding transportation, land use, and environment (Waddell, 2002).  The 

model simulates the evolution of urban development over space and time.  In it, the 

behavior of households, businesses, developers, and governments are interconnected 

through the urban land market.  The model is based on random utility theory and employs 

methods of discrete-choice modeling for households and businesses.  Inputs to the model 

include base year land use, population, employment, regional economic forecasts, 

transportation system plans, land use plans, and land development policies such as 

density and environmental constraints.  For example, each household is stored in the 

database as an individual object with characteristics such as household size, number of 

workers, presence of children, age of household head, and income.  The model predicts 

the creation or loss of households and jobs, intra-regional movement of households and 

jobs, the locational choices of households and jobs, land prices, and new construction.  

The model is run with annual timesteps.  The user interacts with the model by defining 

scenarios, including indicating future population and employment growth expectations.  

The results of different scenarios can be compared using various output analysis tools.  

The model has been applied to several urban areas, including Eugene-Springfield, 

Oregon. 

One review found few applications of simulation technologies to disaster planning 

and none to disaster recovery (Simpson, 2001).  However, two more recent examples 

focus on transportation problems in earthquake disasters, one at the urban scale (Cho et 

al., 2001) and one at the regional scale (Kim et al., 2002).  Because simulation models 

have largely been developed to model long-term urban development, they generally 

operate at time intervals of one to five years (Wegener, 1994).  This is a major 

impediment to their applicability to analyzing disaster loss and recovery processes, for 

which time intervals of weeks or months are appropriate.  Moreover, many of the models 

are based on equilibrium conditions for solution, which are questionable in the aftermath 

of disasters.   
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Section 3 

Research Strategy 
 

The remainder of the report describes the development of the disaster recovery 

conceptual model and computer simulation.  The development focuses on earthquake-

related disasters, but is largely applicable to other natural hazards such as hurricanes and 

flooding.  The research strategy used to develop the simulation is described in more 

detailed below, with references to the corresponding sections of this report. 

3.1  Modeling Philosophy 
Developing a conceptual model and simulation of disaster recovery should build on 

the major insights from the empirical literature (Section 2).  This means challenging some 

of the conventions of regional economic modeling:  emphasizing dynamic processes over 

static equilibrium models, recognizing differences between individual agents within a 

sector, addressing spatial feedback effects, and acknowledging model limitations by 

allowing for randomness and uncertainty.   

Computer simulations should facilitate “what if” analyses by comparing different 

scenarios.  Specifically, it is important to be able to characterize the influence of different 

decision options for reducing risk and thus reducing recovery times and related costs.  

These decision options include structural mitigation, such as retrofitting lifelines, and 

vulnerability reduction, such as mutual aid agreements and poverty alleviation.  A 

simulation approach is appealing because these sorts of complex variables can be dealt 

with in a flexible manner, whereas purely theoretical or empirical models induce 

constraints regarding what types of variables (data) and knowledge can be used.  An 

agent-based or bottom-up approach to simulation is adopted here, where, for this 

application, agents refer to important economic actors within the modeled system.  At 

this point, the important agents are taken to be households and businesses.  The 

simulation is then built up by characterizing the attributes and behaviors of the agents and 

describing relationships between agents themselves and relationships with their 

environment, such as buildings of residence and transportation networks.  Complex and 
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interesting simulations then arise out of computing the interactions between these simply 

specified agents.  This bottom-up approach is well suited to the vulnerability component 

of risk assessment because it allows asking questions related to, for example, a 

populations’s diversity of incomes and the vulnerability of their respective residences.  

3.2  Design and Prototype Phase Plan 
The design and prototype phase of the research has been completed, with the 

exception of stakeholder (i.e., intended users such as emergency managers) evaluation of 

the prototype simulation and is reported here.  This initial phase was conducted in five 

overlapping stages listed in Table 3-1.  The objectives of each stage are described below 

and are related to the respective sections within the report.  While the research plan is 

presented as a sequence, there was considerable feedback and iteration between steps. 

Table 3-1. Stages in the recovery simulation research plan 

Stage 1. Conceptual Design 
Stage 2. Proof of Concept 
Stage 3. Implementation 
Stage 4. Evaluation 
Stage 5. Synthesis 

 

3.2.1  Stage 1: Conceptual Design 

The objective of the conceptual design stage is to create a sound, flexible foundation 

for implementing and understanding the simulation (or multiple simulation 

implementations), promoting understanding of disaster recovery, and motivating much-

needed data collection and empirical research.  The results of conceptual design are 

described in Section 4.   

3.2.2  Stage 2: Proof of Concept 

The objectives of the proof of concept step are to assess the feasibility of the 

computer simulation and evaluate potential computing platforms.  The feasibility was 

initially assessed by quantifying the conceptual model with spreadsheet software for a 

very simple case (one household and one business).  This demonstrated that, while 
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complex, the simulation and its many variables and relationships could be encoded using 

the appropriate tools.  It was determined, however, that spreadsheet software is not 

appropriate because of the difficulty in specifying and debugging simulation functions, 

especially for large simulations.  Further lessons learned regarding computing platform 

requirements are described in Section 5.3.  After addressing these needs and initial 

simulation implementation, further feasibility assessment was performed, as described in 

Section 6.   

3.2.3  Stage 3: Implementation 

The objectives of implementation are to operationalize the conceptual design as 

computer algorithms and determine how to express these algorithms within the chosen 

computing platform.  It was also important to match the flexibility inherent in the 

conceptual design so that the simulation algorithms and programming can be 

conveniently modified, ported (to other computing environments) and updated.  Sections 

describing the aspects of implementation are Sections 5 and 6.   

3.2.4  Stage 4: Evaluation 

The objectives of evaluation, described in Sections 7 through 8, include assessing the 

performance of the simulation algorithms and output.  This stage also includes evaluating 

the relative ease in applying the simulation to real-world problems.  Further evaluation, 

currently not completed, will engage potential stakeholders of the recovery simulation.  

This will assist in further specifying the requirements of the simulation, such as user 

interface requirements, relevant decision variables, and delivery format, in order to meet 

the overall goal of a spatial decision support system for disaster recovery. 

3.2.5  Stage 5: Synthesis 

The last stage of this research phase is presented in Section 9.  The objective of 

synthesis is to cull together the insights gained from completed research towards 

designing the next phase of work.  The next phase in the simulation development will 

work on developing more representative and robust algorithms, in addition to migrating 

towards the final objective of a GIS-based decision support system. 
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Section 4 

Conceptual Model 
 

In order to translate findings from the empirical literature into a simulation of the 

urban disaster recovery process, a conceptual model is needed.  The conceptual model of 

disaster recovery is derived more by induction than by deduction – it is, in other words, 

guided by empirical observations rather than distilled from rigorous theory.  It pays 

particular attention to how differences between business types and between household 

types help to determine recovery prospects.  Thus, while the recovery simulation is 

intended to measure recovery at the community and neighborhood levels, it models 

recovery at the scale of the individual business and household.  Moreover, the simulation 

models the influence of agents’ environments on their recovery processes.  

The conceptual model reflects numerous simplifications.  These may be addressed at 

later stages of development.  For instance, it allows agents to exit the region – businesses 

can fail and households can leave – but it does not capture how they might relocate 

within the region following the disaster.  Also, while it distinguishes between locally-

oriented and export-oriented production sectors, a distinction shown to be important in 

the empirical literature, it does not disaggregate these into specific industries.  In terms of 

community-level and policy variables, the framework emphasizes the role of lifeline 

infrastructure restoration.   

4.1  Design Methodology 
The methodology adopted for designing the recovery model is based on the Object 

Modeling Technique (OMT) introduced in Rumbaugh et al. (1991).  OMT is a 

methodology for conceptual modeling, originally used in software engineering.  With 

OMT, the conceptual model is comprised of (1) the object (or static) model, (2) the 

dynamic model, and (3) the functional model, which together describe the real world 

system, and comprise an implementation-independent design.   
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There are several reasons why OMT is appealing as a means of designing the 

disaster recovery simulation model.  Perhaps most obvious is the paucity of numerical 

data that can be used in developing a simulation of such high detail and broad scope.  

Similarly, as described above, there is a rich body of knowledge (including various 

theories and conceptual models, qualitative data, and quantitative data) on which to base 

a model.  OMT provides an effective way of incorporating this available knowledge and 

is not hampered by the lack of data (or, more specifically, data describing some 

relationships and not others).  Another significant reason for using OMT is the desire for 

an implementation-independent design.  That is, it is important to have a sound 

conceptual framework that is founded in the disaster recovery literature that can serve as 

a guide for multiple approaches to computer simulation.  A strong conceptual model will 

also serve other likely objectives, such as constructing a related database system or 

providing educational aids for students or decision makers.  An object-oriented design 

may also facilitate an object-oriented implementation, which has benefits of modularity 

and encapsulation.  With modularity, once the simulation objects, such as communities or 

neighborhoods, are designed and implemented, it is simple to create multiple objects and 

model the interactions (e.g., multiple interacting communities).  With encapsulation, the 

function of an object can be modified, say as new data or equations become available, 

with little or no revision to the overall simulation. 

The steps of OMT are (1) problem definition, (2) object (static) modeling, (3) 

dynamic modeling, and (4) functional modeling.  The goal of defining the problem is to 

identify all of the objects and relationships that exist within the system, which can be 

abstracted during subsequent stages of analysis.  An object model captures the static 

structure of a system by showing the objects in the system, relationships between objects, 

and the attributes and operations that characterize each class of objects.   Dynamic 

modeling is not needed for purely static systems (i.e., a database) or computational 

systems, but rather for interactive software systems.  (The dynamic model is not 

presented or discussed here because it is intended to assist later design of a spatial 

decision support system and has no effect on the simulation functionality.)  The 

functional model describes the computations within a system in a general way.   
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The two most effective approaches to developing a detailed, unambiguous problem 

statement is to either write a requirements document of the model or compose a narrative 

of the real world system being modeled.    The former approach is primarily suited to 

software development.  The latter approach was adopted here, based on the literature 

review described in Section 2, which was distilled into a short narrative describing the 

events and interactions during an earthquake disaster (see Appendix A).   

4.2  Static Model 
An object model captures the static structure of a system by showing the objects in 

the system, relationships between objects, and the attributes and behaviors that 

characterize each class of objects.  An object can be anything that makes sense to the 

particular application: typically a concept, abstraction, or physical thing with well-

defined boundaries.  Objects should be chosen to promote understanding of the modeled 

system (i.e., disaster recovery) and provide a sound basis for computer implementation.   

The initial step in creating the object model was identifying important objects from 

the problem narrative.  Once potential objects were listed, some were discarded if they 

were beyond the current scope or better represented as attributes of or relationships 

between other objects.   The potential objects were analyzed to determine what, if any, 

associations exist among the objects.  (For example, a community contains one or more 

neighborhoods, which contain one or more households and businesses.)  With a short list 

of potential objects and their associations, the problem narrative was used to help 

determine important attributes of each object (e.g., the size and sector of a business).   

Additional attributes of objects were obtained by considering likely decision variables, 

which may not necessarily be associated with any particular object.  One design choice 

involved representing associated physical and economic objects (e.g., electric network 

and electric company, respectively) as a single economic object with attributes and 

functions that represent the important aspects of the associated physical object. 

The static aspects of the conceptual model of disaster recovery are represented by the 

diagram in Figure 4-1.  The diagram describes the important object types of the 

conceptual model and lists the attributes and functions of each type of object.  So, for 

example, an object of type “household” has attributes of income (INC), year building of 
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residence was built (BYR), and whether any building mitigation has been done (BMIT).  

