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Abstract

Foresesng urban growth and accordingly predicting future urban extent is alwiys
accepted as a vital issue [or any urban planning decision making process. Dilferent
techniques and models have already heen developed for simulating the dynamies of
urban growth that can be employed for this prediction process. This study applied the
concept of Cellular Automata (CA) to simulate the histoneal growth patlem of Dhaka
Metropolitan Arca (DMA). It has calibrated the STEUTH CA based model for this
and predicted the future growth scenario for dilferent policy decisions in this urban

agglomeration.

The theory of Cellular Auiomaton (CA) has been widely used to sumulate urban
growth for pasi few years. Tt requires that the space should be represented as a grid of
cells that can change stale as the model iterates. These changes are regulated by rules
that specify a set of neighborhood conditions to be met before a change in state can
occur. Urban landscape can be tessellated according to its land use or spatial extent ol
development. This cell-based framework can be utilized to apply the theory of

automata and thereby to model its complex struclure using simple transition rules.

This study found that CA applies the same transition rules throughout the space. As a
result sarnc erowth ratc happens Lnrﬂlughout the ccll space mrrespective of their
location in relation to the existing urban areas. This study ntroduccd a travel cost
approach (o the model which assumes (hat development probability will decrease
’Ehmugh space with increased distance (and inercased travel difficulty due lo
topography) from the existing urban centers. It introduced the travel cost as a part of
the exclusion laver ol the model. Through calibration of the two modeling
frameworks (oue with teavel cosl and one without travel cost) 1t was found that the
model with travel cost has better capability to sitmulate the historical growth pattern of
the study area. As a result, it employed the model with travel cost for future growth

prediction of the study area for different policy sccnarios.
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Through observation of the best fil coeflicicnts of the model it was found that the
study area is expericneing high in-fill and edge growth throughoul (he urban centers.
Diffused growih is also cccwring significantly at the vicomily of the urban centers.
These diffused settlements have sone significant probability to evolve [urther as
urban centers. Existing road netwarks are alse significantly jnfluencing the overall

growth process of the study arca.

The best [it coelficients were applicd for future growth prediction of the study area (ot
the perod 2008-2030. Dnffcrent policy scenarios were developed bused on the
development plans and policies for the study area (i.e. DMDP and STP) Tt was found
that through niroduction of new roads, the study area will expenience an accelerated
prowth throughout the prediction time period. Through imposition of chvironmental
restrictions, (he study area will experience decelerated growth in future. Jmposition of
development restriction on agricultural land also will significantly retard the overall
srowth of the study area. Tmposition of all restriction and mtroduction of the new

roads also shows a reduced growth trend throughout the prediction ime period.

Through analysis of he calibration results and the prediction capability of the model,
this studv has showed that CA is an elfective approach lo simulatc urban growth
dynamics of DMA. Sustainability of urban growth can be cnsured through proper

application of this kind ef model in the plarming deeision making of this urban region.
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Chapter 1: Introduction




1.1 Introduction

Forcsceing urban growlh and accordingly predicting future urban exient 1s always
accepted as a vital issue lor any urban planning decision making proccss. Citics are
the engines of the economy. As the driving force of economic development, the need
to understand (he dynamics of urban land use transitions and forccast urban growth
pattems in an accurate and efficient manner 15 ever morc pressing {(Candau, 2002),
Effectively monitoring and simulating urban sprawl and its effects on land-use
pattemis and hydrological processes m an urbanized watershed are essential for
effective land-use and water resource planning and management (Lin et. al., 2008).
Different techniques and modcls have already been developed for simulating the
dynamics of urban growth. Urban rescarchers have used models o explain urban form
wince the carly part of the 19™ century when von Thunen published his classic model
ol agricultnral location with respect to market places in 1826 (Candau, 2002}, Since
ihen dillerent theories and models have been developed worldwide for caplunng

urban growth both at local and regional scalc.

Urbanization is one of the mosl evident human induced global changes worldwide, In
the Fast 200 years, world population has increased six times, and the urban population
has multiphed 100 times {Radzicki, 1993). This rapid urban growth has not only
exeried heavy pressures on land and resourccs in and arcund Lhe cites, bul also
resulted in serious emvironmental and socic-economic problems. As a resull,
prediction of arban growth and forecasting its asseciated prog and cons on human
beings has emerged as a challenge for the policy makers. Cilies rellect economic,
covironmental, technological, and social processes in their change, vet all are in turn
profoundly driven by the evolving urban spatial structure itsclf {Herold ct. al., 2003},
Modeling tlus urban spatial sirueture has now-iccome a specialized field of study and

shows the potential to be apphed for eMective planning of urban regions.

A made! can be tenned as an absiraction of an object, systern or process that permits
knowledge 1o he gained about rcality by conducting experiiments on the model.
Towards this models generalize the complexities of the system and offer an abstraction

of the reality they represent. ‘Lhs abswacuon may not be as precise as reahry, but can



offet an accuate, and more easily understood picture of a process (Candau, 2002) which
canl assist towards better decision making, An urban system s a complex phenomenon
that evolves (hrough mulliple dynamic forces. Research in the understanding,
representation and modeling of the complex urban system has a long tradition in
geographic research and planning (Alberti & Waddell, 2000, Batty, 1989, 1994}, But
still there are somc major challenges to build an accurate and operational model of
urban growth and land use dynamics. Predomuinant among these challenges are data
availabilily and the need for improved methods and theory in modeling urban
dynamics (Trwin & Geoghegan, 2001; Longley & Mescv, 2000; Wegencr, 1994). Dut
in general, the application, performance, and outputs of urban growth models depend
strongly on the quality and type of the data available for parametenzation, calibration

and validation (Batty & Howcs, 2001, Longley & Mesev, 2000)

Al prescnt there is a significant number of urban models developed worldwide based
on dJifferent theoretical underinnings. They vary a lot in terms of their complexities,
data requitements, spatial resolutions and temporat resolutions. It can be said that
therc is currently a resurgence in urban moedeling, primarily because new mcethods and
dats have made computer-based models functional and useful tools for urban planning
{Herold et. al., 2003). This growth has been driven by two major factors: improved
representalion and medeling of whan dynamics; and incrcased mchness of
information in the form of multiple spatial data sets and tools for their processing
(Clarke et. al., 2002). Enhancements n the ficld of Geographic Information Science
and Remote Sensing have now cnabled this process to be more robust and effective.
But most of the urban growth models have been {ormulated in developed countrics
and have been applicd for planning decision making in developed cities. Developing
counities arc lagping far behind in this case where unplanned wrbanization and rapid
growth of the cities are going on without any comprehensive decision making process
{Kashem and Maniruzzaman, 2008). Applications of urban growth or land use change
models are very limited in Ihese cities primarily due to lack ol resources and lack of
detuwiled historical land use or socio-ceonomic data. Poor documentation of historical
data and lack of a unique mapping procedure 18 a common scenario in most of the
developing countnes. Considering these constranis, Kashem and Maniruzzaman

(2008) found that SLEUTH urban growth model bascd on the concept of Cellular

%,



Automata and developed under project Gigalopolis of United States Geological
Survey (IJSGS) has goad potentiality to be transferred to developing countries.

