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Natural catastrophes can result in large scale displacement of populations, who are in urgent
need of temporary quarters until permanent housing can be provided. During this period, the
temporary housing plays an important role in the families’ physical, psychological, social and
economic recovery. A number of research studies have addressed this specific temporary
housing problem and aimed at identifying the optimal temporary housing arrangements, but few
used quantitative methods to incorporate the displaced families’ specific socioeconomic needs
and housing preferences. From the decision makers’ perspective, current temporary housing
practices often result in high cost, late delivery and frequent family complaints caused by
improper allocation. The scale and complexity of the problem requires strategic planning and a

fast decision support system.

The main objective of this thesis is to present a way of effectively matching available temporary
housing resources to displaced families’ social, economic and psychological needs with the

minimum required public expenditure. A new web-based post disaster temporary housing



management system is developed to accomplish this task. It fully considers individual family’s

specific needs and provides comprehensive decision support.

The web-based system first solicits and stores the data from potential housing providers. It
applies Google Map® in the user interface to facilitate data acquisition. The collected families’
needs and preferences are then translated into a socioeconomic index to evaluate housing
alternatives. In order to maximize overall families’ utility and minimize expenditure, a multi-
objective optimization module is formulated using the classic weighted sum method. A
customized Hungarian Algorithm is developed to solve the optimization problem. In addition,
the system also provides decision support for the total cost and overall socioeconomic benefit

trade off and cost-benefit analysis for various potential housing.

The web-based system can significantly improve the current temporary housing practices. It has
a user friendly interface and allows families to better describe their requirements. With the
customized Hungarian Algorithm the optimization process won’t cause computer out of memory
in the large scale problems and it saves significant running time. The computational speed and
efficiency of the system enables its use in the response phase following a disaster, where it can

offer high quality allocation solutions with low cost.
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INTRODUCTION
1.1. Overview and Problem Statement

Natural catastrophes can cause large scale displacement of populations, who are in urgent
need for temporary quarters until new permanent housing can be provided or their pre-
disaster housing can be repaired. During this critical period, the temporary housing
location plays a significant role in the displaced family’s psychological, social, and
economic recovery. When selecting the housing location it is essential to meet a number
of needs (which can vary from household to another), such as proximity to jobs, kinship
ties, educational facilities (K-12 and/or higher education), social support networks,
religious groups, healthcare facilities, and public transportation and important services
(Bolin and Bolton 1986; El-Anwar et al. 2008; El-Anwar et al. 2010c; FEMA 2005a;
FEMA 2005b; FEMA 2007; Hidayat and Egbu 2010; Johnson 2002a; Johnson 2002b;
Quercia and Bates 2002; Rakes et al. 2010; Shlay 1995). The poor selection of temporary
housing locations can add to the displaced families’ compound stresses after the disaster
and disrupt their neighborhood patterns, social support networks, and familiar
surroundings (Bolin and Bolton 1986). The inability to meet the families’ needs can
result in a wide range of consequences; starting from families rejecting the offered
temporary housing because of its unreasonable distance from their jobs and ending by
high suicide rates due to loneliness and despair attributed to being cut off from their
communities (Comerio 1998; Johnson 2007; Tomioka 1997).

For decades, post-disaster temporary housing programs have been criticized for their
inability to meet the expectations of displaced populations. This criticism stems from
various reasons, including (1) the temporary housing late delivery (Bolin 1993; Friday
1999; Johnson 2007); (2) inability to fulfill the social, psychological, and economic needs
of displaced families (Bolin 1982; Bolin and Bolton 1986; Comerio 1998; Friday 1999;
Golec 1983; Johnson 2007; Lizarralde and Johnson 2003; Tomioka 1997); and (3) poor
accessibility of temporary housing locations to essential services and public
transportation (Bolin 1993). Despite their poor performance, many temporary housing
programs tend to be expensive, which draws from the limited budgets available for
recovery and reconstruction (Friday 1999; Johnson 2002a).

1.2. Literature Review and Research Gap

A number of research studies have addressed the specific problem of identifying the
optimal configurations of temporary housing arrangements in a timely manner following
disasters. Three representative types of models are explained as follow:



Model 1: The first model aims to achieve a specific type of objective, which includes
maximizing temporary housing structural safety (EI-Anwar et al 2010a), minimizing the
environmental impacts of constructing and maintaining post-disaster accelerated housing
projects (ElI-Anwar et al 2010b) and minimizing the distance between the assigned
temporary housing and the preferred location by families (EI-Anwar and El-Rayes 2007).

Model 2: The second model was designed to identify the optimal locations and types of
temporary housing in order to achieve various socioeconomic, safety, environmental, and
cost objectives (EI-Anwar et al. 2009b; Kandil et al. 2010). Despite the significant
contributions of this formulation to improving temporary housing practices, it did not aim
at capturing the specific needs of each displaced family. In this case, the number of
decision variables was equal to the number of available temporary housing alternatives

(H).

Model 3: The third model maintained the same optimization objectives as Model 2.
However, it categorized the families based on their preferred locations for temporary
housing (e.g., zip codes or census tracts), and the corresponding optimization models
accounted for these preferences when optimizing temporary housing assignments (El-
Anwar et al. 2009a; El-Anwar et al. 2010; McLaren at al. 2009). Accordingly, the
decision variables for this formulation were equal to the number of available temporary
housing alternatives (H) multiplied by the number of preferred housing locations (L)
resulting in a running time in the order of one hour on consumer-grade computers.

Despite the significant contributions of the aforementioned models in optimizing
temporary housing arrangements, there is a need for an innovative methodology that can
explicitly account for the displacement distance and housing characteristics from various
socioeconomic needs and effectively evaluate housing assignments based on the
individual needs of each family.

Besides, as the complexity of the model increases, the running time also increases
significantly. The new model, as it attempts to capture each family’s specific
socioeconomic needs as well as temporary housing characteristics and optimize housing
decisions accordingly, will have a challenge to keep the running time in the acceptable
range.

1.3. Research Objectives and Research Methodology

The main objective of this thesis is to present a system which can effectively match
available temporary housing alternatives to displaced families’ social, economic and
psychological needs with the minimum required public expenditure. It should incorporate
sufficient strategic planning so as to reduce the response time. And the system must



improve on the disadvantage of current temporary housing practice and offer
comprehensive decision support to the emergency management agencies.

The research methodology can be divided into eight major tasks: 1) conduct
comprehensive literature review; 2) build the interface to effectively capture the specific
needs and preferences of each displaced family; 3) appropriately quantify the
performance of candidate temporary housing configurations in fulfilling the families’
specific needs; 4) account for and control temporary housing projects life cycle costs; 5)
develop a multi-objective optimization model to maximize families utility while
minimizing the life cycle cost; 6) minimize the computational requirements or find an
efficient algorithm when solving the associated large-scale optimization problem; 7)
provide adequate decision support tools for decision makers; and 8) report the output to
the families and housing providers once the decision is made. In order to accomplish
these tasks, a new integrated post-disaster temporary housing management system is
needed.

The system will have a big contribution in the disaster management field; it transforms
the one-size-fits-all housing program to a need-tailored approach which considers every
displaced family’s needs. Furthermore, the system can be applied in many other contexts
where the problem aims to match the individual demands to various supplies in different
locations. The algorithm developed for the multi-objective optimization is also of great
value in optimizing similar assignment problems. As a result, the systematic approach
and optimization tool makes this thesis a contribution to Industrial and Systems
Engineering as well.

1.4. Thesis Organization

Figure 1.1 shows the general structure of the system and the interrelation among different
modules. The following chapters will describe each module in detail.