Within an implementation of the conceptual model there may be any number of 

households having the same data structure, but with different values for the respective 

attributes (and thus different output for the respective functions).  The functional 

dependencies listed in Figure 4-1 were determined in the functional modeling step 

described below.  The diagram shown is a simplified version of the object model 

developed and eventually implemented.  Some secondary objects and associations are not 

shown.  For example, the diagram does not show the inheritance association between 

households and businesses, which are both economic agents and have many similar 

attributes and functions.   
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Figure 4-1.  Main objects in conceptual model.  The three parts of each box  

     respectively indicate the object’s name, attributes, and behaviors or functions. 
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4.3  Functional Model 
The functional model shows how output values are derived from input values, 

without regard to the order in which these values are computed.  The functional model 

specifies the meaning of the functions in the object model (Section 4.2).  Where the 

object model is represented using an object diagram, a function model is typically 

represented using a data flow diagram.  The data flows represent object attributes that are 

passed between the functions of the different objects. 

To develop the functional model, the most important top-level inputs (e.g., decision 

variables) and outputs (e.g., recovery indicators) were identified.  The overall inputs that 

were not already specified as attributes were assigned to an appropriate object in the 

object model.  As in the object modeling step, an effort was made to reduce the number 

of top-level inputs and outputs.  This was done primarily by eliminating similar variables 

or creating proxy variables in place of related variables.  Intermediate outputs that are 

necessary to map the top-level inputs to the top-level outputs were then considered.  This 

was greatly assisted by referring to the potential attribute list of each object and finding 

those that vary with time (e.g., a household’s health after a disaster).  These intermediate 

outputs were then assigned as functions to the appropriate objects (e.g., CalcHLTH to 

household objects).  Functional dependencies (i.e., what inputs are needed to derive a 

particular output) were arrived at with reference to the literature, the problem narrative, 

and common sense. 

The functional dependencies within the disaster recovery conceptual model are 

illustrated in the flow diagrams of Figure 4-2 through Figure 4-5.  Figure 4-2 illustrates 

the data flow required in assessing lifeline availability within a given neighborhood.  The 

flow diagram clearly conveys the interconnectedness of the components that make up a 

community’s lifeline network.  Figure 4-3 describes the data flow requirements for 

determining the recovery of an individual business within a given neighborhood.  The 

blocks related to lifeline mitigation are in bold to help illustrate the potential effects of 

lifeline availability on business recovery.  (This is referred to later in Section 6.)  The 

flow diagram for household recovery (Figure 4-4) is similar to the one for business 

recovery, with respective differences in variables.  Figure 4-5, which is referenced by 

Figure 4-3 and Figure 4-4, indicates the functional relationships for determining building 
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damage severity.  Notice that the flow diagrams (and, thus, the conceptual model) do not 

specify the numerical equations for each function (ellipses).  This modularity is important 

so that it can be carried over to the implementation of the simulation model.  In this way, 

existing equations or algorithms can be used or experimented with without affecting the 

overall structure or function of the simulation.   

 

Figure 4-2. Flow diagram for lifeline availability showing relationships of function 
inputs and outputs. 
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Figure 4-3. Flow diagram for business recovery showing relationships of function 
inputs and outputs. 
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Figure 4-4. Flow diagram for household recovery showing relationships of function 
inputs and outputs. 
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Figure 4-5. Flow diagram for building damage severity showing relationships of 
function inputs and outputs.  

The functional model describes five principal types of recovery influences and 

processes that are useful in organizing and explaining the relationships expressed by the 

numerical framework.  The five types are:  (1) dynamic processes; (2) agent-attribute 

influences; (3) interaction effects; (4) spatial feedbacks; and (5) policy effects.  Dynamic 

processes refer here to changes over time.  In true dynamic processes, a variable’s current 

level depends upon its level in a previous period.  What can be called pseudo-dynamic 

processes – changes over time that can proceed independently of variable levels in 

previous periods – also play an important role.   

In addition to temporal processes, a second main type of recovery influence consists 

of agent-attribute effects.  For example in Figure 4-3, attributes of the business or 

household itself may influence its recovery trajectory pertaining to the post-earthquake 

demand for a business’s product.  (Note that product demand is one of the factors 

influencing the probability of transition to the next recovery level.)  Product demand 

depends upon on a business’s attributes – whether it is in a locally-oriented or export-

oriented sector and whether it is a large or small business.  In particular, if locally-
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oriented, then the recovery of households in the neighborhood and community matters, as 

these are its customers.  Similarly, local transportation conditions influenced locally-

oriented business’s product demand.  However, if a business is export-oriented, these 

local variables do not play a role and the demand for its product remains unchanged by 

the disaster. 

A third type of recovery influence consists of interaction effects.  For example, in 

Figure 4-2, water availability is influenced by the survival of the electric power and 

transportation systems.  Electric power may be needed to drive pumps that enable the 

water system to function; transportation disruption can impede the ability of the water 

utility to make repairs in a timely manner.  Similarly, the relationships driving business 

product demand described in Figure 4-3 demonstrate some of the ways in which 

households, businesses, neighborhoods, and the community as a whole interact.  

Households influence business recovery through consumption demand.  The availability 

of lifelines and critical facilities influence business recovery, as does the overall recovery 

level of households and businesses in the economy. 

 The fourth type of influence, spatial feedbacks, can similarly be seen in the 

examples presented so far.  Households and businesses do not exist aspatially, but are 

affected by conditions in their specific neighborhoods, whether in terms of water 

availability, transportation conditions, or local consumer demand.  Thus, the same type of 

household or business may recover differently depending upon which neighborhood it is 

located in (see Figure 4-4 and Figure 4-3). 

 The final type of influence consists of policy or decision effects.  These are 

community-level decisions made either before the event, such as emergency planning and 

mitigation measures, or afterwards, such as recovery policy decisions.  Figure 4-2 

illustrates the influence of decisions regarding mutual aid and neighborhood prioritization 

on lifeline availability.  Others decisions that are modeled include the year that the 

community put into effect a seismic design code for its buildings (if it did); emergency 

planning for alternative water supplies such as water trucks; whether or not seismic 

mitigations had been conducted for lifeline systems; the availability of a restoration and 

recovery plan; reliance on short-term housing in this plan; and a broadly defined variable 
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indicating the community’s capacity for recovery (a proxy for the community’s degree of 

integration and consensus).  Modeling the influence of these decisions are critical in that 

implementation of the conceptual model will enable “what if” explorations of the 

recovery consequences for different policy decisions. 
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Section 5 

Simulation Implementation 

5.1  Numerical Framework 
One goal of the work to-date has been to determine whether a recovery simulation is 

both feasible and useful.  For this reason, we devised a simple numerical framework to 

facilitate implementing the many relationships of the functional model.  The variables 

and relationships of the numerical framework are specified by the functional model 

described in Section 4.3.  The framework takes the form of a series of simultaneous 

equations.  Operationalizing the diverse relationships of the functional model was done 

by specifying each model variable as a relative index that varies between 0 and 1, rather 

than in real world metrics, such as dollars.  In many cases, the model variables do not 

have a common metric, for example financial marginality or health.  The approach taken 

is useful for integrating many metrics that would otherwise be difficult to mathematically 

combine.  With each variable varying between 0 and 1, it was relatively simple to create 

basic first-order algebraic equations based on the functional model.  In the future, to 

incorporate, for example, an existing equation into the simulation for determining the 

dollar amount of loans likely to be taken out by a household, it would only be necessary 

to determine a way of normalizing the output.   

5.2  Simulation Equations 
All of the equations that serve to operationalize the conceptual model are listed in 

this section.  Each equation corresponds to a function described within the static model 

(Figure 4-1) and the same function represented by an ellipse in the functional model 

(Figure 4-2 to Figure 4-5).  The equations further describe the relationships in the 

conceptual model by indicating whether influences are positive or negative and what the 

proportion of influence is with respect to other variables.  Because of the number and 

relative simplicity of the simulation equations, individual explanations are not given for 

each equation.  (A discussion of the function relationships was given in Section 4.3.)  

Definitions of each simulation variable are given in the following subsection.  Subscripts 

in the simulation equations are defined as follows: b refers to a particular business, h 
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refers to a particular household, n refers to a particular neighborhood, c refers to the 

particular community or city, and t refers to a particular time step (typically measured in 

weeks).  Lastly, the abbreviation “sat” shown in brackets within simulation equations 

indicates that the result of the particular (part of the) equation saturates at a maximum 

value of one. 

5.2.1  Variable Definitions 

To reduce redundancy in explaining the simulation equations, the full set of variables 

are listed and defined in Table 5-1.  Simulation variables can be of five different types: 

(1) agent attributes, (2) decision/policy variables, (3) intermediate indicators, (4) recovery 

indicators, and (5) driving variables.  Variables belonging to the first four types were 

identified during the conceptual modeling stage (Section 4).  However, several variables 

within the model implementation do not correspond with real-world input or decision 

variables.  Instead, these parameters are used to drive the simulation by relating a 

particular variable (e.g., HTLH: health recovery) to time with a restoration curve.  For 

simplicity all restoration curves were assumed to be linear curves having some assumed 

or calibrated slope.  These slope values are modified within the simulation equations 

based on decision/policy variable values (e.g., for MUT, CAP, and PRTY).  These driving 

variables are necessary as part of the implementation because none of the model inputs 

are time series data.   
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Table 5-1. Variable definitions for conceptual framework. 
AID = availability of reconstruction aid in community 
BLb = availability of building for use, businesses 
BLh = availability of building for use, households 
BMIT = pre-earthquake structural mitigation 
BYR = year building built 
CAP = recovery capacity of community (proxy for integration, consensus) 
CDMG = extent of damage to critical facilities 
CMIT = pre-earthquake mitigation to critical facilities 
CODE = compliance of building with seismic code 
CRIT = availability of critical facilities 
CYR = year seismic code effective 
DAID = driving variable: aid availability status 
DBLb = driving variable: building repair status, businesses 
DBLh = driving variable: building repair status, households 
DCRIT = driving variable: critical facility availability 
DEBT = extent of indebtedness 
DEL = driving variable: electricity availability 
DEM = demand for product post-earthquake 
DHLTH = driving variable: health restoration curve 
DINS = driving variable: availability of insurance 
DMG = damage state of building 
DTRNS = default transport accessibility 
DWAT = default water availability 
EDMG = extent of damage to electricity network 
ELEC = availability of electricity 
EMIT = pre-earthquake mitigation to electric power system 
EMPL = availability of employment/income 
EQ = severity of earthquake’s physical effects 
FAIL = occurrence of business failure 
INC = income group of household 
INSP = speed of safety inspections 
LEAV = status of household leaving region 
LL = overall lifeline availability status 
LOAN = amount of reconstruction loan taken out 
MARG = pre-disaster financial marginality, proxy for building condition 
MUT = provision for mutual aid in restoration plan 
PLAN = availability of restoration and recovery plan 
PRTY = restoration priority accorded to neighborhood 
PT = probability of transition to next higher recovery level 
RBL = overall physical reconstruction 
RECb = business economic recovery level 
RECh = household economic recovery level 
RECB  c = overall business recovery in community (proxy for suppliers) 
RECH  c = overall household recovery in community (proxy for labor) 
RES = financial resources for recovery 
SECT = type of business sector 
SHEL = availability of temporary shelter 
SIZE = business size 
STH = reliance on short-term housing provision in recovery plan 
TDMG = extent of damage to transport network 
TMIT = pre-earthquake mitigation to transportation system 
TRNS = transportation accessibility 
WALT = provision for alternate water sources (water trucks) in plan 
WAT = availability of water 
WDMG = extent of damage to water network 
WMIT = pre-earthquake mitigation to water system 
Notes: Agent attributes in bold.  Decision  variables in bold underline.  Driving variables in bold 

italics.  Recovery indicators in italic underline. 
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5.2.2  Business Functions 
 

In the model, the recovery level for business b at any time t depends upon the recovery level in the 

previous time period and the probability of transition (PT) from that level to the next (Equation 5-1).  