This study has simulated urban prowth of Dhaka Metropolitan Area in a Cellular
Automata (CA) based environment. It has cahbrated the SLEUTH CA based model
for this und predicted the Tuture growth scenario for different policy decisions in this
urban agglomeration. This study can be termed as the first urban growth medehng

cxercise in Bangladesh and onc of the foremost of its kind 1n developing countnes.

1.2 Urban Theory and Modeling

Any modeling initiative should have a sound theoretical basis. A significant number
of urban theorics have evolved worldwide to conccive the process of urban growth,
though not all of them have found use in the modeling eaercises. Through the
development of a model a precisc language 15 given to a theory shout a system (Liu,
2001). The most widespread use of medcls in urban geography was duning the period
of the quaniitative revolution in Geography, which began in the lale 1550°s and
continued until the late 1960°s {Batly, 1981). Formulalion of transportation models in
the late 1950’ in the face of increascd car ownership enhanced the appheation of
urban models further (Candau, 2002). Later on in the late 1970°s the attention shifled
from using mathernalical models to qualifative analysis in wban rescarch. This
cmphasis on qualitative analysis continucd until the late 1980+ s, when sludy on
complex and open syslems provided altermative ways to understand cilies as
cvolutionary and complex systerns (Allen, 1997}, The development of geographic
information systems and their inlegration with urban modeling has also facilitated
wban medeling with nch data sources and new techniques. Despite lhesc
improvements in urban research, the urban theories need (o be considered before any
study on urban modeling. This seciion provides a brief discussion on some popular

urban theeries and their application in urban research.

1.2.1 The von Thiinen Model

Early in the 19th century Johann Heinrich von Thiinen developed a model of land use

thal showed how market processes could determine the spatial distribution of land



uses over a theoretical geographic area (Figure 1.1). It is gasiest to explain this model
in the comtext of agricultural land use. The model is based on the following

assumptions:

= The city is located centrally within an "lsolaled State” which is self-sulficient
and has no external influences.
»  The Isolated Statc is surrounded by an unoccupicd wilderncss.
= The iand of the State is completely flat and has no rivers or mountains to
interrupt the lerrain.
= The soil quality and climate are consistent throughout the State.
= TFarmers m the Isolaled State transport their own goods to markel via oxcarl,
across land, dircctly 10 the central city. Therefore, there are no roads.
» Yarmers behave rationally to maximize profits.
Tn an lsolated State with the above statements being true, von Thunen hypothesized
that the agricuitural land uses would segregate into a spatially hierarchic structure

(Figure 1.1},

lomatoes

Rent

Central Markel Periphery

Distance from City Genter

Figure 1.1: The von Thunen spatial organization of agricultural land uses.

Dairying and intensive farming occur closest o the city. Since vegetables, fruit, milk
and other dairy products must gel to market quickly, they would be produced closc to
the ¢ily Since yrains last longer than dairy products and [resh produce they can be
located further from the city cenler. Ranching Is located in the most peripheral arcas

surrounding the ceniral city. Aniinals ean be raised far from (he cily because they arc



self-transporting. Animals can walk to the central city for sale or for butchering.

Beyond the ranch land Jies the unoccupied wildemess, which is too great a distance

[rom the central city for any type of agricultural product.

Even though the von Thinen model is simplistic and was created tn a time before the
cra of factorics, highways, and even railroads, 1t is still an important model n urban
studies. The Von Thunen model 1s an excellent 1lustration of the balance between the
cost of land and transporiation. The price of land decreases with lncreasing distance
from a ¢ity. The farmers of the Tsolated Stale try to maximize profit by halancing the
cost of transportation and land, and produce the most cost-effective product for

markel.
1.2.2 Concentric Zone Theory

Proposed by E.W. DBurgess (1926), the Concenine Zonc Theory evolved as an
explanation of historical urban land use development in Chicago. Unlikc the von
Thunen approach, Burgess offers 2 descriptive rather than analytical account of these
urban dynamics (Harvey, 1996). Tt is proposed that a city’s land use may be classified
as a senes of concentric zones (Figure 1.2} and that ihe ¢ity grows by expanding these
zones outward. Zone I is the central business district {CBD) and lics at the center of
the cily. Next is the multi-use transitioning Zome 1T with some rmgrant ghetto
residences mixed with manufactiring. In Zone 11 arc the working men's houses, the
area of second weneration immigrants, one step up from Zone II. Zones 1V and V are

residential; Zone TV for the belter-olf and Zone ¥V [or the commulers.



Commuter

Fipure 1.2: Conceniric Zone Model

Like von Thunen, Burgess assumes a gencralized geographic space and gtrict action
space. Additionally, the important influence of lopography and (ransportation are not
considered, and the monocentric cily is unreasonable for represenbing real land use

pattemns of an urban area.

1.2.3 Central Place Theory

Central Place Theory was devised by geographer Walter Chinstaller (1933) in the
course of studying settlement patterns in Southern Germany. In the flat landscape
where Christaller lived, he observed that towns of a ccrtain size were roughly
equidistant. Through this observation Christallcr exarmined and defined the funetions
of each settlement structure and the sizc of the hinterland. He found il possible to
model each patiern of scitlement locations using geometnic shapes such as triangles
and hexagons (Figure 1.3} The theory defines a central place as a scttlement having a
number of smaller lowns at an equal distance away from it. These smaller towns use
the central places' shops and serviccs. The central place ollers many more goods and
scrvices than a smaller town can. This framework broughl about simple rules:

»  The lareer the settlcment, the fewer there are of therm.

»  The Icss there arc of a setilement, the larecr the hinterland {or spherc of

inucnce) of 118 services.



The conurbation below is the largest sefilement and has a vast hinterland. Il also has
the largest amount of scrvices. Because of this, such conurbations will seldem occur
on the landscape. The cilics, whi_c:h have fewer services, arc Iore plentiful and have
much smaller hinterlands. This pattern eontinucs in 2 hierarchical fashmon to mclude
smaller scttlements of towns and vili-ges, Each type of settierment will place itself in
relation 1o the next larger settlement equidistance from selllements of the sanie size.
In this way a hexagopal pattern of urban setlements are dispersed across the

landscape.