Data Acquisition Data Analysis Multi-Objective Decision Support Output Reporting
Module Module Optimization Module Module
Housing Provider Displacement Multi-Objective Cost-Socioeconomic An Optimal Solu Families’ Output
Portal Socio-economic . . Tradeoff "| | Portal
) Distance Equivalent » Optimization Setup Pareto Opti- tion selected by
naex
N w mal Front Declslon Maker Housing Providers’
Displaced Family Data Housing Characteris- Potential Housing | >
Customized y Qutput Portal
Portal tics Index Cost-Benefit Analysis
Life-Cycle Cost .
Hungarian Algorithm
Emergency manage-
Emergency Manage- Socic-economic ment Agency’s Out-
ment Agency Portal Index put Portal
Life-Cycle Cost

Figure 1.1. General Structure of the System
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Chapter 1l - Data Acquisition Module: This chapter introduces web portals for data
acquisition from displaced families, housing providers and Emergency Management
Agency. The Emergency Management Agency is the decision maker in the system. A
brief explanation of the database is also presented in this chapter.

Chapter 11l - Data Analysis Module: This chapter explains how the system processes the
raw data and uses the socio-economic index to evaluate the performance of candidate
temporary housing in fulfilling families’ needs.

Chapter IV- Multi-Objective Optimization Module: This chapter presents the formulation
of the optimization module, and describes the customized Hungarian algorithm.

Chapter V - Decision Support Module: This chapter explains the Cost-Socioeconomic
tradeoff and Potential Housing Cost Benefit Analysis support functions.

Chapter VI - Output Reporting Result: This chapter briefly shows the way that the system
reports the housing assignment to family and display assignment family list to the
housing providers.



DATA ACQUISITION MODULE

The Data Acquisition Module is the front-end of the web-based system; the objective is
to quickly collect the information necessary to provide families with the housing
solutions that would fulfill their needs. It has three web-portals that serve the Displaced
Families, Housing Providers, and Emergency Management Agencies (as in Figure 2.1).
This section briefly introduces each of the web portals and explains the underlying
database structure. The portals are capable to run in various browsers, and with the fast
development of mobile technology, the module enables the system to quickly identify the
families’ socioeconomic needs and effectively allocate available housing close to the
impacted areas.

Data Acquisition Module

Housing Provider Input _4 Housing Provider Portal Database

Raw Data

Organized

Displaced Family Input —__4 Displaced Family Portal Data

_| Emergency Management

Emergency Management
Agency Portal

Agency Input

Figure 2.1. The Structure of Module 1
2.1.Housing Provider Portal

The Housing Provider Portal is an important component for strategic planning in the
temporary housing management program. It collects all the housing alternative providers’
information prior to disaster occurrence. This housing data allows emergency
management agencies to evaluate the size of the housing market and access a large pool
of housing information immediately after a disaster happens.

The housing alternative providers include hotels, motels, housing rental businesses, etc.
Before any disaster occurs, the data housing providers are invited to input includes: (1)
housing type and address; and (2) housing characteristics such as housing quality using a
pre-defined rating system, level of access to public transportation and other essential
services, neighborhood safety, etc. When a disaster occurs, the emergency management
agencies need to first re-examine the housings, make sure the housing is in good
condition for displaced families. The qualified housing providers are requested to provide
the number of available housing units, their prices and sizes, and availability dates.
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Figure 2.2. Input Interface for Housing Provider

2.2. Displaced Families Portal

The Displaced Families Portal is the web page for collecting displaced families’ needs
and preference about temporary housing. After disasters happen, the emergency
management agency can provide the URL of the portal to the families. They will be able
to view the housing alternative information, create their account and enter needs and
preference into the system.

Before entering their needs and preference, displaced families can first view the housing
information that the emergency management agency selected. A study suggested that
comprehensive information can significantly reduce human judgment error, which in our
case suggests that the information can guide families to input what truly reflects their
needs and preference (Kruglanski and Icek 1983). The system is able to display location,
quality, neighborhood safety, unemployment rate and key service levels of each housing
(Figure 2.3). Each marker represents a housing alternative, the stars on the marker
indicate the quality level of the housing, and the detail information window pumps up
when the families click one of the markers.
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Figure 2.3. The Information about Housing Alternatives

The system allows families to create an account. This will expedite the process to collect
information of displaced families, especially in disasters where the number of families
are increasing over time. However, not all of the accounts are necessarily processed, the
emergency management agency needs to verify and organize all the accounts. Only the
selected or filtered accounts will be finally assigned with temporary housing.

When displaced families apply for temporary housing, they use the portal to provide 3
categories of information. The first category is the location needs, it includes (1) original
family location; (2) preferred location for temporary housing; (3) locations they need to
be close to (e.g., jobs, kinship ties, pre-disaster location, college, etc.); and (4) services
they need to be close to (e.g., K-12 public schools, healthcare and eldercare facilities,
etc.). The second category is the housing characteristics (e.g., safety, housing quality,
access to public services, access to public transportation, etc.). This system requires
families to identify their preferences among their location needs as well as the importance
of the various housing characteristics to them. The system uses the absolute scale (0-
100%) and computes the importance weight for each of the family’s location needs and
housing characteristics. The third category is the overall preference between the location
needs and housing characteristics needs. It also uses the absolute scale (0-100%). Figure
2.4 shows the system screenshot for entering each of the categories of information.
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Figure 2.4. The Input Interface for Displaced Families

The input window for families is designed as a registration form. The location
identification functions use Google Maps, where families can search the locations with
partial address information (e.g., zip code) or using a drag-and-drop marker. The Google
Map services are fast, simple, and very familiar to most of the families. It has the
advantage of integrated satellite maps, the built in geocoding service provides excellent
accuracy which is very important for the data analysis module.

2.3. Emergency Management Agency Portal

This portal allows emergency management agency planners to retrieve, edit families’ and
housing providers’ data and define decision making parameters. As the administrator of
the system, the planners have the authority to add and delete families and housing
providers’ record. By examining the situation, they can determine the priority of families
and condition of housing alternatives. They also decide which housing information is to
be viewed by the families and the specific types of needs can be selected in the Displaced
Families Portal. The decision making parameters will be discussed more in the Data
Analysis Module, changing those parameters will affect the assignments results.



2.4. Database

The database stores the data collected from three web portals as well as the assignment
results when the final decisions are made. The database manages the data in a very
efficient manner, which supports the data analysis module and multi-objective

optimization module to retrieve data.

Figure 2.5 illustrates the overall relational database structure of the system. The
“displaced family” table contains the basic information of families. The location and
housing characteristics needs of the families are stored in the ‘“need input” and
“char need input” tables, respectively. The “housing” table contains the basic
information of the housing alternatives, where the types of the housing characteristics are
stored in the “housing char” table. The final assignment table stores the optimization

results, where each family will be assigned one housing unit.
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Figure 2.5. Database Structure
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DATA ANALYSIS MODULE

The Data Analysis Module enables the system to use the collected families’ needs to
evaluate all housing alternatives where it calculates a socioeconomic index to represent
the level to which each housing alternative satisfies a family’s socioeconomic needs. The
socioeconomic index will be used later as one of the objective function coefficients in the
multi-objective optimization module.

Before the socioeconomic index can be calculated, it is worthwhile to study some key
factors about temporary housing that can significantly affect the displaced families’
socioeconomic recovery. Previous research suggested that the significant factors include
housing quality, housing delivery time, access to public transportation and other essential
utilities and services, neighborhood safety, proximity to jobs and schools, distance from
pre-disaster location and social support networks, and proximity to healthcare and
eldercare facilities (Bolin and Bolton 1986; Comerio 1997; El-Anwar et al. 2008; EI-
Anwar et al. 2010c; FEMA 2005a; FEMA 2005b; FEMA 2007; Friday 1999; Hidayat and
Egbu 2010; Johnson 2002a; Johnson 2002b; Quercia and Bates 2002; Rakes et al. 2010;
Shlay 1995). The Data Analysis Module classifies these socioeconomic factors under two
main categories: (1) displacement distance category, which includes factors that are of
specific interest to some families and are functions in the distance between the proposed
housing and some locations, such as proximity to jobs and schools, distance from pre-
disaster location and social support networks, and proximity to healthcare and eldercare
facilities; and (2) housing characteristics category, which includes the general factors that
are expected to be of interest to all displaced families, such as housing quality, housing
delivery time, access to public transportation and other essential utilities and services, and
neighborhood safety. The families’ location needs collected in the Data Acquisition
Module will be processed to evaluate housing under the displacement distance category,
while the housing characteristics needs are used under the housing characteristics
category.