The probability of transition in turn depends upon the restoration status of lifelines (LL) and critical 

facilities (CRIT), buildings (BL), and economic demand (DEM), as well as the overall recovery level of 

businesses (RECB; here, a proxy for  suppliers) and households (RECH; here, a proxy for labor) in the 

community (Equation 5-2).  The selection of these variables and the numerical specification of the 

equations were based on the empirical literature reviewed above, as well as some experimentation with 

early versions of the model. 
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The status of buildings follows a default reconstruction curve (DBL) that is modified by factors such 

as the speed of inspections (INSP), financial resources (RES), and extent of damage (DMG) (Equation 5-

3).  Post-disaster economic demand for the business’ product depends upon the business’ sector (SECT) 

and size (SIZE) and transportation conditions (TRNS).  If the business is locally-oriented, household 

recovery conditions (RECH) are also influential (Equation 5-4).  Building damage depends upon the 

severity of the earthquake (EQ), the financial marginality of the business occupant (MARG), mitigation 

history (BMIT), and the year the structure was built (BYR) relative to the year seismic codes were 

introduced (CYR) (Equation 5-5).   
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Businesses can fail.  Their survival or failure (FAIL) is influenced not only by the extent of building 

damage, but also by their recovery timepath, financial marginality, and indebtedness status (LOAN) 

(Equation 5-6).  The latter is, in turn, related to the availability of disaster assistance (AID), the severity 

of damage suffered, and the business’ size (Equation 5-7).  Pre-disaster financial marginality is more 

likely in the case of small businesses (Equation 5-8).  Similarly, available financial resources are 

dependent upon business size, indebtedness, and the availability of insurance (DINS). 
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5.2.3  Household Functions 
The recovery status of household h (RECH) is similarly related to its recovery status in the previous 

time period and recovery transition probabilities (Equation 5-10).  The transition probability depends 

upon household-level factors such as health (HLTH), housing damage status (BL), and indebtedness 
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(DEBT), as well as community-level factors such as lifeline and critical facilities restoration, the 

availability of shelters (SHEL) and jobs availability (EMPL) (Equation 5-11).  Again, the selection of 

these variables and the numerical specification of the equations were based on the empirical literature 

reviewed above, as well as some experimentation with early versions of the model.  Building damage 

restoration is influenced by speed of inspections, financial resources, and income level (INC), as well as 

the initial physical damage (Equation 5-12).  Indebtedness is related to damage, loan history, health 

history, and job opportunities in the community (Equation 5-13).  Building damage is specified similarly 

to the case of businesses (Equation 5-14).  Health is related to initial building damage (Equation 5-15).  

Households can leave the region if they fail to recover; this is dependent upon such factors as financial 

marginality, indebtedness, and the timepath of recovery (Equation 5-16).  Indebtedness, financial 

marginality, and resource availability are determined similarly to the case of businesses, except that 

income levels exert an influence similar to that of business size (Equations 5-17~19). 
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5.2.4  Community Functions 
Several variables that affect business and household recovery are determined at the community 

level.  The availability of disaster assistance follows a default timepath that can be speeded up if the 

community has a strong capacity for recovery (CAP) (Equation 5-20).   This general concept has been 

identified in the literature as related, for example, to the strength of horizontal and vertical integration 

within the community (Berke et al., 1993).  The availability of temporary shelter after the disaster is 

related to both the extent of overall building reconstruction (RBL) and the reliance on short-term housing 

provision in the community’s disaster recovery plan (STH) (Equation 5-21).  Employment availability 

depends upon both overall business recovery levels in the community and the status of transportation 

repairs (Equation 5-22).  The speed of inspections is positively influenced by both community recovery 

capacity and the existence of an effective community disaster recovery plan (PLAN) (Equation 5-23). 
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)1(75.0)(25.0)( −+= tRECBtTRNStEMPL ccc     (5-22) 

  

)(5.0 ccc PLANCAPINSP +=      (5-23) 

 

5.2.5  Neighborhood and Lifeline Functions 

As noted previously, lifeline restoration plays a central role in recovery.  This is mostly evaluated at 

the neighborhood level.  Overall lifeline restoration is an aggregation of that of individual lifelines 

(transportation, electric power, and water), as well as critical facilities such as hospitals (Equation 5-24).  

The latter follows a default timepath (DCRIT) that is modified by the extent of damage suffered 

(CDMG) (Equation 5-25), which in turn is related to average ground shaking levels across the 

neighborhood (EQ_AVG) and whether or not seismic mitigations have been implemented at the critical 

facilities (CMIT) (Equation 5-26).   
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Electric power restoration in a neighborhood also follows a default timepath (DEL).  This is 

modified by the extent of physical damage (EDMG) and transportation restoration, which affects the 

ability of crews to make repairs, as well as such policy or planning variables as the existence of mutual 

aid agreements (MUT) and whether or not the particular neighborhood has been given high priority in 

the restoration strategy (PRTY) (Equation 5-27).  Damage is determined by ground shaking and whether 

seismic mitigations have been implemented (EMIT) (Equation 5-28).  Transportation restoration and 

damage are considered similarly to the respective equations for electric power (Equations 5-29 and 5-

30). 
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Water restoration depends upon not only the default restoration curve (DWAT), initial damage 

(WDMG), mutual aid agreements and neighborhood prioritization, but also on the restoration status of 

transportation (for repair crews) and electric power restoration (for running pump stations), as well as on 

disaster plans for water trucks or other alternative sources of potable water (WALT) (Equation 5-31).  

Damage is determined similarly to the other lifelines (Equation 5-32). 
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5.3  Computing Platform 
The Simulink modeling environment for Mathwork’s MATLAB was chosen for 

implementing the recovery simulation (Figure 5-1).  Simulink is specifically designed for 

implementing complex, time-based simulations using a graphical language consisting of 

operators (Simulink blocks) and data flows, which connect the blocks.  This framework 

makes implementation of the recovery conceptual model relatively simple having 

constructed the data flow diagrams of the function model.  Simulink affords significant 

advantages in terms of simulation building and execution, and robust capabilities for 

building graphical user interface elements.  The greatest advantage of Simulink is 

probably the modularity it provides, which is compatible with an object-oriented design.  

Simulink allows models to be built in both a hierarchical and encapsulated manner, which 

greatly increases the organization and understandability of the simulation components.  

Once simulation components, such as a household, are designed and implemented with 

the specific attributes and operations, they can be saved in a library and duplicated to 

create large simulations.  The simulation can be executed within the MATLAB 

command-line environment or within MATLAB programming scripts, which facilitates 

stochastic simulations or detailed sensitivity analyses.  The disadvantages of Simulink 

include its high cost, the tediousness of assembling a large number of simulation 

components and, to a lesser extent, the initially cumbersome way in which flow control 

(e.g., IF-THEN) is implemented.  
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Figure 5-1.  Screenshot of simulation implementation using Simulink. 
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Section 6 

Test Application 

6.1  Analysis Scenario 
The prototype simulation was applied to a hypothetical community to evaluate the 

conceptual model and numerical framework.  The hypothetical community was designed 

and parameterized to reflect a high level of community planning and preparedness.  As 

such, the community has a disaster response plan (PLAN = 1), mutual aid agreements in 

place (MUT = 1), and a reliance on short term housing (STH = 1).  The community is 

made up of three neighborhoods.  The neighborhoods are located similarly with respect to 

the seismic hazard (e.g., fault line or rupture area), and thus experience the same 

earthquake shaking intensity.  In this case, the earthquake severity is set to a maximum 

value for each neighborhood (EQ = 1).  The neighborhoods were also assigned equal 

priority for emergency response and post-disaster restoration (PRTY = 1).  Each 

neighborhood contains 12 households and 12 businesses (Figure 2-1).  The demographics 

of the three neighborhoods are given in Figure 6-1.  The demographics were chosen to 

generally represent “old core”, “new core” (downtown), and suburb neighborhoods.  

These are distinguished by the age mix of buildings (old, new), income distribution of 

households (low, medium, high), and sectoral (local, export) and size (small, large) 

distribution of businesses. 

All else equal, certain loss and recovery trends are anticipated with respect to these 

demographic characteristics.  Older buildings (and their occupants) are expected to fare 

worse than newer ones.  Lower income households are expected to have more difficulty 

recovering than their higher income counterparts due to lesser access to financial and 

other resources.  Locally-oriented businesses are anticipated to face greater challenges 

since their customer base is also impacted by the disaster.  Smaller businesses are 

anticipated to have more problems recovering than larger businesses, again due to lesser 

access to financial resources. 
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The simulation parameters described above were held constant to demonstrate the 

effects of changing the values of lifeline mitigation variables.  The simulation was run for 

two simple scenarios: (1) mitigation measures taken for all lifelines (TMIT=1, EMIT=1, 

CMIT=1, WMIT=1, WALT=1 for all neighborhoods) and (2) no mitigation measures taken 

for any lifelines (same variables set to zero for all neighborhoods).  (Figure 4-3, which 

describes the functional relationships for computing business recovery, illustrates the 

effects of changing lifeline mitigation variables.)   For these scenarios, randomness was 

not implemented to better understand the sensitivity of changing the lifeline variables. 

6.2 Analysis Results 
The simulation described in the previous subsection was parameterized and run using 

a programming script.  As configured, the simulation takes about 2 minutes to run on an 

850Mhz processor.  The outputs of the two simulation scenarios described above are 

quite reasonable with respect to the influence of input variable values.  The output of the 

simulated scenarios is summarized by the average business and household recovery level 

for each neighborhood, together with a listing of how many businesses failed or 

households left in each neighborhood.  (The average recovery level is calculated by 

summing the recovery levels of each respective agent within the community – i.e., 

household or business – and dividing by the number of agents.)  Figure 6-2 and Figure 6-

3 describe the recovery of businesses and households, respectively, with no lifeline 

mitigation.  Table 6-1 lists how many businesses failed and households left in each 

neighborhood.   
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Figure 6-2. Average businesses recovery levels by neighborhood, “no mitigation” 
case. 
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Figure 6-3. Average household recovery levels by neighborhood, “no mitigation” 
case. 

 

It is easy to see how the different demographics of the three neighborhoods affect 

the business recovery levels (Figure 6-2).  First, there is a slight lag between 

Neighborhoods 2 and 3.  This reflects the fact that Neighborhood 3 has only businesses 

with local markets, while Neighborhood 2 contains businesses for a mix of sectors.  In 

Neighborhoods 2 and 3, all of the businesses occupy new or retrofitted buildings.  As a 

result, Neighborhood 2 and 3 reached a higher average business recovery level than 

Neighborhood 1, which has old or unretrofitted buildings that are more likely to be 

damaged.  For similar reasons, no businesses failed in Neighborhood 2 and 3, whereas 

the six small businesses failed in Neighborhood 1 (Table 6-1).  Business failures affect 

the average recovery level and prevent the level from reaching the maximum value of one 

in Neighborhood 1.  In the case of Neighborhoods 2 and 3, the reason that the average 

recovery levels do not reach one is not entirely clear.  It may be because Neighborhoods 
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2 and 3 contains small, local businesses that, because of the model algorithm, do not 

completely recover.   