Figure 1.3: Christaller's central place made! (Candau, 2002)

1.2.4 Sector Theary

The seclor model also known as the ‘IHnyt model’ was proposed in 1939 by economist
Homer Hoyt. He was able lo iniprove upon Burgess’ Concenlric Zone model by
advancing (he Sector Theory of urban land u-s Based on residential land pattems in
the United States, the location of business is refcrred (o indireetly. “The model seeks

to explain the tendency for vanous socio-ceomomic groups to scgregale in terms of



their residential location decisions.. The niodel suggests thal, over fime, high quabty
housing tends to expand outward from an urban center along the fastest travel routes™
{Torrens, 2000a). The sector model (Figure 1.4) consuders dircetion in addition to
distance as factors shaping residential allocation. Also, it recopnizes that the TBD 1s

not the only focal point of urban activity (Kivell, 1993).

1: Central Business District

2- Wholesale Light Manufacturing
1 Tower-class Residential

4- Middle-class Residential

5+ Upper-class Residential

Figure 1.4: Secior Model

1.2.5 Multiple Nuclei Theory

Multiple Nuclei Theory, advanced by C. D. Hartis and E. L. Ullman {1945) 1s based
on the fact that many towns and nearly all large cities have many nuclel that serve as
centers of agglomerative growth rather than a gimple CRD around which all urban
activity revolves (Figure 1.5} “Qome of these nuclel arc pre-cxisting setllements,
others arise from urbanization and external economijes. Distinclive land-use zoncs
develop hecause some activilies repel each ether; high-quality heousing does not
gencrally arise next o industial areas, and other activilies cannot afTord the high
cogts of the mosi desahle locations. New industrial areas develop in suburban
locations since they require easy access, and outlying business distncts may develop
for the same reason” (Mayhew, 1997). From ihis work, the idea of cily spahal
structure as predonvnantiy cellular cvolved. This theory surpassed provious attempts
at explaining the spatial distribution of urban aclivity by acknowledging important

influences such as topography, accessibilily, and historical lrends. Tmportantly, n
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recognizing the polycentne structure of cilies multiple nuclel theory moves closer to

cxplaimng why urbun spatial patterns emerge (Torrens, 2000b) mstead of only how.

1: Ceniral Business Ihstrict
2: Wholezale Light
Manufacturing

3: Lower-class Residential

4: Middle-class Residential
5. Upper-class Residential

f: Heavy Manufaclunng

7: Outlying Business Disirict
8: Residential Suburb

9. Industrial Suburh

Figure 1.5 Multiple-nucles model
1.2.6 Zipl's Rank-Size Law

First explained by Zipf (1949) the rank-size law of cities has been one of the most
conspicuous empirical facts in economics, or in the social smences generally {Gabiax,
1999} This law links, through a hincar relationship, cities’ frequency of occurrence to
thew unit size. According to Zipf, il the population of a town is multiplied by 1ts Tank,
the sum will cqual the population of the highest ranked city.

As Gabax (1999} explained:

Tor visualize Zipf s low, we rake a country (for instance the United Stuies), and order
the cities by population: No. 15 New York, No. 215 Los Angeles, ete. When we draw
i graph; on the y-axis we place the log of the vank (N.Y. has iog ranf in 1, LA, log
rank In 2), and on the x-axis the log of the populution of the corresponding ciyy
fwhich will be ealled the “size” of the cuv) We rake, Tike (Krugman, 1998), the 135
American metrapoluan areas listed in the Statistical dbstract of the United States for

1991,

The result of such a plot i a strait line with a slope of -1 and an v of nearly 1.0. What

15 50 surprising about this result is that there is no top-down policy that would cause it
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1o be so. The pattern is cmergent. Further, similar resulis can be achicved for most
countrics in the modern petiod {Resen and Resnick, 1980), for other penods in LLS.
history (Zipf, 1949; Roszcn and Resnick, 1980y Krugman, 1996}, as well as in other
countries for different periods. (It must be noted, however, thal important examples of
exceptions to the rule do exist: London, UK., Pans, France, and Tokyo, Japan among

others.}

1.2.7 Bid-Rent Theory

Taking thc von Thilnen model one step (arther, the bid-rent theory popularized by
Alonso (1964) offers an explanation of the spalial distribution that von Thilnen
descnibed. Since lransporl costs rise with distance from the market, rents generally
tend to fall correspondingly, but different forms of land use (retaul, sarvice, industrial,
housing, or agricultural} generate different bid-rent curves {Figurc 1.6). The urban
land uscr seeks contral locations, but 15 willing to accept a location further from the
aily center il rents are lower in compensation. The use that can extracl the greatesl
return from a site will be the successful bidder. INustrating bid-rent theory in an
alteration of von Thunen’s model, Alonso (1964) in a study of housing, comparcd the
quantity of land needed, and variations i the amount of income used on land,
trapsport costs, and on all goods and services. If the amount of goods and services 1s
held constant, the price of land should decrease with increasing distance from the
ecnter and a pattern of housing stock will emerge. The quantity of land thal may be
bought should increase with distance from the center, but comrmuting cosls will rise
with distance Fom the cenler. From this basic principle Alonso illustrated how the
well-off will choose the amenities of lower densily housing at the edge of the city, and
pay the price of commuting over distance, while the poor remain in high density
residences near the city center. Each household represents a balance belween land,

zoods, and accessibility to the workpiace (Mayhew, 1997).
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Offlce price {rent)

] Distance from centre—
Shopping zone I

Commercial
(affice) zone

Residential zone

Figure 1.6: Bid Rent Curve

The assumptions of von Thinen and Alonso present a greatly simplified geouraphic
and decision space that is far from reality. However, their models do reflect some
aspects of dynamic urban morphology and the bid-rent curves describe how these

pﬁttCl’I’lS CIMErgc.

1.2.8 Theory of automata

The theones discussed above are based pmimarily on empirical observation of a
parlicular urban area. Many hypotheses on how these urhan structures anise (such as
cquiltbrium between  [orees ol concentration and dispersion, agglomeration of
economies, or maximization of social interaclion) proposc a constraint thal conirols
system evolulion (Candau, 2002). However, evidence to support such universal
constraints has not been demonstrated explicitly. Rather, most convincing
interpretations reveal macro-scale pattern arising from the micro-scale interactions of
the compenents that make up the system (Candau, 2002}, The theory of aulomala 1s
primarily based on this idea which is now widely applicd for explaining the evoluhion

of diflerent complex systems. Chapter 2 provides more discussion on this theory.