There are three main phases to calculate the socioeconomic index: (1) identifying the
location needs of displaced families using a displacement distance equivalent index; (2)
computing a housing characteristics index to account for the families’ preferences in
housing characteristics as well as its location attributes; and (3) combining the two
indices to evaluate the overall impact of the each available housing alternative on the
family’s social and economic recovery using a socioeconomic index. In addition to
maximizing socioeconomic benefit, reducing cost is also a key objective of system.
Hence, this module also accounts for the life cycle costs associated with developing each
temporary housing project or procuring housing service. The general structure of this
module is shown in the Figure 3.1.
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Figure 3.1. The Structure of Module 2
3.1. Displacement Distance Equivalent Index

Housing proximity to families’ needs can significantly impact their socioeconomic
recovery. The displacement distance category is designed to capture these proximity
needs for each family, and it accounts for proximity to (1) location-specific needs, which
are located at specific addresses such as jobs, colleges, kinship ties and other social
support groups, religious facilities, and pre-disaster location; and (2) service-specific
needs, which are offered at multiple facilities at different locations such as K-12
education facilities, hospitals, eldercare facilities, and clinics. This section briefly
describes how the module computes a displacement distance equivalency index to
evaluate the performance of housing alternatives in fulfilling the proximity needs of each
family. There are three steps as discussed below:

First, the module computes the distances between each housing alternative and location-
specific needs entered by each family (e.g., distance to job). Moreover, the module
computes the distances between the housing alternatives and closest service-specific
needs (e.g., closest elementary school). The module currently uses the Haversine Formula
to calculate the shortest distance between each two locations (Sinnott 1984). However,
future developments will include calculating travel distances for more accurate
evaluations.

Second, the module retrieves the family specified preferred location for temporary
housing (e.g., a zip code). If a housing alternative falls within that location, then it will
fulfill a number of the pre-defined proximity needs. Accordingly, in this case the
displacement distance equivalent will be calculated only for needs that do not fall within
the preferred location. However, if a housing alternative is outside the preferred location
area, then the module computes the displacement distance equivalent using all proximity
needs. The module computes the displacement distance equivalent (DDEf; ) by

11



aggregating the weighted distances between housing alternative h and the needs of family

f.

In the third step, the module computes the displacement distance equivalency index
(DDEI ) for family f and housing alternative h, thus enabling emergency management
agencies to build a utility function that can be applied to all temporary housing
applications. As shown in Figure 3.2, the utility function is a function in the minimum
displacement D,,;, , maximum displacement D,,,,, and a magnifying factor m. If
DDEfy = Dmay , then we set DDEI;, = 0. Similarly, if DDEfj < Dy, then set
DDEIs, = 1. Accordingly, DDEIs, ranges between 0 (lowest performance with
maximum displacement) to 1 (highest performance with minimal or no displacement) and
can be computed using Equation (3.1) below,

) r

5 1 ——m=1

o ~#-m=0.5

>

= m=2

g, 0.75

o

3 &

SQ 050

B

3

€ £ 025

Q

£

et :

E 0 : »

z D D
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Displacement Distance Equivalent (DDE)

Figure 3.2. Utility Functions Used to Compute the Displacement Distance
Equivalency Index for Three Different Magnifying Factors

( 0, if DDE;j, = Dnax

D — DDE¢, m
DDEI,, =J l’)”ax — f, ] ,
l max min

if Dmnin < DDEf, < Dnax o
1, if DDEfj, < Dy '

where,
DDEI; ) = displacement distance equivalency index for family f residing in housing

alternative h;
DDE; j, = displacement distance equivalent for family f residing in housing alternative h;
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Dinax = maximum displacement defined by decision maker to represent the lowest
performance for the location of a temporary housing with respect to fulfilling the
proximity needs of displaced families;

Dynin = minimum displacement defined by decision maker to represent the highest
performance for the location of a temporary housing with respect to fulfilling the
proximity needs of displaced families; and

m = magnifying factor to represent how the increase in displacement distance impacts the
families socioeconomic welfare.

3.2. Housing Characteristics Index

This subsection briefly describes how the module computes a housing characteristics
index to evaluate the performance of each housing alternative in fulfilling the
socioeconomic needs represented by the factors in the housing characteristics category.
To this end, the module performs three main steps, as follows.

Assessing housing characteristics

The module evaluates the performance of each housing alternative in five main
socioeconomic factors that fall under the housing characteristics category, including (1)
housing quality, which can be rated on a scale from 1 to 5 similar to the hotel rating
system; (2) housing delivery time, which represents how long the displaced families will
stay in mass-care shelters before they can move to temporary housing because of time
needed for construction/installation activities (e.g., for pre-fabricated homes projects) or
room availability (e.g., for motels); (3) level of access of housing location to public
transportation, where decision makers can define five levels of accessibility starting from
“no accessibility” to “highly accessible”; (4) access to other essential utilities and
services, which can follow a similar rating system as access to public transportation and
include access to public services, supermarkets, retail stores, entertainment and
recreational activities; and (5) neighborhood safety, which can be evaluated using
reported crime rates at the temporary housing location. The module normalizes these
ratings using a scale from O (lowest performance) to 1 (highest performance) based on a
pre-defined range of values input by the decision making authority for each factor.

Weighting socioeconomic factors

One of the unique features of the proposed module is its ability to capture the specific
preferences of each displaced family among their socioeconomic needs. To this end, the
module asks the families to assign the absolute weight (0-1) to each needs and normalize
it for the five socioeconomic factors.
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The module computes a housing characteristics index (HClIy ) that represents the

performance of housing alternative h in fulfilling the housing characteristics needs of
displaced family f. This index is computed by aggregating the weighted performance of
the housing alternative in the five socioeconomic factors, as shown in Equation 3.2 below,

5
HCIyp = Z(Wf,i X Dn,i) (3.2)

=1

where,

HCIy, = housing characteristics index representing the evaluated performance of housing
alternative h in fulfilling the housing characteristics needs of displaced family f, and it
can range from 0% (lowest performance) to 100% (highest performance);

wg; = relative weight of socioeconomic factor i computed based on the pair-wise
comparisons performed by family f, where there are five factors under the housing
characteristics category; and

pn,: = performance of housing alternative h in fulfilling socioeconomic need i.

3.3. Calculate Socioeconomic Index

The objective of this section is to evaluate the overall socioeconomic performance of
candidate configuration of temporary housing assignments. To this end, the module first
calculates a socioeconomic index (Sl ) to evaluate the combined social and economic
impacts for each family if they reside in any of the available housing alternatives. The
module computes Sy j, as the aggregate weighted performance of the temporary housing
alternative in each of HCIy;, and DDEIf j,, as shown in Equation (3.3),

SIf,h = Wf,HC X HCIf,h + Wf,DD X DDEIf,h (33)

where,
SI¢ p, = socioeconomic index of family f residing in temporary housing alternative h;

wr e = relative weight of housing characteristics for family f; and
wr pp = relative weight of displacement distance for family f.

Second, in order to evaluate the configuration of all temporary housing assignments, the
module computes an overall socioeconomic index (0SI) by averaging the computed
socioeconomic indexes for all the displaced families, as shown in Equation (3.4),
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x Z Z(SIM X X7.1) (3.4)

f=1h=1

| =

0SI =

where,

0SI = overall socioeconomic index for a candidate configuration of temporary housing
assignments;

F = number of displaced families applying for temporary housing;

H=number of housing alternatives; and

xrn = binary decision variable that indicates whether family f is assigned to housing
alternative h or not.

Both SIr, and OSI have values that can range from 0 (lowest socioeconomic
performance) to 1 (highest socioeconomic performance).