Table 6-1.  Results of Simulation, No Lifeline Mitigation Scenario 

Neighborhood / sector Result 
 Neighborhood 1  
  Businesses: 6 failed 
  Households: 6 left 
 Neighborhood 2  
  Businesses: 0 failed 
  Households: 0 left 
 Neighborhood 3  
  Businesses: 0 failed 
  Households: 0 left 

 

The household recovery output for the scenario of “no lifeline mitigation” is similar 

to that of the business output.  The slight lag, early on, between Neighborhood 2 and 3 is 

due to the difference in residential building characteristics.  (The small lag might suggest 

that the model may not be sensitive enough to building attribute in some contexts.)  In 

contrast, Neighborhood 1, which contains all old or unretrofitted houses, did not 

completely recover and the six low-income households left (Table 6-1).  It is interesting 

to note that all three neighborhoods took several weeks to reach the first level of 

recovery.  Likelihood of reaching the first level of recovery (PT) is a function of critical 

facilities recovery (CRIT), household health (HLTH), and whether or not shelter is 

available (or needed) (SHEL) (Equation 5-11). 

Looking at the contrasting mitigation scenario, the effect of lifeline mitigation on 

the model output is readily apparent.  Figure 6-4 and Figure 6-5 describe the recovery of 

businesses and households, respectively, in the case with lifeline mitigation.  For both 

businesses and households, recovery time is significantly shorter.  One of the most 

significant aspects of this is how much more quickly all businesses and households 

reached the first level of recovery.  In addition, no businesses failed, nor did any 

households leave the area.  For businesses recovery, the difference between the three 

neighborhoods is less obvious because of the overall speed of recovery.  The effect of 

building type and mitigation can be seen in the slight lag in recovery of Neighborhood 1, 



 43

which has only old or unretrofitted buildings for its businesses, behind Neighborhood 2.  

The behavior of Neighborhood 3 is more difficult to interpret.  The only indication that 

the neighborhood has only local business is the fact it does not reach the same maximum 

recovery level as the other neighborhoods.  In the case of household recovery, the 

difference between neighborhoods is easily distinguished.  This reflects the fact that each 

neighborhood is increasingly, from Neighborhood 1 to 3, less vulnerable.  Interestingly, 

for this scenario, the time to the first recovery level is similar for each neighborhood, but 

quite different for the three higher levels. 
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Figure 6-4. Average businesses recovery levels by neighborhood, lifeline mitigation 
case. 
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Figure 6-5. Average household recovery levels by neighborhood, lifeline mitigation 
case. 
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Section 7 

Prototype Application: Base Model 
 

In order to thoroughly evaluate the usability, suitability, and effectiveness of the 

disaster recovery simulation it is necessary to apply it to a real-world disaster.  For the 

prototype application, we chose to simulate the recovery of the city of Kobe after the 

1995 M = 6.9 earthquake and disaster.  The Kobe earthquake is chosen for the prototype 

application because it is the most catastrophic urban earthquake disaster in recent history.  

Relatively good data has been collected and analyzed since the earthquake, including 

several studies by the senior author (Chang and Taylor, 1995; Chang, 1996, 2001; Chang 

and Nojima, 2001).    

Modeling the recovery of Kobe provides a real-world exercise in collecting input 

data for the simulation and investigating the means of calibrating simulation driving 

variables.  The simulation outputs can be compared with recovery indicators collected for 

Kobe.  Because the recovery simulation is a prototype, we may not expect it to compare 

accurately with Kobe recovery indicators.  However, the comparison will provide insight 

on the suitability of simulation outputs and whether simulation outputs are generally 

acceptable.  This insight will form the foundation for further design and implementation.  

Having the simulation fully specified for a real event also provides an opportunity to 

explore the sensitivity of the simulation and to determine if the broad behavior of the 

simulation meets general expectations. 

7.1  Simulation Improvements 
Before the simulation could be applied to a larger scenario, it was necessary to 

modify the implementation to increase the flexibility of specifying inputs and decrease 

model runtimes.  In the test implementation (Section 6), each household or business was 

represented by a copy of the simulation algorithms that process the scalar inputs for each 

agent (household or business).  This approach replicates the conceptual model closely 

and so the simulation’s organization is easy to comprehend.  This also facilitates 

monitoring the behavior and outputs of each agent.  Unfortunately, as the number of 
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agents and neighborhoods grows, this implementation becomes unwieldy and tedious to 

expand.  Further, the model runtimes increase significantly with increasing input-output 

processing.  

To make the simulation more flexible for different applications (sizes of 

communities), it is desirable that both the number of agents and number of 

neighborhoods be specified at runtime (rather than hard-coded into the simulation).  For 

the prototype application, we concluded that the time and effort required to modify the 

simulation so that the number of neighborhoods could be specified at runtime was not 

practical.  The current implementation of the simulation allows the number of households 

and businesses to be specified at runtime.  Additionally, unlike the test implementation, 

the number of households and businesses in each neighborhood can be different (and the 

number of households and businesses do not need to be equal).  This flexibility was 

primarily obtained by implementing dynamically sized matrices as inputs to the agent 

algorithms.  (The algorithms are duplicated for each hard-coded neighborhood.)  It should 

be noted that none of the simulation equations were changed by modifying the computer 

implementation. 

The increased flexibility and simulation sizes makes specifying inputs potentially 

more tedious.  Thus, the configuration script was revised to make specifying input 

demographics (agent attributes) easier.   Rather than specifying the value for each 

variable of each agent, the relative number (percentage) of each demographic group is 

specified (e.g., Neighborhood X has 15% households with high incomes and retrofitted 

buildings).  The script then generates the input values and formats them appropriately. 

An intended side effect of increasing the flexibility of specifying model inputs was to 

decrease model runtimes.  (MATLAB is optimized for matrix-based computations.)  

Runtimes were further reduced by revising the Simulink model so that all calculations 

and logical operations were expressed using native Simulink blocks (functions).  (It is 

possible to link a Simulink model to external scripts or code, which can make 

programming logical and control operations (e.g., IF-THEN) much simpler at the price of 

increased runtimes.) 
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Lastly, it should be noted that an attempt was made to implement probabilistic 

elements by employing randomness in the simulation as specified in the conceptual 

model (Section 4).  Randomness was ignored during the proof of concept stage (Section 

6).  Randomness was integrated within two general functions of the simulation.  First, 

randomness was added within the function for determining the financial marginality of 

agents (Equations 5-8 and 5-18), rather than only being a function of income or business 

size.  Second, randomness was integrated in determining whether an agent reaches the 

next recovery level (e.g., Equation 5-2 and 5-11).  The results of implementing 

randomness are not presented because simulation behavior was not meaningful.   

Adding randomness to determine financial marginality did induce variability in agent 

behavior within the simulation, but did not result in any significant differences in the 

overall performance of the simulation presented below.  This is likely due to the strong 

influence of the driving variables within the simulation algorithms.  One solution may be 

to modify the role of the financial marginality variable (MARG) within the conceptual 

model and, thus, simulation algorithms.  For example, financial marginality may affect 

the slope of the driving variable, default building restoration (DBL). 

Several different approaches were taken, unsuccessfully, to implement randomness 

in determining the likelihood of agents reaching each recovery level.  (The general 

approach was to apply Monte Carlo simulation by comparing the value of a random 

variable with a threshold value describing the likelihood for moving to the next recovery 

level.)  The inclusion of randomness dramatically increased simulated recovery times, 

when compared to the simulation without randomness.  While the recovery times could 

be slowed down by modifying the stochastic parameters, this is not desirable because the 

simulation becomes less sensitive to decision and demographic variables.  It is likely that 

the simulation requires different calibration than without randomness.  However, 

continuing to ignore randomness for this phase of research facilitates comparison of the 

simulation across the various stages of completed work. 

7.2  Calibration of Model Parameters 
Because of the significance of the driving variables within the simulation algorithms, 

it is important to determine reasonable and appropriate values for each.  For the test 
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application (Section 7), slope values were assumed based on expert judgment and insight 

from the literature.  For the application to the Kobe disaster, it was decided to investigate 

the feasibility of calibrating the driving variables using data describing the recovery 

process.  The most conceptually simple of the driving variables to calibrate were those 

associated with lifeline recovery (DCRIT, DEL, DTRNS, and DWAT) and DAID.  This is 

because these are community-level variables that do not vary across neighborhoods or 

agents. 

Calibrating the driving variables for lifeline recovery required answering four 

questions.  The first is whether a mutual aid agreement was in place and used.  For the 

Kobe disaster, mutual aid agreements were largely in place and used (MUT = 1).  The 

second question is what the relative restoration priority (PRTY) given to each 

neighborhood.  It was assumed that there was equal priority given to all neighborhoods of 

Kobe.  This simplifies the calibration procedures.  With different priorities, there would 

be a different equation and, thus, driving-variable slope-value to calculate for each 

neighborhood.  The third question is what was the amount of damage caused by the 

earthquake for each lifeline network (including critical facilities).  The damage variables 

and values used for calibration are defined and specified in Table 7-1.  The fourth 

question is what was the time needed to restore service to each lifeline.  The estimated 

restoration time for each is listed in Table 7-1.  The restoration time for critical facilities 

was assumed, otherwise the source is as indicated in Table 7-1.  With the above inputs 

specified the values for each lifeline driving variable was calculated by solving for the 

slope in each of the four linear equations (Equations 5-25, 5-27, 5-29, 5-31). 
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Table 7-1.  Damage data used for calibrating recovery simulation. 

Variable Interpretation Damage
Restoration 

Time Source 

EDMG Percentage of households in Kobe without 
power immediately after earthquake 100% 1 week 1 

WDMG Percentage of households in Kobe without 
potable water immediately after earthquake 90% 10 weeks 1,2,3 

TDMG City-wide transport service loss immediately 
after earthquake 80% 84 weeks 5 

CDMG City-wide loss of critical services 
immediately after earthquake 50% 1 week 7 

     
Sources     

1 City of Kobe, 1998, “The Great Hanshin-Awaji Earthquake Statistics and 
Restoration Progress,” December. 

2 City of Kobe, 2000, Kobe Recovery Record, p.10. (in Japanese) 
3 Chang, S.E. and W.J. Taylor, 1995, “Economic Impact of Lifeline Disruption: 

Current Models and Preliminary Observations from the Hanshin Earthquake,” 
Proc. 6th U.S.-Japan Workshop on Earthquake Disaster Prevention for 
Lifeline Systems, Osaka, Japan. Public Works Research Institute, pp.333-347. 

4 Chang, S.E. and N. Nojima, “Measuring Post-Disaster Transportation System 
Performance:  The 1995 Kobe Earthquake in Comparative Perspective,” 
Transportation Research Part A: Policy and Practice, Vol.35, No.6, pp.475-
494. 

5 National Land Agency, 1995, “Disaster Prevention White Paper,” p.16. (in 
Japanese) 

6 Takada, S. and J. Ueno, 1995, “Performance of Lifeline Systems During the 
1995 Great Hanshin Earthquake,” Proc. 6th U.S.-Japan Workshop on 
Earthquake Disaster Prevention for Lifeline Systems, Osaka, Japan. Public 
Works Research Institute, pp.165-184. 