1.3. Brief History of Cellular Automata

in the 1930°s Alan Turing proposed a hypothetical machime with limited
specificalions and ranges of aclion that was capable of computing anything that could
be computed. Using simplc rules and given an appropriate initial state, this machine,
or automaton, could evolve into a rephea of itsclf and have the ability to produce
further copies. Hypothetically, this *Universal Tunng Machine™ was the one meta-
machme necded to build any system. In the 1940%s, inspired by Turing’s work, John
von Nuemann (originater of game theory and pioneer in set theory and quanium
mechanics} in collaboration with renowned mathematician Standislay Ulam (who
worked on Monte Carlo simulation and the Manhattan Project atomic bomb)
developed Cellular Automata (CA) as a framework for investigating the logical
underpinnings of life. Von Nucmann (1966} proposed his new “theory of automata”
as a coherent body of eoncepts and principles concerning:

1 the structure and organization of both naturai and artificial systems.

2. the role of language and information m such systems.

3. the programming and control of such systems.

This theory was expressed in Conway’s CA Game of Life popularized by Gardner in
1970. Rulcs of this automala theory arc as follows: If a black cell has 2 or 3 black
neighbors, it stays black. If a black cell has less than 2 or more than 3 black neighbors
it becomes whnie. 11 a white cell has 3 black neighbors, it becomes black. Despite its
simplicity, the system achieves an impressive diversity of behavior, (luctuating
berween apparent randomncss and order. One of the most apparcnt features of the
Game of Lile is the frequent occurrence of gliders, arrangements of cells that
essenlially move themselves across the grid. 1t is possible to arrunge the automaton so
that the gliders interact to perform computations, and afier much cffort it has been
shown that the Game ol Life can emulate a umversal Turing machine. Later on the
works of Waollram {1983), Cook {1990), Wollram {2(002) ctc. enriched this concept of
CA further and still now a significant number of rescarch is going on in vanous fields

bascd on this theory.
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A formal link between CA and geographic phenomena was made by Tobler’s Ceflular
Geography (1979) where the implicitly spatial nature of the transition rulcs made CA
“the geographical (ype of model par cxcellence” (Couclehs, 1985). In 1985 Hcelen
Couelclis presented a simple ccllular modeling framework for land use based on
discrete structure theory. Also during the 1980°s and early 1990°s much work was
done idenlifying urban systems as fractal forms and complex systems (Burroughs,
1981; Baity and Tongley, 1986; Batty and Longley, 1987; Batty and Longley, 1988;
Balty ct al., 1989; Longley el al., 1990; Baity, 1991; While and Engelen, 1993; White
et al., 1593}

1.4, Cellular Automata and Urban Modcling

CA offer an intercsting and innovative approach to the sludy of urban systems. In
rccent years therc has been prolilic application of CA models to urban systems. CA
models have been cmployed in the exploration of a diverse range of urban
phenomena, from traffic simulation and regional-scale urbanization to land-use
dynarnics, polycentricity. historical urbanization, and urban development. CA models
of sprawl, socio-spatial dynmamics, segregation, and gentrification have becn
developed, as have simulations of urban form and location analysis (O'Sullivan and
Tarrens, 2000; Portugali, 2000; White, 1998). The populanty of urban CA models is
in part due 1o weaknesses In the cxisting stock of urban models (Torrens, 2000b), but
also owes much to several advantageous propertics that CA offer. CA models have
beecome popuwlar largely because they are tractable, gencrate a dynamies which can
replicate traditional processes of change through diffusion, bul contain enough
complexity to simulate surprising and novel change as rellected in emergent

phenomena { Almeda el. al., 2003).

CA models are [exible in that they provide a framework which is not overburdencd
with theoretical assumptions, and which is applicable to space represented as a rasler
ot grid. As planning toals, CA urban models have scveral benefils: they are
mleractive, potential ontcomes can be visualized and quantified, they can be closely
linked with GIS and taster bascd spatial data derived from remote sensing platfonns

are easily meorporated into the CA medeling environment {Couclelis, 1997).
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Although pure CA models have been quite successful al recreating patlerns of urban
development, they have been criticized for their seeming nability te account for
processes driving urban change (Jantz et. al,, 2003}, Recently, advances have been
made in developing hybrid CA that can incorporate process-hased factors. Webster
and Wu (2001}, for example, incorporate microeconomic urban theory into a spatially
cxpheit CA to investigate the effects of allernative planning rcgimes on land-use
paticrns, CA models have also been used lo simulate different types of urban lorms
(Ych and Li, 2001) and devclopment densitics (Yeh and Li, 2002}, and to investigate
the evolution of urban spatial structure over time (White and Engelen, 20003y, Chapter

2 provides more discussion on different CA applications for urban research.
1.5 Objectives of the Study

S1mulati;:-n of historical urban prowth paves the way for effective planniny decision
making for future Considering its importance, the aim of this study was detcrmined
to caliprate the SLEUTH urban growth mode! for Dhaka and (hercby to simulate the
prowth dynamics of Dhaka Metropolitan Area. Specific objectives of this study can
be specificd as below:

1. Adapt the SLEUTH Urban Growth Mode! for Dhaka Metropolitan Areca.

2. Sipmulate urban growth dynamics of Dhaka Metropolitan Area using CA-based

urban growth model.
3. Predici urban growth of Dhaka Metropolitan Area for diftercnt policy

scemarios.
1.6 Scope of the Study

Discussions of Chapter 1 revealed that, worldwide already significant research has
been done in the (icld of urban growth modeling based on differcnt theorics and
techmgues. But this kind of cxercise is yet to be conducted in Bangladesh and very
few examples are (here fom other developing countries. From this perspective, Lhe
present study has got a huge scope to harness the theoretical and technical capabslitics

developed worldwide. The scopes of this study encircle around the simulation of the
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histoncal urban growth pattern of Dhaka Metropolitan Area. It is evaluated to whal

cxtent the urban growth paitern of the study area can be simulated in a Cellular

Avtomata (CA) environment, Future growth scenarios for different planning contexis

are also predicted here (o identify their influences on the overall growth pattemn of the

study arca.

1.7 Limitations of the Study

This study had to overcome lots of limitations lowards its successful completion

Somc of the constrainis have simply reduced the efficieney of the model and somc has

lengthened the durahion of this study. Some of the limitations of the study can be

brielly discussed as follows

1.