3.4. Compute Life Cycle Costs

This section describes the proposed methodology to compute a monthly equivalent cost
for temporary housing development projects (EI-Anwar 2009). Converting total life cycle
costs into monthly costs is essential for comparing the costs of development projects to
those of contracting with rental/lease housing businesses (such as hotels and motels). Life
cycle costs include all costs incurred during the useable life time of the temporary
housing alternative, such as costs of purchase (e.g. travel trailers),
construction/installation, providing infrastructure and lifelines to the housing site,
operation and maintenance, storage (when not in use), relocation to storage areas or other
areas where needed, removal and site cleaning after period of use, and salvage which is
deducted from costs. To this end, Equations 3.5 and 3.6 are formulated to support this
cost conversion as follows,

ULT
¥ Chu rx (1+7r)PH

X
. (1+nr)¢ [(1+ r)PH — 1] X capy,
u=

F
=1

TC = i(ch x z x50 (3.6)
h=1 f

where,

ULT,, = useable life time of temporary housing alternative h in months;

Ch.. = net monthly cost of temporary housing alternative h during the uth month, which
is equal to the summation of its costs minus its salvage value, if any during the uth month;
r = monthly interest rate;
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PH = planning horizon in months;

capy, = capacity of temporary housing alternative h in number of units;

Cy, = equivalent monthly cost of temporary housing alternative h per unit;

TC = total monthly public expenditures on temporary housing for a specific combination
of temporary housing arrangements;

H = number of available temporary housing alternatives;

F = number of displaced families applying for temporary housing; and

xr, = binary decision variable that defines whether family f is assigned to housing
alternative h or not.

MULTI-OBJECTIVE OPTIMIZATION MODULE

This chapter provides a detailed description of the multi-objective optimization module
design. The first section introduces the general setup of the module, including the design
of decision variables, objective function and constraints. The development of a
customized Hungarian algorithm is explained in the second section; the algorithm
provides good computational efficiency in the optimization module. The last section
briefly describes the implementation of a case example and demonstrates the
computational saving. The structure of the module is shown in Figure 4.1.

Multi-Objective Optimization

Socioeconomic Index
> Multi-Objective Optimi-
Life Cycle Cost zation Setup

Decision Support Module

A 4

Customized Hungarian

v

Algorithm

Figure 4.1. General Structure of Module 3
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4.1.General Optimization Setup

This section introduces the general formulation of the optimization model. The design of
decision variables, objective function and constraints are explained in detail. The decision
variables represent all the possible assignments solutions. The objective function
integrates the two separate objectives, socioeconomic and life cycle cost, into one. And
the constraints make sure each family will have exactly one housing unit assigned.

Decision Variables

The decision variables are designed to represent all possible assignments of displaced
families in housing alternative alternatives. To this end, x; ,is a binary decision variable
that defines whether family f is assigned to housing alternative h (i.e., x¢,= 1) or not
(i.e., xs = 0). The advantage of this design is that it enables the optimization model to
identify the optimal housing assignment for each family considering its own
socioeconomic needs which supports the objective of the customized formulation. The
number of decision variables needed to support this formulation is equal to the total
number of housing alternatives (H) multiplied by the total number of displaced families
(F). The significantly large number of decision variables in this formulation, however,
increases the computational complexity of the optimization problem considerably.

Obijective Functions

There are two main objectives for this temporary housing problem; (1) to maximize the
socioeconomic welfare of displaced families; and (2) to minimize total public
expenditures on temporary housing. Both of the objectives are computed using the data
processed by the Data Analysis Module. The first objective can be computed using
Equation (3.4). The second objective can be calculated using the Equation (3.7). The two
objectives are,

Maximize: 0SI(x) = i X Nfeq XH=1(SIen X xp 1)
Minimize: TC(x) = Xho1(Ch X XFoq % 0) -

To solve this temporary housing optimization problem, the module adopts the method of
finding multiple trade-off Pareto-optimal solutions with a wide range of values for the
two objectives, as shown in Figure 4.2. Moreover, to find the Pareto-optimal solutions,
the module uses the weighted-sum approach to scalarize the two objectives into a single
objective by pre-multiplying each objective with weights. The weights are varied to
explore the Pareto-optimal front. In order to be able to search the full Pareto-optimal
solutions, the Pareto-optimal front must be convex. Luckily, in this problem, the
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objective functions are linear, and the feasible region is also convex since this is a
transportation problem and the constraint coefficient matrix is totally unimodular.

The implementation of the weight-sum method takes three main steps; (1) identifying the
range of Pareto optimal solutions; (2) normalizing each of the two optimization
objectives, i.e., normalizing OSI(x) and TC(x); and (3) aggregating the weighted
normalized values.

; AT
S 4 Nadir Point Solution #1
L [0 R o s )
; .
o E Pareto
> e . Solutions
= e !
- ' :
§ vl B
S Solution #2 Utopia Point
ﬁ ]
o
= : >
OS/nad/'r OS/uto

Overall Socioeconomic Index (OS/)

Figure 4.2. Pareto Optimal Solutions

First, the module identifies the range of Pareto optimal solutions by identifying (1) the
solution that provides the absolute maximum socioeconomic welfare and its
corresponding cost, as represented by solution #1 in Figure 4.2; and (2) the solution that
provides absolute minimum total cost and its corresponding socioeconomic welfare, as
represented by solution #2 in Figure 4.2. Solution #1 is identified by optimizing the
temporary housing problem only for the first objective (i.e., maximizing socioeconomic
welfare) using Equation (3.4), while solution #2 is identified by optimizing the problem
only for the second objective (i.e., minimizing total cost) using Equation (3.7).

Second, the two optimization objectives need to be normalized in order to avoid scale
effects when computing the model’s single objective function (which aggregates the
performance in achieving both objectives). In order to normalize each of the two
objectives, the model generates two hypothetical solution vectors. The first vector is the
utopia objective vector that corresponds to an ideal solution that would achieve the
absolute maximum socioeconomic welfare (0SI*t°) and absolute minimum total cost
(TC¥°), simultaneously. Although such solution typically does not exist, it represents the
ideal case that the optimization model should try to converge to. The second vector is the
nadir objective vector (0SI™a4T TC™adir) that represents the least performances in the
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two objectives among the set of Pareto optimal solutions, as shown in Figure 4.2. The
module then normalizes the two objectives based on each solution’s distance from the
utopia and nadir points, as shown in Equations (4.1) and (4.2),

0SI(x) — 0S[madir

OSIut;_ _ OS[nadir
TC™dir _ TC(x)
TC(x)norm = Tcnadir _ Tcuto (42)

0SI(x)"or™ = (4.1)

where,

OSI(x)™™ and TC(x)™°"™ are the normalized socioeconomic index and total cost,
respectively, for the candidate configuration of temporary housing arrangements (x),
which can range from 0 (at nadir point) to 1 (at utopia point);

0SI(x) and TC(x) are the overall socioeconomic index and total cost, respectively, for
the candidate configuration of temporary housing arrangements (x);

0SI™4T and TC™4T are the overall socioeconomic index and total cost, respectively, at
nadir point; and

0SI“t° and TC%t° are the overall socioeconomic index and total cost, respectively, at
utopia point;

The third step computes the model’s combined objective function as the weighted-sum of
the two optimization objectives, as shown in Equation (4.3),

Maximize: OP(x) = wos; X OSI(x)™™™ 4+ wpe X TC(x)™0T™ (4.3)

where,

OP = the objective value of the model, overall performance of the candidate
configuration of temporary housing arrangements and family assignments; and

wos and wp = relative importance weights of maximizing socioeconomic welfare and
minimizing total costs, respectively.

Accordingly, solving the temporary housing problem for any unique combination of
weights (wgys;, wre) Will generate one of the optimal solutions in the Pareto front, as
shown in Figure 4.2.