 

The value for the driving variable DAID was also determined by solving the slope 

value for the corresponding linear equation (Equation 5-20).  The input required to solve 

the slope value was the value for CAP – the recovery capacity for Kobe.  A value of CAP 

= 0 was assumed.  (CAP is a binary variable within the current simulation 

implementation.)   There is no reliable data for Kobe describing the time required to 

distribute disaster aid.  We assumed similarity with the 1994 Northridge, CA earthquake 

and used data from the Small Business Association (SBA) on the disbursement of short-

term loans.  The SBA disbursed all of its aid within 24 weeks.  Unfortunately, the value 

calculated by solving for the slope in the linear equation led to unexpected simulation 

behavior.  The simulation predicted nearly all households would leave the area because of 

the earthquake.  The reason for this behavior is that household debt (from the aid loans) 

increased too quickly.  The algorithm for predicting if a household will leave is highly 
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dependent on debt (Equation 5-16).  As a result, we used the highest slope value possible 

that would not lead to excessive numbers of households leaving Kobe. 

The remaining driving variables were more difficult to calibrate.  First, DINS is not a 

slope value, but rather a time when all insurance outlays are made within the simulation 

(Equation 5-9 and 5-19).  Of course, insurance outlays occur over time.  Because there 

was not data readily available on when insurance outlays were made, the value for DINS 

was assumed to be 8 weeks.  (The same value used in the test application in Section 7.)  

Second, no data is readily available for the health recovery of individual households (or 

coarser analysis units) within Kobe.  If data were available, the calibration would be 

extremely difficult because each household (or rather demographic group) would 

potentially have a different value for DHLTH.   

A similar problem exists for the third and fourth driving variables: building 

restoration (DBL) for households and businesses (Equation 5-3 and 5-12).  Even so, the 

approximate time required for building restoration was inferred from damage and new 

construction data (City of Kobe, 1996).  For businesses, restoration time was about 4 

years and about 3 years for households.  To avoid the complexity of determining a 

different slope value for each demographic group, a single DBL value was determined for 

both businesses and households.  After the other driving variables were calibrated, this 

was done by trial and error (using the inputs specified in the next section), so that it took 

about 4 and 3 years, respectively, for building recovery (BL) to reach a value greater the 

0.9.  Unfortunately, due to limitations of the simulation algorithms, not all buildings 

reached a value greater than 0.9 (after 260 weeks).  Therefore, the calibration only 

considered those agents that did reach BL = 0.9 or greater. 

The calibrated values for each of the driving variables are listed in Table 7-2.  It will 

be useful to see how much these values vary across applications, if at all, with future 

studies using the simulation. 
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Table 7-2.  Calibrated values for driving variables 

DTRNS 0.0095 
DEL 0.85 

DWAT 0.016 
DCRIT 0.5 
DAID 0.008* 

DHLTH 0.01** 
DBLh (households) 0.003 
DBLb (businesses) 0.0042 

DINS 8** 
* Originally calculated to be 0.042 
** Assumed value 

 

7.3  Kobe Scenario 
Applying the simulation to the Kobe earthquake required specifying three different 

groups of variables: decision variables, demographics, and the intensity of the 

earthquake’s effects.  The decision variables are binary (yes/no) and apply to the entire 

city of Kobe.  This constraint is an obvious simplification of reality.  For example, some 

sections of a water pipeline may have been retrofitted, while other sections have not.  In 

specifying the decision variables, we judgmentally determined whether the value was 

primarily “yes” or primarily “no” based on our knowledge of the event and context.  The 

values determined for each of the nine decision variables are listed in Table 7-3. 

 
Table 7-3. Decision variable values for Kobe application of model. 

MUT CAP PLAN STH  
Yes No No Yes  

WALT WMIT TMIT EMIT CMIT 
Yes No No No No 
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Demographic variables are the attributes of each modeled household and business.  

For households, the demographic variables are relative income level (i.e., high, medium 

or low) and whether mitigation measures have been taken to improve the seismic 

resistance of their residence.  For business agents, the demographic variables are relative 

business size (i.e., small or large), business sector (i.e., export-oriented or local business), 

and whether mitigation measures have been taken.  The simulation requires the 

specification of the relative number of the population belonging to each unique 

demographic group (e.g., low income household without mitigation and large export 

business with mitigation). 

The city was divided into four analysis zones, as shown in Figure 7-1.  These zones 

were defined from an aggregation of 170 census statistical blocks (see Chang, 2001).  

Demographic data for each of the four zones was inferred from various census data 

publications from Kobe City for businesses and households.  The values assigned to each 

household demographic group are listed in Table 7-4.  For businesses, the demographics 

are listed in Table 7-5. 

Figure 7-1.  Kobe Analysis Zones 
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Table 7-4. Input household demographics for application to Kobe. 
Zone A1   Bldgs  Zone B   Bldgs 
    Unmitigated Mitigated      Unmitigated Mitigated 

Low 57% 0%  Low 17% 0% 
Middle 8% 32%  Middle 40% 3% Income 
High 0% 3%  

Income 
High 8% 32% 

         
Zone A   Bldgs  Zone C   Bldgs 
    Unmitigated Mitigated      Unmitigated Mitigated 

Low 72% 0%  Low 14% 0% 
Middle 13% 10%  Middle 36% 17% Income 
High 0% 5%  

Income 
High 0% 33% 

 

Table 7-5. Input business demographics for application to Kobe. 
Zone A1   Bldgs  Zone B   Bldgs 
    Unmitigated Mitigated      Unmitigated Mitigated 

Export 1% 0%  Export 2% 0% Small 
Local 50% 29%  

Small 
Local 47% 39% 

Export 1% 1%  Export 0% 3% Large 
Local 3% 15%  

Large 
Local 1% 8% 

         
Zone A   Bldgs  Zone C   Bldgs 
    Unmitigated Mitigated      Unmitigated Mitigated 

Export 10% 0%  Export 2% 0% Small 
Local 45% 30%  

Small 
Local 38% 41% 

Export 2% 4%  Large Export 0% 9% Large 
Local 3% 6%   Local 0% 10% 

 

The final input required to define the Kobe scenario is the intensity of the effects of 

the earthquake (EQ) for each analysis zone.  The analysis units encompass large areas 

and, thus, a wide range of earthquake intensities that need to be distilled into some 

representative index.  EQ has a relative domain between 0 and 1, which facilitates the use 

of different intensity metrics.  For this study, EQ was determined by normalizing 

(dividing by the maximum possible value) a representative JMA intensity value for each 

zone.  The JMA intensity value for each of the four zones was determined using the JMA 

to peak ground acceleration conversion table of Bardet et al. (1995).  Based on the 

acceleration categories and the general ground motion map in EQE (1995), JMA values 

were assigned to each of the four zones (Table 7-6).  This approach to determining EQ is 

consistent with the spatial resolution and data quality of the analysis.  Higher resolution 

earthquake data could only be used if smaller, more numerous zones were used as the 

basis of the Kobe recovery simulation. 
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Table 7-6. Earthquake intensity values for Kobe recovery simulation 

Zone PGA JMA EQ 
A > 0.5 7 1 

A1 >0.5 7 1 
B 0.25 - > 0.5 6.5 0.93 
C 0.25 - 0.5 6 0.86 

7.4 Results 
The simulation was performed using the input values described above for a time 

series of 260 weeks.  In each of the 4 neighborhoods, 100 households and 100 businesses 

were simulated.  With the implementation improvements, the simulation had a faster 

runtime than the smaller test implementation (and shorter time series) at less than one 

minute using an 850MHz processor.  This is encouraging for increasing the detail (e.g., 

number of neighborhoods) in future simulation applications.  The results of the 

simulation are summarized in Figure 7-2 through Figure 7-7.  Based on a relative 

comparison, the results are less satisfactory overall than the test application (described in 

Section 6).  One obvious unexpected result was the prediction that no households would 

leave and no businesses would fail.  This of course was not the case for the Kobe disaster.  

Figure 7-2 shows the overall simulated recovery of Kobe including city-wide recovery of 

households, businesses, buildings, and lifeline network.  This figure was constructed by 

averaging the recovery value for each individual agent (i.e., household or business) 

across the entire simulation population for each time step.  Figure 7-2 shows that not all 

households and businesses reached a recovery level of one even though no agents failed 

or left Kobe (and this result does not change by running the simulation for a longer time 

series).  The businesses and household recovery levels plateaued after a time of about 55 

and 140 weeks, respectively.  Overall lifeline recovery did reach a final value of one after 

50 weeks.  The general prediction that business and household recovery lags significantly 

behind lifeline recovery is reasonable.  Building restoration only reached an unrealistic 

recovery level of 0.5 after 260 weeks (5 years). 
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Figure 7-2. Overall simulated recovery of Kobe using simulation prototype. 

 

The simulated lifeline restoration for Kobe is broken down further in Figure 7-3.    

From the figure, the order of recovery for the different lifelines is apparent.  The 

electrical network and critical facilities were restored in a week or less.  These were 

followed by restoration of the water network after about 8 weeks and the transportation 

network after about 50 weeks.  The predicted order is interesting because, within the 

simulation algorithms (Figure 4-2), the restoration of the electrical and water networks is 

dependent on the restoration of the transportation network.  Even so, the electrical and 

water networks were fully restored when the transportation network was less than 50% 

restored.  This may indicate an overly strong influence of the driving variable within the 

lifeline restoration equations. 
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Figure 7-3. Simulated restoration of individual lifeline networks in Kobe using 
simulation prototype. 

 

Figure 7-4 through Figure 7-7 provides information at the zone level for household 

and business recovery.  Looking at the zone-by-zone recovery of households with time 

(Figure 7-4), the influence of earthquake intensity and demographics is obvious.  The 

zones that recovered the slowest and to the lowest final levels of recovery are Zones A 

and A1, which both had a JMA intensity of 7.  The zone that recovered to quickest and to 

the highest level of recovery was Zone C, which experienced the lowest earthquake 

intensity.  The difference between Zones A1 and A, which were both assigned a JMA of 

7, is explained by the demographics.  Zone A has 15% more low income households and 

20% more household in old or unretrofitted buildings.   
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Figure 7-4. Simulated recovery of households by zone for Kobe using simulation 
prototype. 

 

Figure 7-5 presents the recovery levels of each zone at selected times to illustrate the 

operation and information detail of the simulation.  Looking at the bar chart for week 

104, the same order of recovery seen in Figure 7-4 is observed.  However, it is now 

apparent that the majority of households did not reach a recovery level of 1.  For those 

households that did reach the final recovery level, this occurred within 52 weeks of the 

simulated disaster.   



 

Fi
gu

re
 7

-5
. S

im
ul

at
ed

 r
ec

ov
er

y 
of

 h
ou

se
ho

ld
s b

y 
zo

ne
 fo

r 
re

la
tiv

e 
re

co
ve

ry
 le

ve
ls

.