Bangladesh has no formal documentation process of historical maps, Survey
of Bangladesh (SoB) is the prime authorily of Bangladesh assipned with ithe
job of survey and map preparation. Different planning and development
authenities also prepare maps of their respechive area, but usually they also
rely on the maps provided by SoB and do not have a good documentlation
process of historical maps. The problem with SoB is that, 11 is under the
Minisiry of Defense and most of the hisiorical topographic maps here are
gratvitonsly marked “Restricted’. It was found thal allhough SoB published
differcnt historical maps of Dhaka. that cover only the Dhaka City Corporation
arca. To get the data ol whole Dhaka Metropolitan Area only the topographic
maps can givc some assistance. After continuous effort to collect these
topographic maps, this researcher failed to come out with any map from SeB.
This study had to rely on maps from different sources 1o gel the historical
urban cxteni and transportation data of the study area. It is expccted that maps
from same source would increase the reliability on the dala. But, afler failing
Lo collect maps from SoB, the sludy had to be donc with data from different
SOULCCS.

Non cooperalion of governinent agencies 15 a common problem with any
research 1n Bangladesh. Unnecessary restriction on data accessibility and
undue time consumption for simple official paper work by these agencies

dampen the spirit of any research initiative. Before going to the SoB, thig
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rescarcher also went Lo the Space Research and Remotc Sensing Orgamzation
(SPARRSO) for getting access to the satellite images they have. But after
three wecks of continuous efforis they informed ihat they do not have any
recent satellite 1mage of Dhaka and only the Landsat images before the year
2000 can be purchascd from them (which is already available free of cost on
the Tniernct).

4. Dipital Blevation Modcl (DEM) dala with good resolution could not be
availed for this study. For preparing the Slope layer, this study had to rely on
the 90 meter DEM data of Shuttle Radar Topographic Mission (SRTM) of
NASA . After querying different local agencies it was found that nonc of them
have the DEM data of whole DMA with any belter resolution. DEM with
higher resolution would surcly increase the effectivencss of the findings of this

gtudy.

1.8 Organization of the dissertation

This hissertation has been orgamsed in such a way that enyone can easily understand
the work Tlow and findings of this study. Chapter bwo provides a review of different
previous applications of CA models. Here it has particularly focused on the previous
applications of the SLEUTH model. Chapter three discusses on the structurc and
working procedurc of the SLEUTH model. This medel has been explored in this
chapter by its different components, data rcquircments, calibration and prediction
proccdure and different other characteristics. Chapter four discusses the methodology
of this study. Chapter livc provides a brief discussion on the study arca, l.e. Dhaka
Meiropolitan Arca {DMA). Chapter six elaborately discusses on the calibration results
of SLEUTH for DMA. Chapter seven locuscs on the prediction stage of the model. In
this chapter discussion is provided on development of future poliey scenario for DMA
and prediction of s growth for those scenanos. Chapler eight concludes the

dissertation with a bricf review of the sty
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Chapter 2: Theoretical Framework and Literature Review
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2.1 Introduction

Significant research on urban growth modeling and simulation has already been
conducted werldwide. Chapter I has mentioned some of these works Bot belore
going into Turther study on urban growth simulation, previous works on this issue
need to be reviewed elaboralely. City is a complex systemn that evolves through
integrated effecls of multitarious social, economic, environmenial and geographical
phenomena, So, modcling this kind of system should get adequate focus on how to
simulate these complexitics elficiently (Torrens, 2000a). CA 1s a good mechanism for
exploring cmergence i complex adaplive systems likc urban areas. Modeling and
simulations in the spabial domain is now extcnsively done using the techniques of CA,
although there are other approaches to model process in space and lume including the
geo-statistical approaches, dillerential cquations, ete {Sudhira, 2004}, In this literature
review, al [irst some classifications of urban growth models are discussed, wiuch 15
lollowed by discussion on the theory of CA and review of some major apphications ol
CA for urban growth modeling. Applicaions of SLEUTH urban growth modcl arc
broadly revicwed here based on which this study proceeded through its application for
Dhaka Metropolitan Area.

2.2 Classilication of Urban Growth Models

As stated n the previous section, a signtheani number of urban growth and land ose
change models have been developed worldwide, which have followed diflcrent
theoretical basis. Therc have been scveral attempts to classify these models cither
hascd on their theoretical framework or on their fevel and extent of application.
Wilson (1974) proposed a classihication scheme hased on the dominant lechmyue
used m model building. Batty (1976) distinguished between substantive and design
criteria for model classification. Issaev et al. {1982) mentions four possible
approaches to model classification: "({a) construction of a list of attributcs
characterizing aspects of the models, (b} specification of a set of criteria scrving as a
gencral evaluation framcwork, {¢} construction of an ‘ideal” model as a frame of
refercnee for judging all other medels, and {d} cross-comparison of models on the

basis of general structure characteristics of these models. Stahl (1986) suggests a

—
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number of substantive ecritcria for ¢lassifying business location models including
1ssucs of theory and model purpose. Four main categories of models wore
distinguished by Briassoulis (2000):

a. statistical and economeiric models

b. spatial inieraction models

¢. optimization models, and

d. integrated models.

Briassoulis (2000) categorized Cellular Automata based models as regional
simulation model under the integraled models realizing its integrated approach of

simulation considenpg almost all the vital players of urban growth,

2.3 Theory of Cellnlar Automata

The theory of Cellular Aulomaton (CA) has been widely used to simulate urban
growth for past fow years, Tl was developed by the physicist Stanislaw Ulam in the
19405 and wag soon used by von Neumarm 1o investigate the logical nature of seli-
reproducing systems (While and Engelen, 1993}, Urban Cellular Automata have been
developing rapidly for the simulation of complex urban syslems since the lale 80s
(Yeh and Li, 2002). A number of interesting investigations have already been
docunmienied (Batty and Xie, 1994, White and Engelen, 1993, Clarke and Gaydos,
1998) CA models require that space should be represented as a rid of cells that can
change state as the model iterates Thesc changes are regulated by rules that specily a
set of neighborhood conditions to be met beforc a change in slale can occur
(0’ Sullivan, 2002). The main idea behlund CA is “not to describe a complex system
with complex cquations, but let the complexity emerge by interaction of simple
individuals following simpie Tules™ (Schatlen, n.d.}. Essential properties of CA can be
defined as (Schatten, n.d.):
O & repular n-dimensional lattice (# is in most cases of one or two dimensions),
where each cell of (his lattice has a diserete statc,
O  a dynamical behavior, described by so called rrfes. These rules describe the state
of a cell for the next time siep, depending on the stales of the cells in the

neighborhood of the cell.
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Urban landseape can be tesscilated according to its land use or spatial cxtent of
development. This cell-based Famework can be utilized to apply the theory of

automata and thercby to model its complex struchire using simple transition rules.,