Optimization Constraints

In order to ensure the practicality of the model, four sets of constraints are developed.
The first set of constraints requires that each family is provided one housing unit, as
shown in Equation (4.4). The second set ensures that the capacity of each housing
alternative is not exceeded by over-allocating families, as shown in Equation (4.5). The
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third set of constraints requires that families with ADA needs are only offered housing
units that accommodate their needs, as shown in Equation (4.6). It should be noted that
each housing alternative location can offer up to four housing alternatives based on its
units’ sizes and ADA compatibility. These four housing alternatives include (1) housing
units that can accommodate up to four family members and cannot accommodate families
with ADA needs; (2) units that can accommodate larger families with more than four
members and cannot accommodate ADA needs; (3) units that can accommodate up to
four family members and can accommodate ADA needs; and (4) units that can
accommodate more than four family members and ADA needs. Therefore for simplicity,
the model currently accounts for two categories of family sizes; these are (1) families
with up to four members and (2) larger families. This assumption can be easily changed
based on the decision makers’ requirements. The fourth set of constraints requires that
large families with more than four members are only offered housing units that can
accommodate them, as shown in Equation (4.7). A fifth set of constraints is introduced
using Equation (4.8) to define the decision variable (x ;) as a binary variable that can
take values of only 0 or 1. The constraints are,

H
Each family must be assigned one housing unit: Z Xrp = 1,Vf (4.4)
h=1
Housing capacity should not be exceeded: g
Z Xrp < Capp,Vh (4.5)

f=1

ADA needs must be accommodated:

Xpn = 0,V{f € Fapa,h & Hypa} (4.6)

Larger family sizes must be accommodated:

xpn = 0,V{f € Fsy ,h & H5,}  (4.7)

Decision variables are binary:

xep =00r 1Vf,h (4.8)
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where,

xrp, = binary decision variable that defines whether family f is assigned to housing
alternative h or not;

F=number of displaced families applying for temporary housing;

H = number of available temporary housing alternatives;

Capy, = capacity of temporary housing alternative h in number of available units;

Fapa = setof displaced families with ADA needs;

Hyp 4 = set of available temporary housing alternatives that can accommodate ADA needs;
F., = set of displaced families with more than four family members; and

H., = set of available temporary housing alternatives that can accommodate families
with more than four family members.

4.2. Customized Hungarian Algorithm

This temporary housing optimization is a special case of a transportation problem. The
general transportation problem is concerned with distributing any commaodity (housing
unit) from sources (housings) to destinations (families), in such a way as to minimize or
maximize the total distribution weight (cost). It takes advantage of total unimodularity of
its Constraint Coefficients Matrix and applies algorithms, such as the Hungarian
Algorithm, to achieve tremendous computational savings (these algorithms are
polynomial time solvable). Moreover, these algorithms can be easily implemented in the
weight (cost) table format which saves memory consumption significantly (Nemhauser
and Wolsey, 1988). Table 4.1 shows an example of a weight table, where w;; is the

weight (cost) of transporting the unit item from ith source to the jth destination.

Destination 1 2 n
Source
1 Wi1 W12 Win
2 Wo1 Wa2 Won
m W1 Wino e Win

Table 4.1. Weight Table

Now in order to use the Hungarian Algorithm, one must transform the temporary housing
problem to the weight table format. In addition, each family in the problem can only
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accept one housing unit, while the housings provide multiple housing units. To address
this issue and to be able to maximize the computational efficiencies by using the
Hungarian algorithm, a customized version of the Hungarian algorithm is developed. The
following subsections present (1) a customized formulation of the objective function to
be solvable using the Hungarian algorithm; (2) the newly developed variant of the
Hungarian algorithm; and (3) a case example to illustrate the advantage of the algorithm.
It should be noted that a description of the original formulation of the Hungarian
algorithm can be found at Schrijver (2003).

Modified Formulation of the Objective Function

To reformulate the temporary housing problem in a weight table, the weight (w ;) for
each assignment needs to be defined. This weight should represent the contribution of
each assignment in the objective function formulated as Equation (4.3). The objective
function (OP) needs to be formulated as a function of the temporary housing decision
variables (xg ;) with the assignments weights (wgy). First, OP can be formulated by
applying some algebra transformation to Equations (3.4) to (4.3). Accordingly, the new
formulation of OP is developed as shown in Equation (4.9),

SI
0SI to _ di
OP = Z Zi F x (OSI* Oc os[nadiny | xf,h|
f=1 h=1l _WTC X - h J (49)
Tcnadlr — TCuto

OSInadir TCnadir
+ wre X TCnadir _ TCuto -

—Wosr X 0S[uto — QSnadir

Moreover, the assignments weights (ws,) can be computed for each family f and
housing alternative h, as shown in Equation (4.10),

Sl h Ch
Wf;h - WOSI X FX(OSIutO_OSITLadiT) - WTC X TCnadiT‘_TCutO ' (410)
Housing 1 2 H
Family
1 Wiq Wi, Wiy
2 Woq Woo . Woy
F Wgq Wgo Wry

Table 4.2. Weight Table for Temporary Housing Problem
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Table 4.2 shows the resulting weight table for this temporary housing problem.
Therefore, OP can be formulated as a function in x¢, and wy ,, as shown in Equation

(4.11),

Maximize:

F H
IWICEER
f:

1h=1 (4.11)

_ WOSIXOSInadir WTCxTCnadir
OSIuto_OSInadir TCnadir_TCuto '

WOSIXOSInadir WTchCnadir A E t 49
osuto_psnadir Tcnadir _tcuto In qua 1on ( ' )

IS a constant, it can be omitted from the maximization function with no impact on the
generated optimal solutions.

It should be noted that since the term —

Proposed Variant of Hungarian Algorithm

The Hungarian Algorithm handles constraints (4.4), (4.5) and (4.8), however, it cannot
easily incorporate constraints (4.6) and (4.7). For this reason, we move the constraints
into the objective function by setting the weights wy , equal to negative infinity for the
appropriate f and h combinations identified in (4.6) and (4.7). And to better explain the
algorithm, the symbols used in this section are changed slightly from the previous part of
the thesis, the index for families is i instead of f, and the ith family is denoted by f;; the
index for housing is j and the jth housing is denoted by h;.

The Algorithm Procedures are explained as follow:

. There are F displaced families {f;} and H housing alternatives {h;}. The housing
alternative h; has the number of housing units equal to Cap;. One housing unit can only
allow one family to live in it, and the housing units of all housings can guarantee every
family has a place to live, i.e., Zj-’zl Capj = F.

As discussed earlier, assigning family f; to housing alternative h; results in a benefit
equal to weight w;;. The objective of problem is to maximize the overall benefit.
However, the algorithm is implemented for minimization, so the value of each weight is
redefined as w;; « W —w;;, where W =the largest value among all weights. The
decision variables are denoted as x;;, where x;; = 1 indicates that family f; is assigned to
housing h;, and x;; = 0 means f; is not assigned to h;. During the implementation of the
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algorithm, x;; can have the value of 2 to represent a special condition, but this will not
last to the end and affect the final results. The initial condition is that no family is
assigned to any housing, i.e., x;; = 0 for all i,j; and all families and housings are

uncovered.

1. For each i =1,...,F, identify the set of indices j' = arg min,—, _y{w;,} (j* can have
several elements due to tied weight values), let ji be the smallest index in j¢.
If Yie1%,ji < Capji, letx;i = 1.

2. For each i =1, ..., F,if3j such that x;; = 1, we say family f; is covered. If all the
families are covered, terminate the algorithm with the optimal solution. Otherwise, go to
Step 3.

3. For each i =1,..,F, identify the set j'=argmin,-, p{w;y} using the current
weights. Find the first pair (i’,j") such that j' € j¢, and both f; and h;s are uncovered. If
there is no such pair, go to Step 6. If there is a pair (i',j"), letx; ;; = 2. If the number of
elements in the set ¥ = {i|x;, = 1} equals to Cap;s, uncover all of the families

fi,i € ', and cover the housing h;/, go back to the start of step 3. Otherwise, go to Step
4.

4. Inorder to create an assignment for an additional family and update prior assignments to
maintain feasibility, perform the following steps:
41. Letk =1,7r, =i"and ¢, =j', go to Step 4.2.
4.2. Find the index j such that x,. ; = 1, if there is no such j, go to step 4.4, otherwise, go to

Step 4.3.
4.3.Setk « k+ 1,1 =r1,_4,¢, =], and there must be a1 such that x; ,, = 2, Increment

k again, and let r, =1 , ¢, = cix—1. Then return to Step 4.2.
4.4. Build ordered list {(7y, c,)} with all k. Then for each k, if x,, ., = 1, setx,, ., = 0, and
if xr, ¢, = 2,86t xp, ¢, =1 (%, ¢, # 0 inthe list), go to Step 5.