58



 59

The recovery predictions for Kobe businesses (Figure 7-6 and Figure 7-7) are less 

reasonable.  There is very little difference between predicted recovery for each zone.  A 

large majority of businesses was not predicted to reach complete recovery.  Looking at 

Table 7-5, it appears the businesses that did reach a recovery level of 1 were large 

businesses (regardless of sector or building mitigation).  It is possible that there is not a 

strong enough dependency on earthquake intensity within the simulation algorithms for 

business recovery.  Conversely, observing that the demographics are all fairly similar, it 

is equally possible that the business size has too much influence within the simulation 

algorithms.   
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Figure 7-6. Simulated recovery of businesses by zone for Kobe using simulation 
prototype. 
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Figure 7-8 shows a similar order for building restoration as Figure 7-4 does for 

household recovery.  Zone C recovered the most in the same time as the other zones, with 

Zone A recovering the least.  With the driving variable (BL) being equal for all agents, 

this order is dictated by the degree of initial damage (DMG), which is in turn controlled 

by earthquake intensity, financial marginality and mitigation measures (Equations 5-5 

and 5-14).  The simulation predicted that none of the zones would reach a restoration 

level greater than 65% after 260 weeks, which is relatively unreasonable.  The slow 

simulated restoration times suggests that a more appropriate means of determining DBL 

is needed, along with making building restoration more sensitive to agent attributes. 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 20 40 60 80 100 120 140 160 180 200 220 240 260

Time (weeks)

R
ec

ov
er

y 
Le

ve
l

Zone A1
Zone A
Zone B
Zone C

 

Figure 7-8.  Simulated restoration of buildings by zone for Kobe using simulation 
prototype.
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Section 8 

Prototype Application: Sensitivity Analysis 
A great deal of insight into the simulation framework and implementation was 

gained from the test (Section 6) and prototype applications (Section 7).  However, 

because of the large number of simulation variables (especially for implementations with 

several neighborhoods, businesses, and households) and the numerous corresponding 

relationships, it is important to systematically investigate the behavior of the simulation.  

However, for the same reason a complete sensitivity analysis of the Kobe disaster 

simulation would be extremely time-consuming and the results would be difficult to 

effectively interpret and convey.  Thus, a sensitivity analysis approach was decided on 

that would give a good overview of the simulation behavior and facilitate the evaluation 

of several expectations of the simulation model. 

8.1  Sensitivity Analysis Approach 
For the sensitivity analysis, decision and demographic variables were analyzed 

separately; though, the basic approach was the same.  The simulation of Kobe described 

in Section 7 formed the basis of comparison for the sensitivity analysis.  To reduce the 

scope of the sensitivity analysis, no effort was made to directly analyze the entire range 

of potential states (combination of variable values) of the simulation.  Instead, the effect 

of changing each variable was analyzed independently, while holding the other variables 

constant. 

To characterize the effect of the demographic variables on the simulation behavior 

and output, the simulation was configured and run twice for each of the 8 demographic 

variables.  Configuring the simulation consisted of modifying the baseline simulation 

(applied to the Kobe disaster) so that each agent had the same value for the particular 

variable under analysis, while all other variable values were left as described in Section 

7.3.  The simulation then was run once for the maximum and minimum value that the 

particular variable could take one.  Thus, for example, to analyze the demographic 

variable INC for households, the simulation was run once with all households assigned a 

relative income of “low” (a value of zero), with all other input variables retaining the 
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baseline values, and again with all households being assigned a relative income of “high” 

(a value of 1). 

To analyze the decision variables, the simulation was first run, using the Kobe 

demographics, once with all of the decision variables set to zero or “no” (i.e., zero 

capacity, no mutual aid agreement, no plan, etc.).  (This is referred to later as the 

pessimistic baseline.)  The simulation was then run nine more times to look at the effect 

changing each decision variable to one or “yes”, with the other decision variables being 

set to zero.  The opposite approach was also taken, where all variables were set to one 

(optimistic baseline) and then the simulation run for each variable set to zero.   

Finally, to assist in interpreting the results of the sensitivity analysis, several 

expectations for behavior of the simulation were identified and listed.  The expectations 

are listed in Table 8-1. 

Table 8-1. Expectations of simulation behavior for sensitivity analysis 

Demographic 
Variables 

1. *A community with all new or retrofitted buildings (i.e., 
earthquake resistant) should recover more quickly than a 
community with all old buildings.  

 2. *A community with all high income households should 
recover more quickly than a community will all low income 
households. 

 3. *A community with all large businesses should recover more 
quickly than a community with all small businesses. 

 4. *A community with all export-oriented businesses should 
recover more quickly than a community with all local-
oriented businesses. 

Decision 
variables 

5. All lifeline mitigations should hasten recovery times. 

 6. Mitigating transportation should hasten recovery more than 
mitigating other lifelines. 

 7. All planning and response measures should hasten recovery 
times. 

 8. Agents should be less likely to fail or leave as more 
mitigation and planning measures are taken. 

*=assuming all else equal 

8.2  Results 
The results of the sensitivity analysis are summarized in Table 8-2 through Table 8-

7.  Table 8-2 and Table 8-3 describe the influence of demographic variables on household 
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and business recovery, respectively.  Similarly, Table 8-4 through Table 8-7 describe the 

influence of decision variables on household and business recovery.  All of the tables 

have four rows corresponding to one of the four analysis zones for Kobe.  The columns 

of the tables correspond with the particular variable being analyzed, with the first column 

of values serving as the basis of comparison.  Table 8-2 and Table 8-3 each have a 

column labeled “Baseline”, which corresponds to the demographic data estimated for 

Kobe as described in Section 7.3.   Table 8-4 and Table 8-5 each have a column labeled 

“None”, which corresponds to a simulation run with no mitigation measures taken.  

Similarly, Table 8-6 and Table 8-7 each have a column labeled “All”, which corresponds 

to a simulation run with all mitigation measure taken.  The values listed in all of the 

tables are the percentage of agents (households or businesses) that have reached a 

recovery level of 1 (complete recovery) after 2 years.  If no agents reached a recovery 

level of 1 or the information is ambiguous, the percentage of agents reaching a recovery 

level of 0.75 is given in parentheses. 

8.2.1  Demographic Variables 

Table 8-2. Summary of sensitivity analysis of demographic variables for households. 

2 years Baseline Old New Small Large Local Export Low High 
Zone A1 35 3 43 35 100 35 35 0 (100) 100 
Zone A 15 5 28 15 100 15 15 0 (100) 100 
Zone B 43 40 83 43 100 43 43 0 (100) 100 
Zone C 50 33 86 50 100 50 50 0 (100) 100 

 
 
Table 8-3. Summary of sensitivity analysis of demographic variables for businesses. 

2 years Baseline Old New Small Large Local Export Low High 
Zone A1 20 20 20 0 (100) 100 20 20 20 99 
Zone A 15 15 15 0 (100) 100 15 15 15 90 
Zone B 12 12 12 0 (100) 100 12 12 12 98 
Zone C 19 19 19 0 (100) 100 19 19 19 98 

 

The results of the sensitivity analysis can be used to evaluate the expectations listed 

in Table 5-1.  Expectations 1 through 4 relate to the analysis of the demographic variables 

(Table 8-2 and Table 8-3).  For households, expectation 1 is met, with the scenario 

having all new buildings leading to more recovered households than a community with 
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all old buildings.  Further, the old and new scenarios compare well with the baseline 

demographics for Kobe, which falls in between these extreme scenarios.  Unfortunately, 

for business recovery, the simulation does not produce expected results.  The modeled 

business recovery for the three scenarios (baseline, old and new) is the same.  

Considering expectation 2, the simulation clearly distinguishes between the low- and 

high-income scenarios, for both household and business recovery.  For business recovery 

however, there is no simulated difference between the low-income scenario (all 

households have low income) and the baseline demographics (mixed income).  For 

expectation 3, the results are similar, with an obvious distinction between the small- and 

large-business scenarios.  In this case, however, there is no distinction between the small-

business scenario and the baseline demographics for household recovery.  Lastly, the 

simulation did not perform well with respect to expectation 4.  No difference was 

predicted by the simulation between the local- and export business scenarios and the 

baseline demographics.  The general reason that the simulation is more sensitive to the 

variables INC and SIZE is the relative number of times these two variables occur in the 

simulation equations.  The other demographic variables, conversely, appear in only one 

respective equation. 

It should be noted that the simulation predicted that no households would leave or 

businesses would fail for any of the demographic variable scenarios analyzed.  This is 

somewhat surprising considering cases such as all households with low income or all 

small businesses.  This suggests that, within the simulation, the context or environment is 

more influential than demographics in determining whether agents fail or leave.  

8.2.2  Decision Variables 

Table 8-4. Summary of sensitivity analysis of decision variables for households; 
pessimistic baseline. 

2 years None CAP MUT PLAN STH TMIT EMIT CMIT WMIT WALT 
Zone A1 0 (35) 0 (43) 35 3 0 (43) 35 0 (35) 0 (35) 0 (35) 0 (35) 
Zone A 0 (15) 0 (28) 15 5 0 (28) 15 0 (15) 0 (15) 0 (15) 0 (15) 
Zone B 0 (43) 0 (83) 43 43 0 (83) 43 0 (43) 0 (43) 0 (43) 0 (43) 
Zone C 0 (50) 0 (86) 50 50 0 (86) 50 0 (50) 0 (50) 0 (50) 0 (50) 
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Table 8-5. Summary of sensitivity analysis of decision variables for businesses; 
pessimistic baseline. 

2 years None CAP MUT PLAN STH TMIT EMIT CMIT WMIT WALT 
Zone A1 0 (20) 2 17 2 2 17 0 (20) 0 (20) 0 (20) 0 (20) 
Zone A 0 (15) 6 6 6 6 6 0 (15) 0 (15) 0 (15) 0 (15) 
Zone B 0 (12) 3 12 3 3 12 0 (12) 0 (12) 0 (12) 0 (12) 
Zone C 0 (19) 9 19 9 9 19 0 (19) 0 (19) 0 (19) 0 (19) 

 

Table 8-6. Summary of sensitivity analysis of decision variables for households;  
optimistic baseline. 

2 years All CAP MUT PLAN STH TMIT EMIT CMIT WMIT WALT 
Zone A1 43 (57) 43 (57) 43 (57) 43 (57) 43 (0) 35 43 (57) 43 (57) 43 (57) 43 (57)
Zone A 28 (72) 28 (72) 28 (72) 28 (72) 28 (0) 15 28 (72) 28 (72) 28 (72) 28 (72)
Zone B 83 (17) 83 (17) 83 (17) 83 (17) 83 (0) 43 83 (17) 83 (17) 83 (17) 83 (17)
Zone C 86 (14) 86 (14) 86 (14) 86 (14) 86 (14) 50 86 (14) 86 (14) 86 (14) 86 (14)

 

Table 8-7. Summary of sensitivity analysis of decision variables for businesses; 
optimistic baseline. 

2 years All CAP MUT PLAN STH TMIT EMIT CMIT WMIT WALT 
Zone A1 20 (80) 20 (80) 20 (80) 20 (80) 20 (80) 20 (28) 20 (80) 20 (80) 20 (80) 20 (80)
Zone A 15 (85) 15 (85) 15 (85) 15 (85) 15 (85) 15 (30) 15 (85) 15 (85) 15 (85) 15 (85)
Zone B 12 (88) 12 (88) 12 (88) 12 (88) 12 (88) 12 (88) 12 (86) 12 (88) 12 (88) 12 (88)
Zone C 18 (81) 18 (81) 18 (81) 18 (81) 18 (81) 18 (81) 18 (81) 18 (81) 18 (81) 18 (81)

 

Expectations 5 through 8 relate to the sensitivity analysis of decision variables.  

Looking at Table 8-4 and Table 8-5, expectation 5 was not met for both households and 

businesses according to the sensitivity analysis.  Only mitigation of the transportation 

network (TMIT) led to modeled recovery that is better than if no measures were taken at 

all.  This observation, however, does meet expectation 6 that transportation mitigation 

have greater influence than other lifeline mitigation alternatives.  The simulation is likely 

more sensitive to TMIT because of the relative number of times it appears in the 

conceptual model.  Expectation 7 was met because every planning and response measure 

(CAP, MUT, PLAN, and STH) resulted in better recovery than if no measures were taken.  