2.4 Application of CA for Urban Growth Modeling

Early proposals for the use of CA in urban modcling tended to siress their pedagogic
use in demonstrating how plebal patiems emerge from local actions (Almcida et.al.,
2003). But increasingly models have been proposed which depart from the basic
elements (Couclelis, 1985; Tohler, 1979). Strict CA follows highly locahsed
ncighborhoods where change takes place purely as a function of what happens in the
immediate vicinity of any particular cell. Aclion-al-distance is forbidden for it is
argued that the intnnsic dynamics which gencrates emergent phenomena at (he global
level. 15 cntitely a product of local decisions which have ne regard io what is
happemng outside theiv immediate neighborhood (Batty, 2000). Early models such as
Tohler’s (1970) model of Detroit and Couclelis’s {1989) modcl of developer behavior
n Los Angeles were pedagogic in ihis spirit, yet (he attractiveness of the approach
which grew alongside the enotmous interest in GIS, has cventually led lo a flurry of
more practical applications to urban problems. In this, the sinct adhercnee of CA to
the most local of neighborhood is inevitably rclaxed, and the models that have

emerged arc best called cell-space—CS models rather than CA (Albin, 1975),

Whitc and Engelen {1993) developed a CA to model tbe spatiai structure of urban
land use over ime. They found (hat for realistic parameter valucs, the model produces
fracial or bifractal land usc structure for the urbanized area and for each individual
Jand use type. They also found that the cellular approach makes it possible to achieve
a high level of spatial detail and realism and to link the results dircetly to general

theories of structural evolution,

Wu (1956) developed a linguistic CA based simulation approach. He integrated CA
with heuristically defined transilion rules to simulaie land usc conversions in the
rural-urban frnge of a fast growing metropolis. He apphied Mzzy sct theory to caplure

the uncoordinated land development process. An innovative feature of this integrated
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approach lies in its definition of transition rules through a ‘matural language nlerface’,

thus being more realistic and tramsparcnt.

O'Sullivan and Torrens (20060) focuscd on the dilficulties with the representation of
human systems, and suggest that many modificatiens to simple CA introduced in
modcling cilies are responscs to (hese problems. They propose a two-pronged
approach io research, First, for operational model-building many variations on the CA
theme arc required and should be welcomed; and second theorctically motivated
variations of the CA formalism are required so that the possible cffects on model

dynamic behavier may he more systemabically explored.

Almeida ct. al. (2003} proposed a structure for simulating urban change based on
estmating land use transitions using clementary probabilistic methods which draw
nspiration from Bayes’ theory and the related “weights of evidence’ approach. These
land use change probabililies drive a CA modcl based on eight ccll Moore
neighborhoods implemented through empirical land use allocation algorithms. The
mode! framework was applicd to a medium-sized town, Baury, in the west of Sao
Paulo Statc, Brazil. They showed how various socio-economic and infrastructural
factors ¢can be combined using the weights of evidence approach which enabled them
to predict the probability of changes between land use types in diflerent cells of the
gystem. These modeling experiments support the essential logic of adopting Bayesian
empirical methods which synthesize various information about spatial infrastructure

as the drver ol urban land use change.

Liu and Andersson (2004) examined the impact of the degree of temporal dynarmics
on the hehavior of an urban growth medel which is based on & modified Markov
random field and probabilistic cellular automata. Expenmental results from this case
study suggesied that the degree of temporal dynamics does have an importanl impact
on lhe urban morphology produced by the medel. Too much or too little dynamics
could hoth lead to unrealistic patterns. However, the lmpact seems lo vary for
processes with different levels of change intensity. Tn the case of a process with
moderate changces, the impact of temporal dynamics 15 alse moderate, For a process
with high change rate, the degree of temporal dynamics affceis the model outpul

signilicantly.
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2.5 Application of SLEUTH Model

The majority of SLEUTH applications have been for urban forecasting or for
integrated modeling of urban growth with some other social or physical process
maodel or planning effort. The application of SLEUTH to the Sun Francisco Bay atca
by Clarke ct al. {1957) was the first major appheation of the medel to a melropolitan
region. In this rescarch, the historical urban extent was determined from cartographic
and remotely scnsed sources from 1850 to 1990, Using this information, coupled with
transporlation and topographic data, animations ol the spatial prowth pattemms wcre
created, statistics describing the spatial growlh were calculated, and the model was

used to predict fulure urbanization.

In addition to modeling extant urban rogions, SLEUTH has been uscd as a tool for
theoretical investigations of urban proccsses. Bierwagen’s (2003) dissertation focused
on simulating gencric urban forms and examining the connectedness in the landscape

in order to asses the viatlily of different urban prowth forms on butterfly habitat.

Goldstewn ot al. {2004) compared usmg SLEUTH for the “backcasting™ of urban
exlent with spativtemporal interpolation. As a backeasting tool, SLEUTH has been
nsed cxtensively, most notably in Herold et al. {(2003), where the use of landscape
melrics in the historical development of an urban region is presented, and by

Goldstein et al. (2000, where histoncal urban-wildfire conflicts are investigated.

While early applications of SLEUTII focused solcly on the modeling of urban
growth, the coupling of the Dellairon model, the portion that simulates land use
change, increased the model’s ability to represcnt multi-atbibute landscape change
over time. Candau and Clarke {2000) document this sub-model, and its use for
modeling land use change in the MATA (Mid-Atlantic Tnlegrated Assessiment) region
of US Environment Protection Apency (EPAY. Much like Clarke et al. (1997), the
paper is a decumenlation on how the land usc change CA modcl (Deltatron)

funcltions.
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In any application of SLEUUTH, onc .Df the most time consuming processes is the
calibration. While briefly discussed in Clarke ¢t al. {1997) and in Clarke and Gaydos
{1998}, Silva and Clarke (2002) present & more refined focus on the calibration of
SLEUTH dunmg the application of the model to Lisbon and Porto, Portugal The
paper presents four key findings from the application: (1) SLEUTH is a univcrsally
portable model that can not enly be applied to North American cities, but to European
and international cities as well; {2) increasing the spatial resolution and detail of the
input datasels makes the model more scnsitive to local conditions; {3) using a
multistage ‘Brute force’ cahbration mcthod can better refine the modc] parameters to
find those that best replicate the historical growih paiterns of an urban systein; and (4}
the parameters derived from model cabbration can be compared between dilferent
systems, and the interpretation can provide the foundation for understanding the urban

growlh proceascs unique to each urban gystem.

The work of Silva and (larke in documentimg ihe calibration precess of SLEUTH n
their application ol the model to Lisbon and Porto provided a basis for the work of
others applying SLEUTILI (Jantz et al. 2003; Yang and Lo 2003; Dietzel and Ciarke
2004), and made those applications more robust through a better understanding of the

calibration process.