5. Uncover all families and housings, and for all the elements in {x|x;; = 2} (notall x;; = 2
are used in the ordered list {(r, cx)} in Step 4), let them be zero again, go back to Step 2.

6. Find (i",j") = arg min;;{w;;|f; is uncovered, h; is uncovered } . For every covered
family, we increase its weights by w; -+, for every uncovered housing, we decrease its
weights by w; ;. Then go back to Step 3.
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An example to illustrate the algorithm is shown in Figure 4.3, with twelve tables and the
following explanations:

Table (1): This specific problem has 3 displaced families and 2 housing alternatives. The
first housing has only 1 housing unit, the second has 3 units. Table (1) shows the original
weights that the algorithm needs to maximize.

Table (2): The weights in Table (2) are recalculated in Step 0 of the algorithm, the
weights w;; « W —w;;, where W = 0.9. Step 1 of the algorithm finds the set of indices
indicating the smallest weights for each family, j! = {1,2}, j2 = {1}and j3 = {1}.
Under the constraints of housing capacity, the algorithm gives the first assignments

x11 = 1. In Step 2, the algorithm covers only the first family f; (indicated by pink
shading), and the algorithm goes to Step 3.

Table (3): Table (3) shows the results processed by Step 3 in the algorithm. In Step 3, the
weights are not changed, so j! = {1,2},j% = {1} and j3 = {1}, the algorithm finds the
first uncovered pair (i’,j") = (2,1), let x,; = 2. Set i! = {1}, the number of its elements
equals Cap,, so uncover family f; and cover housing h,. Go back to the start of Step 3.

Table (4): In Step 3, no weights are changed, the sets j* stay the same, the algorithm finds
the first uncovered pair (i’,j') = (1,2), let x;, = 2. The set i? = @, and Cap, = 3, SO
housing h, still has open housing units. Go to Step 5.

Table (5):

InStep4.1,letk =1, =i"=1,¢c, =j' = 2,901t0 Step 5.2.

In Step 4.2, we find x,,; = 1,50 j = 1, go to Step 5.3.

In Step 4.3, set k = 2, 1, = 1, ¢, = 1, and identify x,., = x,; = 2. Then let k = 3,50
1, = 2,¢, = 1, go back to Step 4.2.

Back in Step 4.2, there is no such j for r,, = 2, so go to Step 4.4

In Step 4.4, the ordered list {(1, cx)} ={(1, 2), (1, 1), (2, 1)} (indicated by dark blue
shading), let x;; = 0,x;, and x,; = 1. Go to Step 5.

Table (6): In Step 5, uncover all families and housing alternatives, and go to Step 2 to
check optimality. In Step 2, families 1 and 2 are covered but the problem is not optimized
yet, because not all three families are covered in Step 2. Go to Step 3.

Table (7): In Step 3, the sets j¢ stay unchanged, (i’,j’) = (3,1) is discovered as the first
uncovered pair, so x3; = 2. The number of elements in i! equals Cap,, so uncover f,
and cover hq, return to the start of Step 3. There are no uncovered pairs (i, j") found in
Step 3, the algorithm goes to Step 6.
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Table (8): In Step 6, the smallest uncovered weight is w,, = 0.2 (indicated by dark green
shading), so (i", j') = (2,2).

Table (9): The weights of all covered families are increased by 0.2, the weights of all
uncovered housings are decreased by 0.2. Go back to Step 3.

Table (10): In Step 3, using the current weights, the sets are updated to j1 = {2}, j% =
{2}and j3 = {2}, (i’, j) = (2,2) is the first uncovered pair, and i? = {1}, its number of
elements is less than Cap,, so h, still has open housing units. Go to Step 4.

Table (11):

InStep4.1, letk =11, =i'=2,¢c, =j' = 2,901t0 Step 4.2.

In Step 4.2, we find x,, ; = 1,50 j = 1, go to Step 4.3.

In Step 4.3, set k = 2, 1, = 2, ¢, = 1, and identify x5, = x3; = 2. Then let k = 3,50
1, = 3,¢, = 1, go back to Step 4.2.

In Step 4.2, there is no such j for r,, = 2, then go to Step 4.4

In Step 4.4, the ordered list {(1, cx)} ={(2, 2), (2, 1), (3, 1)} (indicated by dark blue
shading), let x,; = 0, x,, and x3; = 1. Go to step 6.

Table (12): In Step 6, uncover all families and housing alternatives and go to Step 2 to
check optimality. In Step 2, we cover families 1, 2, and 3, and since all the families are
covered, terminate the algorithm. The solutionis x;; = 0,x1, = 1,x5; = 0,x5, =
1,x3; = 1 and x5, = 0. The overall weight of the original problem is w;, + w,, +
ws; = 0.9+ 0.7+ 0.7 = 2.3.

The example illustrates how the algorithm obtaining an optimal solution. To explore

other solutions on the Pareto-optimal front, the user would modify w,g; and w;. and
calculate the weights wy , according to Equation (4.10).
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Case Example

This subsection presents an application example in order to demonstrate the big
computational and memory savings associated with the proposed implementation. The
following parts briefly describe the application example input data, compare the
optimization results obtained using each of the traditional Branch and Bound algorithm
and the customized Hungarian algorithm, and discuss the computational performance.
Moreover, the last part of this subsection demonstrates the generation of Pareto optimal
solutions.

The purpose of this application example is to represent the optimization of a large-scale
temporary housing optimization problem. To this end, this application example utilized
the collected data for the temporary housing case study presented by El-Anwar et al.
(2008). The case study involved simulating the reoccurrence of the 1994 Northridge
earthquake using HAZUS®-MH V1.1. This simulation generated the expected
distribution of displaced families in Los Angeles County, CA by census tracts. In this
application example, 5,000 of those families were assumed to be in need of temporary
housing. The socioeconomic needs of those families were randomly generated within
practical ranges. Furthermore, housing data were obtained from the database of available
temporary housing alternatives generated for the aforementioned Northridge earthquake
case study. This data was generated using a detailed online search of available temporary
housing alternatives in Los Angeles County. These alternatives consist of campsites for
travel trailers, hotels, inns, motels, as well as other lodges. A total of 178 housing
alternatives from this database were included in this application example with a total
capacity of 34,768 housing units. This database also provided other needed data about
these housing alternatives, such as their addresses, housing capacities, time availability,
housing quality rating, neighborhood safety, area unemployment rate, and access to
public services and transportation. Moreover, the authors complemented this data by
identifying samples of the available services within the cities of these housing
alternatives, such as public K-12 schools and healthcare facilities. Any other needed data
for running the model was reasonably assumed.

Using the aforementioned data, a pool of 5,000 displaced families and 178 temporary
housing alternatives is created. This pool was used to develop 13 temporary housing
problems ranging in size from small-scale problems (e.g., housing 500 families and 15
housing alternatives) to large-scale problems (e.g., housing 5,000 families and 178
housing alternatives), as shown in Table 4.3. These 13 problems are ordered based on
their computational complexity as a function in the number of decision variables, which
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is equal to the number of displaced families (F) multiplied by the number of available
housing alternatives (H).

Problem Number Number of Number of Running Time(s)

#

of Housing Decision

EEINES alternatives Variables Custom.lzed Branch & Bound
Hungarian
1 500 15 7,500 0.016 15
2 500 30 15,000 0.006 104
3 600 30 18,000 0.047 129
4 500 40 20,000 0.006 305
5 700 30 21,000 0.101 328
6 800 30 24,000 0.154 Out of Memory
7 500 50 25,000 0.178 Out of Memory
8 1000 30 30,000 0.269 Out of Memory
9 1000 60 60,000 1.83 Out of Memory
10 2000 60 120,000 20.0 Out of Memory
11 2000 120 240,000 46.0 Out of Memory
12 4000 120 480,000 461.0 Out of Memory
13 5000 178 890,000  1,534.0 Out of Memory

Table 4.3. Algorithm Performance

The Branch and Bound algorithm and customized Hungarian algorithm were run on a 2.8
GHz Intel Pentium D processor with 3 GB of random access memory and a 64-bit
operating system using MATLAB®. The Branch and Bound algorithm used the
“bintprog” function from the MATLAB® Optimization Toolbox. The customized
Hungarian algorithm follows the procedure explained in the last section (See the
Appendix for the MATLAB code “Hungarian_Housing.m”), and the code is modified
from the original Hungarian algorithm written by Melin (2006). Table 4.3 shows the
computational efficiency for the 13 temporary housing problems using the two
implementations. The customized Hungarian algorithm outperforms a general Branch and
Bound algorithm in this problem.