Of these variables, having and using a mutual aid agreement had the most effect (equal to 

mitigation measure for the transportation network). 
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Table 8-6 and Table 8-7 show the positive influence of the decision variables on 

recovery.  Between the case of no measures taken and all measures taken, the recovery of 

all four zones significantly improved.  The sensitivity analysis results shows that it 

requires several measures to be taken to see the most benefit.   With this information, 

expectations 5 through 7 can be further evaluated.  For household recovery, it is now 

apparent that STH has a strong influence on simulated recovery.  For both agents, the 

importance of TMIT is further supported. 

Expectation 8 corresponds to fewer businesses failing or households leaving as more 

measures are taken.  For businesses, there are a large number of failures for the 

pessimistic baseline (when no measures are taken) and the related scenarios.  If all 

measures (optimistic baseline) are taken, no businesses fail.   This is true for the related 

scenarios, except for if transportation mitigation measures (TMIT) are not taken which 

causes a large number of businesses fail.  For households, when no measures are taken, 

several households leave. The same is true for all related scenarios except when short-

term housing is employed (STH), which results in no households leaving.  When all 

measures are taken, the simulation predicts that no households will leave.  Again STH, 

has a strong influence and several households leave if short-term housing is not relied on. 
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Section 9 

Synthesis and Conclusions 
 

The initial research and prototype application described in this report illustrate how 

investing in pre-disaster mitigation of lifelines and reduction of social vulnerability can 

help reduce losses to the community and hasten recovery, as well as diminish the socio-

economic and spatial disparities in disaster impacts.  Clearly, a range of preparedness, 

mitigation, and planning scenarios could be identified and evaluated with the descriptive 

power of a robust conceptual model and the predictive power of the computer simulation.  

Completing development of these tools is important to afford useful, multi-faceted 

understanding of the implications and benefits of decisions regarding risk reduction and 

disaster recovery. 

With the complexity of disaster recovery and scope of the conceptual model and 

computer simulation, many shortcomings, limitations, and issues were expected to arise 

out of the first four stages of development.  The objective of the work to date was not to 

develop an accurate predictive model.  To date, the research has focused on what has 

been done as part of other studies and scoping what is feasible.  A broad and concerted 

research program is required to make significant progress in characterizing the 

complexity of socio-economic recovery and, in turn, constructing large computer 

simulations of community recovery from disasters.  At this point, however, the 

simulation model does provide a useful rhetorical and educational tool for illustrating 

concepts of community recovery.  Its development has also identified data collection and 

research needs for developing more refined recovery models.  It is important to 

enumerate the insights obtained in the development and application of the recovery 

model so far and to formalize them as concrete recommendations for designing the next 

phase of research and development. 
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9.1  Emergent Issues and Recommendations 

9.1.1  Conceptual Limitations 

The conceptual framework abstracted the complex process of urban disaster recovery 

into a structure that captures the essence of the process.  In the course of this research, 

several limitations became apparent that relate to this abstraction.  Further research is 

needed to address these limitations. 

• Defining and measuring recovery – First and foremost, the concept of recovery 

was implemented here as a series of levels, culminating with a “completely 

recovered” stage that represents a return to pre-disaster conditions.  This 

simplification led to several problems that pertain to definition and measurement:  

(1) it is inconsistent with a concept of recovery that compares “with” and 

“without” disaster timepaths, as opposed to “before” and “after” disaster (see 

Figure 5-1)2; (2) it does not address how to measure recovery in real-world 

terms, for example, the correspondence between recovery stages and data that are 

likely to be available after a disaster; and (3) it does not consider how definitions 

of recovery may need to differ according to scale of analysis (e.g., that recovery 

at the community level may be different than simply the average of recovery of 

agents in the community).  Generally speaking, this approach makes it very 

difficult to validate the model with data from actual disasters.   

• Binary decision variables – All of the decision variables in the model are, for the 

sake of simplicity, either “on” or “off”.  In actuality, the concepts being modeled 

are far from binary.  Mitigation measures may vary by degree (e.g., whether a 

plan is a good one), spatial variability (water pipeline may be retrofitted in one 

neighborhood but not another), and whether or not actually employed (e.g., a 

recovery plan or mutual aid agreement). 

                                                 

2 However, to implement a “without”-earthquake baseline would require the model to include 

economic and other forecasting capability, which introduce additional complexities and uncertainties. 
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• Agent attributes – For illustrative purposes, only a few agent attributes were 

considered with only 2 or 3 classes for each attribute (e.g., export-oriented v. 

locally-oriented businesses).  This simplification did not allow finer distinctions 

within the categories (e.g., specific economic sectors).  It also did not consider 

other relevant attributes such as the entrepreneurial capabilities of business 

owners or managers, or educational attainment levels of households.  The 

simplification of agent attributes led to results that were more clustered and less 

varied than would be observed in an actual disaster.   

• Financial marginality variable – While the literature indicates the importance of 

pre-disaster financial marginality in influencing recovery, it is not clear on the 

mechanisms through which this influence is exerted.  For example, it is unclear 

whether residential building restoration for a household is affected by financial 

marginality only through the influence of initial building damage (Equation 5-

12), or whether this influence also modifies the speed of reconstruction in other 

ways (see also “influence of variables,” below).  This is further complicated by 

the difficulty of disentangling the effects of low income from those of financial 

marginality (see also “correlation between variables,” below). 

• Migration – In the current framework and model, businesses can either survive or 

fail, and households can either stay or leave the region.  There are no provisions 

for internal migration within the region from one neighborhood to another.  

Moreover, there are no provisions for new businesses or households to be 

established or in-migrate.  This structure creates a situation whereby 

neighborhoods and the community cannot grow beyond their pre-disaster states, 

i.e., which allows population losses but disallows redistributive effects or gains. 

• Model structure – The conceptual framework and model are derived using Object 

Modeling Technique, empirical literature, and experience.  This has both 

advantages and disadvantages.  For example, it enables the appropriation of 

insights from a broad, varied, and largely qualitative literature on disaster 

recovery.  It allows the recovery process to be captured in its essence and with 

parsimony.  It enables model design choices that reduce the data demands 
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associated with model implementation.  These advantages are very important in 

prototyping.  However, in comparison with more formal model structures (e.g., 

computable general equilibrium models or models based on random utility 

theory), it is disadvantaged in lacking theoretical grounding in the operations and 

driving mechanisms of the urban economic system.  The feasibility of 

incorporating more formal economic models – which by themselves cannot 

capture the essential aspects of disaster recovery – as an element of the recovery 

model should be explored in future research.   

9.1.2  Simulation Algorithm Issues 

A number of implementation issues related to simulation algorithms were also 

discovered in the course of this research:   

• Influence of variables – The relative influence of a specific variable turns out to 

be dictated by the number of times it appears in the simulation equations.  This 

makes it difficult to adjust the model’s sensitivity or to configure the simulation 

to match unique applications. 

• Randomness or uncertainty – Randomness needs to be designed into the 

algorithms in a more reliable fashion.  It may not be possible in practice to 

develop or calibrate the simulation as versions with and without randomness. 

• Driving variables – The relative sensitivity of intermediate model variables is 

strongly related to the values to which slopes of the default restoration functions 

are set.  For example, if a slope variable is quite small, then the intermediate 

variable itself will be very significant in the performance of the model.  

Changing a related decision variable – for example, from 0 to 1 – can increase 

the speed of restoration.  In some cases, the default slope values may have too 

much influence.  This is because the corresponding intermediate variable shows 

up in many equations.  In this case, the model is not sufficiently sensitive to 

changes in the decision variable value.  For example, if DAID is set too high, 

vulnerable households fail almost as a rule, regardless of the values that other 

variables are set to.  This is because they accrue too much debt too quickly.  This 
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contradicts the notion that more rapid disbursement of disaster assistance is 

preferable to slower disbursement.   

• Flatlining – Related to the issue of driving variables is the finding that the 

dynamics of the model are largely driven by the default restoration functions 

(e.g., transportation restoration), although these are modified by various 

demographic and policy variables.  An unanticipated outcome is that once the 

restoration functions have reached their maximal values (e.g., once transportation 

is fully restored), there are no remaining forces that drive the recovery process.  

At this point, recovery “flatlines” or plateaus.  Additional time does not then 

produce any change in the results.  This can lead to having many agents that 

never reach REC=1. 

• Calibration of driving variables - The interactions between driving variables or 

default slopes is very influential, but also very difficult to understand and control.  

The calibration of an individual default slope value is problematic because, in 

interaction with other slope values, the attendant gross model behavior may not 

be acceptable.  This issue is discussed further below. 

• Correlation between variables – Many variables in the model are closely 

correlated empirically.  In many instances, these correlations are implemented in 

the equations as if they had causative effect (e.g., marginality MARG as a 

variable that helps determine building damage DMG).  This may lead to highly 

correlated variables having disproportionate influence on recovery outcomes.   

9.1.3  Challenges in Calibration 

• Calibrating the driving variables – For the most part, driving variables are 

specified as “default” restoration timepaths that are speeded up or slowed down 

by a variety of demographic, policy, or other variables.  While conceptually 

appealing, this creates problems for calibration.  Many of the driving variables 

cannot be decoupled.  Technically, there would be different restoration curves for 

every agent or at least agent demographic group.  Those driving variables that 

can be decoupled may be conceptually ambiguous.  That is, it is difficult to 
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collect data that corresponds to that “default” situation or even know what data to 

collect. 

• Alternative approaches to calibration -  In this work, we had primarily sought to 

calibrate individual restoration timepaths and validate aggregate recovery 

outcomes, to the extent possible, with available empirical data.  However, the 

complexity of the model suggests that newer, soft computing techniques for 

calibrating or training the model may be promising.  Artificial neural networks 

(or genetic algorithms) can be used to estimate parameters through positive 

feedback learning. 

9.1.4  Data Requirements 

Input data processing was fairly effortless, but only because of simplifications and 

assumptions.  Higher resolution data on demographics is required to both configure and 

evaluate the simulation.  Associated challenges are: 

• Selecting appropriate spatial units – Spatial units in the Kobe simulation case 

were chosen from an economic and social standpoint.  The 4-zone classification 

was based on historic patterns of urban development (i.e., older areas to newer 

areas).  This made sense from the standpoint of the vintage and associated 

vulnerability of the building stock, as well as from considerations of population 

and business patterns across the urban space.  However, this selection was not 

optimal from the standpoint of other data considerations:  (1) only limited data 

was available because the zones did not correspond to political units, i.e., city 

wards, on which basis much more data is collected; and (2) earthquake intensity 

had to be treated coarsely, neglecting spatial variations in ground shaking within 

the zones.  

• Timeframes of available data – Very little of the input data required by the model 

is routinely collected in time series form after a disaster.  Household and business 

level data on income, building residence, and relative recovery after specific 

time-periods would greatly improve this simulation and earthquake recovery 
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knowledge in general.  Without this level of data, simplifications and assumption 

were necessary. 

9.1.5  Interpreting Simulation Output 

One of the strengths of the framework and model is that a multi-faceted series of 

results are produced that illustrate the complexity of the recovery process.  This does, 

however, entail a number of difficulties in interpreting the simulation outputs:  

• Comparing scenarios - It is difficult to compare one scenario to another because 

of the ambiguity in meaning for REC and its various levels.  Two scenarios may 

have the same average REC level, but one of these may have half of the agents at 

REC = 1 and half at REC = 0.25, while another scenario has the same average 

value but all agents are above REC = 0.25 (i.e., a more equitable recovery).  For 

this reason as well, it is difficult to say when “recovery” has occurred unless it is 

defined unambiguously as average REC = 1.  Practically, this problem presents 

issues of how to communicate or present the model results in some meaningful 

(or at least concise) way. 