Muost recenily an important advance has been made in the use of SLEUTH; couphng
model outputs wilh othor spatiotemporal models to provide greater nsight into
problems dealing with future urbanization. Some of thesc applications involved the
coupling of SLEUTH ouipuls with social modeling elforts, while others rest more n
the domain of physically-bascd modeling. Claggett et al. (2004) were successful in
couphng SLEUTH with the Western Futures Mode! {Theobald 2001). By doing so,
they demonstrated the ability of SLEUTH o move beyond just providing a
spatiotcmporal picture of urban growth, but actually categorizing e growth into
different classes of ‘development pressure’ based on forecasted population growth.
Working almost in parallel, Ledo et al. (2004), coupled SLEUTH oulpuis with a
mulli-critenia evaluation of landfill suitability {(Siddigm et al. 1996) to detenmine
zones around Porlo Alcgre City (Brazil) where future land would not be urbamized,
vet was sullable for landfills. Artbur (2001) coupled SLEUTH to an urban runeff

mode!l in Chester County, Pennsylvania. Cogan et al. {2001} compared using
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SLEUTH outputs with the California Urban Futures model (Landis, 1994) al urban
devclopment to asscss stresses on biodiversity. Lin ct. al. (2008} applicd a framework
to the SLEUTH with ihe Conversion of Land Use and 1ls Effects (CL.UE-s) model
using historical SPOT images o predict urban sprawl in the Paochiao watershed in
Taipei County, Taiwan. These researches demonstrate that SLEUTH can be
successfully coupled with olher models displaying (he potential of the model to be
incorporated o a wide amay of applications ranging from uwban developiment 1o

cnvirommenlal assessnient and beyond.

STEUTH has been used for exploratory visualization as well. Acevedo und Masuoka
{1997) presented the gencral methodologics used to creatc 2-D and 3-D animations of
the Baltimore-Washingron DC region. Candau (2000) presented the possiblc ways of
visnalizing the uncertainty of the location of urban growth in a simulated landscape.
Aerts gt al. (2003) contimued this thread by experimenting with subjects about their
understanding of the uncertainty of the forecasted urban growth in a section of Santa
Barbara using rwo different technigues. While the myriad of visualization techniques
has expanded since SLEUTH’s introduction, the understanding and interpretation of
simulation forecasts is still a nascent research topic, cspecially given the accessibility

of modermn visualization techniques to stakeholders.

Candau (2002) applied the model to Santa Barbara mn California as an example to
study urban growth. Tt was found that SLEUTH calibration was not scalable across
image resolutions and data from ihe last 40 years proved morc cffective for
calibration than inchuding the cntire historical prolile available. Jantz and colleagucs
applied the SLEUTH modcl in Baltimore-Washington metropolilan area (23, 700
km?2) in the United States using a historic time series remole sensing imagery for
assessing the impacts of altermnative palicy sccnaries on decliming watcr quality in the
Chesapeake Bay estuary (Jantz ct ak. 2003). In this application, future growth was
projected to 2030 under threc different policy scenarios (current trends, managed
growth, ecologically sustainable growth). Result showed that SLEUTH has an ability
to address many rcgional planning issues, but spatial accuracy and scale sensitivity

musl be considered for practical applications.
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Oguz et. al. (2007) used the SLEUTH urban growth model, closely coupled with a
land transition model, io sumulate future urban growth in the Houston metropolilan
arca, one of the fastest growing metropolises in the United States dunng the past three
decades. The model was calibrated with historical dala exiracted from a time senies of
salellite images. Prior to the work of Oguz, Sangawongsc (2000) integrated remotely-
schsed images and (eographical Information Systems (GIS) data into the SLEUTI

mode! to analyze land —use/land- cover dynamics in Chiang Ma city and its vicinity.

2.6 Conclusion

Urban growth and land use change modcls are already being applicd for planning
decision making in developed countrics. As an integrated part of planning Decision
Support Sysicm (DSS), urban models are new alse proved to be an effective mean for
public participation in urban and regional planning. But i developing countrics, the
application of urban models is very scarce and plamiing decision making process is
lapging far behind bhere than those of the developed countrics. Kashem and
Maniruzzaman (2008) showed that SLEUTH urban growth model has prespects for
being transferred to devcloping countnies. They also [ound that, although the
SLEUTH madel docs not consider the socio-economic lactors of land use change
explicully within its framework, it is very effective to predict future urban growth
based on the previous prowth pattern. Different scenaros for diffcrent planning
decisions can also he projected through this model by changing the input data. Oiher
models can also be transferred to developing countries, but their data requirement or
necessary cxperlise may iake them difficult 1o be applicd in developing countries.
Although apphication of urban modcls depends on data availability and the contexi of
the target arca, further study and research is needed n this regard to [ind out which
model has the highest polential for use mn developing countries. This study is one of
the first imilatives o adapt the CA based SLEUTH model in the developing country

contexl.
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3.1 Introduction

The urban growth model SLEUTH, uses a modified Cellular Automata {CA) to model
ihe spread ol urhanization across a landscape (Clarke et al., 1996, 1997). Its name
comes from the GIS data layers (hat are incorporated into the model - Slope, Landuse,
Exclusion laver {where growlh cannot occur}), Urban, Transporiation, and Hillshade. Tt
is a C program running under TINIX that uscs the standard gnu C compiler (gec) and

may be cxecuted in parallel.

The urban prowilh model is the main component of SLEUTH and this study will
utilize it for simulating the growth dynanmiics of Dhaka. The Deltatron land use model
is the sccond component, and it is imiplemented as an optional add-in that is tightly
coupled with, and driven by, simulated urban growlh. Complete documentation and
downloadable code of this model can be found at the Project Gigalopolis website:

www.negia nesb.edu/projectsiaig.

In an effort to miore realistically porray urban growth, some of the formalisms of
simple CA have been relaxed i SLEUTH {(Candau, 2002). Like a standard CA,
SLEUTH begins with an mmtial sel of condiions, afler thal some iransition rules are
applied. Here the 1mtial conditions are defined by some input image data. The input
data scrve as layers of information that create a non-homogenous cellular space and
influence cell transition suitability (Candau, 2002). Some growth paramelers affect
the transilion rules sequentially. These growth parameters may be altered at the end of
each time step by the self-medification behavior of SLEUTH. Cabbration using the
mput 1mage data produces these growth parameters which can be applied for
predicting future growth scenario of the concerncd urban arca. This chapler discusses

the data requirement, urban growth process, calibration and forcecasting procedure of

SLEUTH.
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3.2 Data Requirement for SLEUTH

As stated in (he previous section, some raster data defines the witial state of the CA
simulalion space for SLEUTH. It uses following geographic data to generate an initial

syslem configuraiion and transition suitability surface (Candan, 2002):

Slope

Topography, in general terms, crcates the most basic definition of area available for
urban devclopment. Becaasc of ease of development, [lat expanses arc the easiest Lo
build vpon. Lands get less hospitable as slope increascs, and eventually become
impossible to develop due 1o structural infeasibility. The point where slruclures are ne

longer built due to slope constraints is defined as CRITICAL_SLOPE,

Land-use
Land-usc classes additional to urban may be modeled in SLEUTH. This is an optional

input, and was not utilived in this study.