In order to demonstrate the proposed model’s capabilities in identifying the optimal
tradeoffs between maximizing socioeconomic welfare and minimizing total costs, the
customized Hungarian algorithm is applied to the full scale problem. This problem
includes optimizing temporary housing assignments for 5,000 families with 178 housing
alternatives, resulting in 890,000 decision variables (5,000x178). In order to identify the
Pareto solutions that represent those optimal tradeoffs, different combinations of relative
weights should be assigned to OSI and TC. To this end, the full scale housing problem
was solved for four combinations of weights; (1,0), (0.75, 0.25), (0.5, 0.5), and (0,1).
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Table 4.4 shows the Pareto-optimal solutions for the (wyg;, wr) Weight combination as
well as the Utopia and Nadir points with the associated function values of OSI and TC.
The points are graphed in Figure 4.4. The tradeoffs for the objective functions are easily
interpreted. These results show that only four combinations of weights were enough to
draw a relatively accurate Pareto front for this case. The weight combinations of (0.75,
0.25) and (0.5, 0.5) could generate optimal solutions that are very close to the Utopia
point. The OSI values of 89.8% and 90.9% are very close to the Utopia values of 92.2%.
And the TC values of 6,802 and 7,163 are very close to the Utopia value of 6,666.

The results inform a decision maker about the relative weights (wyg;, wrc) that are good
values to implement in the systems, and provide a range on the total monthly cost to
anticipate. The detailed assignments can also be compared to explore which housing
alternatives are likely to be filled to capacity.

Wosn Wrc ~ Time(s) oSl TC(x1,000 USD
(1,0) 1533.728 92.2% 12,261
(0.75, 0.25) 2620.837 90.9% 7,163
(0.5, 0.5) 3221.85 89.8% 6,802
(0, 1) 1099.436 67.0% 6,666
Utopia Point 92.2% 6,666
Nadir Point 67.0% 12,261

Table 4.4 Optimization Results

13,000
= 12,000
o
E & 11,000
g ‘e ==§==Pareto Optimal Solution
O 4 10,000
= = == topia Point
r=
£ 8 9,000
o O Nadir Point
2 5 8000
14}
o l
2 7,000
*r- |
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60% 70% 80% 90% 100%
Overall Socialeconomic Index (OSl)

Figure 4.4. Pareto Optimal Solution
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DECISION SUPPORT MODULE

This chapter introduces two tools to support Emergency Management Agency in
decision making. The cost-socioeconomic tradeoff tool allows the Emergency
Management Agency to look at the total cost and overall family socio-economic
benefit among different Pareto-optimal solutions. The potential housing cost-benefit
analysis tool gives the agency the capability to virtually add potential housing
alternatives in the system, and test whether the housing alternatives benefit families in
an acceptable cost. The general structure of this module is shown in Figure 5.1.

Multi-Objective Optimization Decision Support Module
Set of Pareto
Solutions An Optimal Solu-
J Cost-Socioeconomic tion Selected by
Tradeoff Decision Maker
< Potential Housing Cost-
Adding Poten- Benefit Analysis
tial Housing

Alternatives

Figure 5.1. General Structure of Module 4
5.1. Cost-Socioeconomic Tradeoff

As discussed in the last chapter, the Optimization module provides a set of Pareto
solutions. The Cost-Socioeconomic Tradeoff tool first displays all the solution in a
scatter graph, such as Figure 4.4, but without the Nadir and Utopia Points. Figure 5.2
illustrates the Pareto-optimal front, contrasting the Overall Socio-economic Index
versus the Monthly Total Cost. When clicking on any solution, the Tradeoff tool can
show the detail number of both objectives to help Emergency Management Agency to
evaluate the trade-off and make the final selection.
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FAMILIES  HOUSING PROVIDER EMERGENG

Temporary Housing Management

Overall Socio-economic Index 83.93%
Monthly Total Cost 549 Thousand USD

Monthly Total Cost

Overall Socio-economic Index

Figure 5.2. Cost-Benefit Analysis
5.2. Cost-Benefit Analysis for Potential Housing

In many cases, the Emergency Management Agency likes to see if it is worthwhile
that, by adding a potential housing alternative, the overall performance of the new
assignments will be improved. As shown in Figure 5.3, the potential housings can be
trailer homes, constructed temporary housing or military buildings, all of which
requires substantial cost to set them up. The Potential Housing Analysis function
allows Emergency Management Agencies to virtually add the potential housing in the
system, put estimated costs associated with it and go back to the optimization,
checking whether the housing fulfills families’ needs. The system will not directly
suggest a potential housing. Instead, it shows how many families will be assigned to

this potential housing if it is built, leaving Emergency Management Agency to make
the decision.
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Figure 5.3. Potential Housing Analysis
(three different types of potential housing alternatives are added to the system)

OUTPUT REPORTING MODULE

This chapter presents the last module of the system, the output reporting. After the
solution is selected by the Emergency Management Agency, the information is
automatically generated for different users. Once they re-log into their portals, the
results/assignments are available. Families have the right to refuse the offer and look
for their own housings. The system will collect their feedback and put the refused
housing unit back into the housing pool for later assignments.
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Families’ Output Portal
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Figure 6.1. Families’ Output Portal

As shown in Figure 6.1, when a family re-logs into the system, the portal will
generate one marker in the center, which indicates the location of the housing that has
been assigned to them. Google Map can provide the street view of the location, so
without visiting, the family can have a general idea of what the building looks like. In
addition, by clicking the marker, an information window will pop up: it tells the room
type, neighborhood safety, access to public transportation, unemployment rate, etc.

At the end of the information window, the family needs to decide whether to accept
this offer. If family decides to refuse the offer, the information window will become a
comment board; the family can leave the reason why this housing unit does not fulfill
its socioeconomic needs. All the messages are stored in the database for developers
and Emergency Management Agency to improve the system.

Housing Providers’ Output Portal
The Output Portal for a Housing Provider contains the list of families that will live in
its housing units. The information only includes each family’s id. Figure 5.2 presents

the assignment table for housing #62. Once a family in the list turned down the offer,
the family will be automatically erased from the list.
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family_id housing_id
691 62

851 62

961 62

1301 62

131 62

1581 62

1631 62

1781 62
2331 62

Figure 6.2. Family List for Housing Provider #62

Emergency Management Agency’s Output Portal

The Output Portal for Emergency Management Agency is designed in a database
browser like format. The Emergency Management Agency can use queries to view
different information on the assignment table. He can request for a specific family’s
housing assignment or check the list of families assigned in a motel. Some sample
reports are shown in Figure 6.3.

Families assigned to Housing units

Assignment For Family1041 with ADA Facility
family_id housing_id ADA Large family_id . housing_id ADA
1041 172N N 1 172°Y
31 97 Y
61 142 Y
Assignment For Housing62 91 177 Y
family_id housing_id Y
691 62 Y
851 62 Y
961 62 v
1301 62 Y
1311 62 y
1581 62
1631 62
1781 62
2331 62

Figure 6.3. Output Tables for Emergency Management Agency
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VII.

CONCLUSIONS

Current post-disaster temporary housing programs have limited capability to fulfill
the unique family’s socioeconomic needs. The inadequate strategic planning and lack
of decision support tools increasingly resulted in issues such as high overall cost, late
delivery and frequent family complaints. This thesis presented a new web-based Post
Disaster Temporary Housing Management system to transform the current inefficient
practice. Its new framework effectively collects families’ specific socioeconomic
needs, leverages available housing stock in impacted areas, matches housing offerings
to displaced families specific needs, maximizes the cost effectiveness of temporary
housing plans, provides support tools to decision makers and automates the process of
housing services procurement. Accordingly, the main contribution of this thesis is to
transform the current practice of post disaster temporary planning and execution.
Furthermore, some of the developed tools and methodologies can also be applied to
other fields.