• Summarizing recovery – On a related note, using an “average” recovery for 

neighborhoods and community was not straightforward.  If some agents do not 

completely recovery (or fail or leave), then the average recovery level will not 

reach a level of 1, indicating pre-earthquake conditions.  Further, information is 

lost because it is not clear which agents have recovered at a given time and which 

have not.  Moreover, a single index of recovery is not representative of the 

numerous aspects of recovery.  Presentation of results is then critical because the 

wealth of output is overwhelming and often difficult to discern.  Computer-based 

visualization may facilitate interpretation of results.  Simulation results will be 

easier to interpret for specific questions or within well-defined uses. 

• Measuring recovery and other variables – As noted earlier, model outputs (e.g., 

REC) were not conceptualized to match available data and real world metrics.  

This creates problems in validating and interpreting model outputs.  In further 
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work, outputs could be represented in such terms as population numbers, gross 

city product, number of open businesses, or jobs. 

9.2  Further Research 

9.2.1  Stakeholder Evaluation of Prototype 

Enlisting potential stakeholders will help to further evaluate usability of the 

simulation.  Stakeholders may identify missing variables (e.g., important decision 

alternatives).  Otherwise, they may help to recast the conceptual basis of variables and 

how variables are related.  Stakeholders will provide input on how to present model 

results and later issues such as how it is delivered (e.g., what features of GIS and what 

level of user interface).  An idea for how the simulation might be appropriated and used 

could be obtained. 

9.2.2  Improve Conceptual Model and Model Algorithms 

Simulation algorithms can be improved by incorporating existing equations and 

models, or by using empirical or model-generated data.  With the object-oriented 

framework, it would be simple to change each of the functions without requiring a 

significant amount of modification to the rest of the simulation algorithms.  Candidates 

for this treatment include all damage estimation and earthquake intensity functions.  This 

work should focus on identifying and operationalizing relationships of recovery and 

creating a recovery decision-support system. 

The implementation of the driving variables needs to be rethought to eliminate the 

problem with the model flat-lining and conceptual mismatch for calibration.  This also 

may be solved by finding combinations of values for the driving variables that seem to 

resolve this behavior.  The result of the empirical calibration described in this report 

showed that the driving variables might not have a concrete analogue.   

The specific means for determining the recovery level needs to be rethought to be 

more explicitly probabilistic.  This will address the difficult experienced in implementing 

randomness in the simulation.  The recovery levels should also be better defined 

conceptually. 
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The simulation should be improved to model migration within the community (i.e., 

from neighborhood to neighborhood).  The decision to migrate can be based on variables 

such as relative recovery levels of neighborhoods, location, access to financial resources, 

building damage, and reconstruction status. 

Various variables may be modified, depending on the stakeholder evaluation.  For 

example, construction may be added as a third business sector (in addition to local- and 

export-oriented businesses).  Lifeline mitigation can be done by neighborhoods.  Many 

variables, such INC, SIZE, and CAP, are actually continuous variables within the 

simulation.  However, the conceptual model needs to be strengthened to facilitate 

specifying values for these variables. 

Fuzzy systems may be explored as a possible methodology for implementing the 

conceptual model.  The methodology is appealing because it easily integrates variables of 

different scales and units.  Qualitative information can be used both in specifying the 

model and as input data.  The qualitative information is logically incorporated with 

common numerical data (e.g., consensus data on incomes).  Fuzzy systems has well 

defined means for modifying the relative influence of a variable or model component.  

Outputs reflect the precision and uncertainty in both the input data and particular model 

algorithms used (e.g., results might be obtained with missing data). 

The model algorithms could also be improved with data from a broader suite of 

disasters and additional test examples beyond the hypothetical city and the Kobe disaster.  

9.2.3  Integrate with GIS 

To meet the goal of migrating the simulation into a spatial decision support system, it 

may be integrated with ESRI’s ArcGIS.  This would require a large effort because of the 

many different input data types.  However, it would facilitate using actual and model-

based data for inputs (e.g., earthquake intensity, lifeline restoration, and building 

inventories), modeling household migration, and visualization of results (and contextual 

information).  ArcGIS is well suited because of the wealth of customization possibilities 

using popular programming tools.  As part of this phase, an intuitive graphical user 

interface may be developed.  Integration with a GIS system could also allow other 
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improvements, such as dynamically specifying the number of neighborhoods based on 

spatial data, or querying of demographic groups across neighborhoods. 

9.2.4  User Guide 

 A user guide should be developed.  This would not necessarily be a document 

explaining how to run the simulation.  Rather, it would be a set of guidelines describing 

when to appropriate the simulation, how to gather input data, and how to situate the 

simulation in various management and planning situations.  Hypothetical and actual 

scenarios and case studies will be described that illustrate ways the simulation can be 

used to realize aspects of risk reduction.  The contents of this guide could be based on the 

stakeholder evaluations and future applications involving either the prototype or mature 

simulation. 
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Appendix A 

Narrative Basis of Model 
 

The following narrative formed the starting point for the problem definition stage of 

the Object Modeling Technique (OMT) (see Section 4.1): 

 

The focus of this model is on simulating urban disaster recovery and the potential 

effects on recovery of response and short-term recovery decisions, with emphasis on 

water and electric power lifeline restoration decisions.  We are trying to capture the 

insight that emergency response and recovery decisions affect household and business 

recovery, and through their interactions, have spatial implications for urban disaster 

recovery. 

We begin with a baseline urban area that will experience an earthquake disaster 

some time in the future.  It is situated in some physical setting that includes areas prone to 

stronger ground motion, landslide, liquefaction, etc.  It contains a building stock that has 

been accumulated over time and space.  The building stock changes each year as new 

buildings are added and deleted (according to population change).  Some types of 

buildings are more seismically vulnerable than others.  In a simplified sense, newer 

buildings are presumed to be more seismically resistant than older ones, so the building 

stock tends to improve over time.  There are critical facilities such as hospitals.  The 

urban area is served by lifeline networks, including transportation, water, and electric 

power networks.  We can make some assumptions about the vulnerability of different 

types of structures, incorporating possibly some degree of mitigation, though this is not 

necessary for demonstration. 

Throughout the urban area are households with various income levels.  The 

households inhabit the housing stock.  We can start with an existing population/ 

buildings/ infrastructure configuration in the urban space, perhaps at the level of 

neighborhoods.  At each time period, various characteristics of the neighborhood 
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(transportation costs, access to jobs and amenities, housing price) are computed; these 

figure into households’ locational choices in the next period.  They [the households] 

make locational choices based on income, housing prices, and commute costs.  For the 

sake of simplicity, we can assume that only new households choose locations in each 

time period (year); existing ones stay where they are.  Certain areas are wealthier than 

others.  Households provide labor input to businesses and derive income from this.  They 

use their income to purchase goods and services, primarily from businesses in the local 

area.  They make decisions as to where to locate.  There may be net in-migration to the 

area.  Households can move out of the area. 

The area is also populated by businesses.  These purchase inputs, including labor 

and materials, and produce outputs.  Profits (revenues less costs) might be evaluated 

quarterly, with a series of unprofitable quarters (e.g., after earthquake) leading to business 

closure.  Some businesses produce for local markets, and others for export.  Those that 

produce for local markets to consumers are distributed in space in relation to the 

household locations.  Their quarterly revenues would depend on local population (and 

households’ incomes) in that quarter.  Those producing for export may be more clustered, 

for example around transportation nodes.  Businesses may close or change locations.  

New businesses may appear. 

An earthquake strikes the urban area.  Buildings and lifeline networks are 

damaged in the immediate aftermath.  Pervasiveness of building damage (both housing 

and business), as well as lifeline outage, vary over space.  Households suffer varying 

degrees of injury/death, dislocation, and disruption.  Dislocation may be caused by 

damage to housing and/or loss of lifeline services.  It results in seeking emergency shelter 

and/or relocation and/or not being able to go to work for a while.  The timeframe for 

dislocation depends on housing damage, lifeline restoration, and public decisions about 

reconstruction timeframes (e.g., regulation waivers to speed up rebuilding).  Businesses 

suffer disruption due to employees not showing up for work, damage to structures, 

lifeline disruption, and in some cases loss of customers (if local).  Business loss from 

these factors can be calculated in terms of effects on profits at weekly time intervals; 

however, some times of production loss may be made up after repairs are underway.  

Businesses may close temporarily, curtail production and labor requirements, and/or 
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relocate during the recovery period.  If disruption is suffered for a long time, some 

businesses  may close. 

In the initial days and weeks following the disaster, public and quasi-public 

agencies make decisions that will affect the recovery of the urban area.  Government 

prioritizes rescue efforts.  Fires are fought – more or less successfully, depending on the 

condition of lifeline systems and available fire-fighting resources.  Government requests 

mutual aid. Emergency shelters and short-term emergency housing is set up in certain 

areas.  Government assesses damage according to previously planned inspection 

thresholds and sets up emergency shelters.   Displaced households are assigned to these 

and in many cases will stay in short-term housing for quite a long time.  There may be 

decisions made about expediting damage inspection and reconstruction permitting.  

Debris is cleared.  There will be debates about potential land uses changes in areas that 

were shown to be particularly vulnerable to earthquake hazard.  This may delay 

reconstruction in those areas.  Once any debates are settled, repairs are initiated.  

Households return to damaged homes (leave shelters/short-term housing) once repairs are 

completed and lifeline service is restored.  Lifeline agencies may make decisions to 

expedite repairs and restore service (e.g., by calling in mutual aid crews), prioritize 

repairs, prioritize service restoration to critical facilities, sequence repairs/restoration 

(usually least damaged areas get restored first), and provide for emergency service.  

There is a tradeoff between the speed with which repairs are made and the level of 

seismic resistance incorporated in the repairs for future earthquakes.   

Households’ recovery will be influenced primarily by the speed with which their 

housing, lifeline service (inc. transportation), and jobs are returned to normal.  During 

recovery, if their jobs and income streams are disrupted, they may curtail consumption of 

some kinds of goods.  The speed of housing restoration is strongly influenced by 

conditions of reconstruction finance.  A certain proportion of the households will have 

had insurance, which will provide the most rapid form of finance (other than savings).  

Others will rely mostly on government assistance, which may be more limited and take 

longer to receive.  All things equal, wealthier households will recover faster because they 

have more resources for recovery. 
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Business recovery will be influenced by the speed with which business structures 

and equipment, lifeline service, and households’ labor inputs are returned to normal.  The 

speed of business reconstruction will be influenced by reconstruction finance.  Some may 

have insurance, others may apply for government loans and grants, and many will finance 

repairs from internal resources.  Businesses serving local markets will have more 

difficulty recovering than export-oriented firms because their customers will also have 

been impacted by the disaster.  All things equal, larger businesses will recover faster 

because they have more resources for recovery, might have multi-plant operations and 

could substitute between them, etc.   

There will be interaction between households and businesses across space, via the 

channels noted above.  Certain areas will recover more quickly than others due to these 

interactions.  For example, lag areas may form:  certain heavily damaged areas with slow 

lifeline restoration may experience much population displacement to short-term housing, 

loss of customers for local stores and service establishments, disproportionately high 

business closures, slow return of residents, etc. 
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