The system aims at achieving two main objectives: (1) matching families’
socioeconomic needs to the characteristics and location of each housing alternative;
and (2) minimizing the life cycle costs of temporary housing. The implementation of
the system adopts a comprehensive methodology that consists of five main modules,
including (1) Data Acquisition Module; (2) Data Analysis Module; (3) Multi-
Objective Optimization Module; (4) Decision Support Module; and (5) Output
reporting Module. The first two modules are capable of providing customized
temporary housing assistance tailored to the specific social, economic, and
psychological needs of displaced families as compared to the one-size-fits-all current
approach. The multi-objective optimization was implemented using a customized
Hungarian Algorithm. It is proposed because of its effectiveness in identifying
Pareto-optimal solutions and the efficiency of its computational requirements. Two
decision support tools leverage available housing stock following disasters and
conduct cost-benefit analysis on the provision of other temporary housing forms such
as travel trailers and mobile homes.

This thesis has resulted in three peer-evaluated journal articles, one of which has been
accepted in the ASCE Journal of Construction Engineering and Management, and the
other two are still under review for publication. Further investigations are currently
underway to identify methods that are capable of capturing and improving displaced
families satisfaction with offered housing units as well as methods of enabling the
automation of a negotiation scheme between emergency management agencies and
housing providers. The final product will also include a special interface for mobile
devices such as smart phones.
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APPENDIX: MATLAB Code for the Customized Hungarian Algorithm

function[solution, solution weights]=Hungarian Housing (weight, capacity)

The Hungarian housing(weight, capacity) is modified from the original
Hugarian Algorithm ‘Hungarian (Perf)’ function written by Alex Melin (2006)
at http://www.mathworks.com/matlabcentral/fileexchange/11609-hungarian-
algorithm/content/Hungarian.m

The Hungarian Housing assumes there are F families and H housing
alternatives. Each housing alternative has certain amount of housing
units and one housing unit can only allow one family to live in it.

The housing units of all housing alternatives can guarantee every family
has a place to live.

A° 0 od° d° A° o° o° o

o

o° 0O o° oe

The objective of this algorithm is to maximize the overall assignment
weights

o

Inputs:

weight is a F * H Matrix

capacity is a vector containing the number of housing units of each
housing alternative

o° d° o° oe

o

o° oo

\o

s Initial condition for the main program.
exitflag = 1;

weight org = weight;

stepnum = 0;

while exitflag
switch stepnum
case 0
[weight,W size,f cov,h cov,stepnum] = stepl(weight);
case 1
[weight,M,W size,stepnum] = stepl (weight, capacity,W size);
case 2
[f cov,stepnum] = step2(M,W _size);
case 3
[M, f cov,h cov, rk,ck,stepnum] =
step3 (weight, f cov,h cov,M,capacity);

case 4

[M, stepnum] = step4 (M, rk,ck);
case 5

[M,f cov,h cov,stepnum] = step5(M,f cov,h cov);
case 6
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’

step6 (weight, £ cov,h cov)

’

sum (sum (weight org(solution==1)));

Algorithm Terminated with OPtimal Solution

[weight, stepnum]
exitflag = 0

case 7

%

end
Calculate the sum of the assignment weights using the optimal solution

end
solution
solution weights
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capacity,W size)

stepl (weight,
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’

) —fmin

)) i

weight (i,

’

)
zeros (W size(l),1);

min (weight (i,

[weight,M,W size, stepnum]
W size (1)

1

zeros (W size)

weight (i,

fmin

Find the smallest weight for each family

for i
Initialize the Assignment Matrix

°

function
end

M

temp f cov

o)
o
°



<

== 0 && temp h cov(J)

0 && temp f cov (i)

1;

zeros (W size(2),1);
W _size(2)

1
M(i,73)

W size (1)

if weight (i, 3)

1
capacity(3)

for j

temp h cov
3 Build the first assignments under the capacity constraints
for 1

[

o~

= temp h cov(j)+1;

temp h cov(3j)

temp f cov (i)

end
end
end
stepnum = 2;
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if all families are

terminate the algorithm with the optimal solution

Cover the families that has assignments,

covered,

Step 2

o\
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W _size)

step2 (M,

W size (1)

3;

[f cov, stepnum]

sum (M, 2) ;

if sum(f cov)

stepnum

stepnum

function

f cov
else
end
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change

the covers to cover all the smallest weights with mininum

Find the uncovered smallest weights for the families,
number of covers.

Step 3

o
o\
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o\
o\
o\
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o o o

step3 (weight,f cov,h cov,M,capacity)

44

’

0 && £ cov (i)

exitflag = 0

i;

0;

W _size(2)
row

1

W size (1)

o

C

if weight (i, 3j)

1

[M, f cov,h cov, rk,ck, stepnum]
0;

for j= 1

1;

size (weight)
The row and cololumn index of the first uncovered smallest weight

Find the first uncovered smallest weight of a family

for i

o

5
row
o

5

zflag
while zflag

function
W size



col = 7;
exitflag = 1;
end
if exitflag, break, end
end
if exitflag, break, end
end

% If there's no uncovered smallest weight, go to step 6

% Mark the smallest weight in the Assignement Matrix
M(row,col) = 2;

o

locates is covered

o

if sum(M(:,col)==1) == capacity(col)
% Cover the housing alternative
h cov(col) = 1;
% Uncover the families assigned to this housing alternative
f cov(M(:,col)==1) = 0;
else

The housing that has the uncovered smallest weight has
opening, go to step 4 to reallocate assignments start from
the family (rk) and housing alternative (ck)

stepnum = 4;

zflag = 0;

rk = row;

ck = col;

o° o

o

end
end

555555555 %%5555%%%555%5%%5%555%5%%5555%%5555%%%555%5%%5555%%%555%5%%5%555%%%5555%%5%55%5%%
% Step 4: Build the M-augmenting path (ordered list (rk, ck) )
% and increase the cardinality of the assignments by one

0.0 0 0 00000000000000000 00000000000000000000000000000 00000000000 0.0 0 0 0

function [M, stepnum] = step4 (M, rk, ck)

zflag = 1;
k=1;
while zflag

% Find the housing that the family (rk) is assigned to
cindex = find(M(rk(k), :)==1);
if cindex > 0
k = k+1;
ck(k,1) = cindex;
k(k,1) rk(k-1);

45

Check if the housing alternative that the smallest uncovered weight



finish the path

If there is no assigned housing for this family,

°

[

else

o~

=0

zflag

assign the families to the housings

not assigned to them on the path and unassign the families that assigned

to the housing on the path.

for i

2);

ck (k))

-7

’

(ck)
rindex

find (M(
= ck(k-1);

k+1;

ck(k,1)

Find the family that has the smallest uncovered weight for the
rk(k,1)

housing

rindex
length (ck)

%
%
k
1

end
if zflag == 1;

end
For the complete M-augmenting path,

end
o

E]

o

E]

(o)

o

LIS

M(rk(i),ck(i))

else
end

end

stepnum = 5;
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unmark the

Uncover the families and housing alternatives,
uncovered smallest weights that left from step 4

Step 5
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h cov)

f cov,

stepb5 (M,

stepnum]

h cov,

’
’

f cov,

(M,

h cov.*0
0;
2;

f cov.*0

h cov

function
M (M==2)
stepnum

f cov
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add it to all

and deducted it from all the uncovered

Find the smallest weight that is not covered,

the covered families,
housing alternatives.

Step 6

o
o
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’

+ minval

_ ==0)))7
=1),:)
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0,h cov

step6 (weight, £ cov,h cov)

weight ((f cov =

)

[weight, stepnum]
min (min (weight (f cov

weight ((f cov == 1),

function
minval



weight (:, (h_cov == 0)) = weight(:, (h cov == 0)) - minval;

stepnum = 3;
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