Exclusion

Arcas not available to urbanization are included in the cxelusion layer. Water bodies,
parklands, and national forest are all good examples of commonly excluded landuse
types. The exclusion layer is not necessarily binary and may inchide levels, or

probabilities, of growth resistance.

Urban

This is a binary classification: urban or non-urban. How “urban” is defined is
application dependeni. Mcthods used in the past welude digitizing city inaps and
aerial pholographs, thresholding rewnotely sensed images or block densities from
census dala. For calibration, the earliest urban year is used as the seed, and subsequent
urhan laycrs, or control years, ate used Lo measurc several statistical best fit values.
For this rcason, at least four urban layers arc nceded fer calibration: one for

initialization and three additional for a least-squares caleulation.
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Transpartation

A transportation network can have an imporfant role in a city's developing struclure.
Duc o increased accessibility, urban corndors tend to reach out from the city core
along modes of transportation. The transportation infrastructure expands with cily
growth. To include the dynamic effect of transportation in calibration, sevcral road
layers that change over time are desirable, SLEUTH is initialized with the earliest
road laver. As growth cycles, or "time”, pass and the date for a more rceent roag layer
is reached, the new layer is read in and development procecds. The roads are not
necessarily binary, bul may be weighted to simulate one scetion of road’s greater

aliraclivencss to urbanization relative {o another seclion of road.

Hillshade

A grayscale background image gives context to the spatial data generated by the
model, It is useful [or describing location and scale as well as topography. This layer
is not an aclive input for model simulation, but can greatly assist the wisual

cxamination and analysis of model output image.
3.3 SLEUTH Urban Growth Model

Calibration of SLEUTILI produces a set of [ive parameters (coeflicicnts) that descnbe
an individual growth characteristic and when combined with other characteristics can
desciibe several different growth processes (Teilz ef. al., 2003). For this model, the
transition mles between lime periods are uniform across space and are applied m a
nested set of loops. The outermost loop execules cach growth period, and an fomer
lopp executcs growth rules for a single year. Clarke and Gaydos (1998) describe the
initial condition set as the “seed” layer, from which growth and change occur ene cell
al a time, cach cell acling independently of the others, until paticrns cmerge during
growlh and the “organism™ leams more about its envirommeni. The transition rules
involve laking a cell at random, investigating the spatial properties of its
neighborhood, and then urbanizing the cell, depending on probabilities niluenced by
other local characteristics (Clarke, Hoppen, and Gaydos, 1997). Five cocllicicnts
(discussed in section 3.3.1) conirol the behavior of the system and are predetermined

by the user at the ouiset of every model run {Candaa, 2000, Clarke and Gaydos, 1998,
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Clarkc ef. al. 1997). The paramelers -:irive the four transition rules that simulate four
types of urhan growth: spontaneous {of suitable slope and distance from existing
centers), diffusive (new growth cenlers), organic (infill and edge growth), and mad-
influcnced {a function of road gravity and density). These growth rules are discussed

n detail in scction 3.3.2,
3.3.1 Growth CoefTicients -

Fivc cocfficients, or parameters, alfect how the growth rules are applied. Each
coclficient may be an mieger between 0 and 100. Comparing simulated land cover
change to a study area’s histonical data and caleulating linear regressien, goodness-of-
fit scores {r") calibrate thesc valnes. The descriptions betow outline the five
cocfTicient values, which fransition rules they affect, and how the applied values are
derived from the coelMecients. This deseription is compiled from Candau (2002), Teitz
et. af, (2005) and the Gigalopolis website,

Dispersion CoefTicient:
The dispersion coefficient (or diffusion coefficient} controls the number of limes a

pixel will be randomly selected for possible urhanizalion dunng spontaneaus growth.

An applied value is derived from the dispersion coefficient by:

dispersion_valuwe= (dispersion_coefficient = 0.005) x \/ (f!mws  +acols® )

g0 that dispersion_value at s maximum (where dispersion_coefiicient is defined as
100) will be 50% of the image diagonal.
The dispersion_value 18 then applied to spontaneous growth hy:

for ( k = 0; k « dispersion_value; k++ } {

gelect pixel (1,7 at random;

try to urbanize (i, 3);

}

The dispersion cocfficient also conlrols how many “sleps”, or pixels, make up a
random walk along ihe transporialron netweork on a road tip as pan of road-

influenced growth.
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The dispersion cocfficient is applied to road-influenced prowth by:
run_walue= dispersion_coefficient

where run_value is the maximum mimber of steps traveled along the road network.

Breed Coeflicicnt:
The Areed coefficient determines the probability of a pixel urbanized by spoatancous
orowth becoming a new spreading center.
The dweed coefficient is applied lo wew spreading center growth by:
Given: a newly urbanized spontarecus prowith pixef {1, ).
if ( randem number = breed coefficient ) {
attempt to urbanize two neighbors;
}
The breed coefficient also determines the number of times a road trip will be taken
durmg road-mfluenced growih.
The breed coeflicient 15 applied o read-influenced growth by:
for { k = 0; k <= breed coefficient; k++ ) |

head off on a road trip;

}

Spread Coeflicient:
The spread cuvefficient determines the probability that any pixel that is pan of a
spreading center (a cluster of three or more pixels in a mne cell neighborhood) will

generate an additional urban pixel in its neighborhood.

The spread coefficient 18 apphed o edee growth by:

if { random number <« spread coefficient) {

attempt Lo urbanize neighboring pixel;

}
Slope Coefficient:
The siope coefficient affccts all prowth rules in the saime way. When a location 1s
being tested for suitability of urbamzation, the slope at that tocation is considered.
Instcad ol enforcing a simple linear relationship between the percent of slope and
urban development, the slope coefficient acts as a multiplicr. IM the slope coefficient is

high, increasingly stceper slopes are more likely to fail the slope lest. As the slope

F oLl

oy vy
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coellicient geots closer to zeoro, an incrcasc in local slope has less affect on the

likelihood of urbanization {Figure 3.1),

slops cosfiicianl
0 - appreaching 100 -

1 slope

1 coedlleiart
[

|

slops

coaftickent
approaching O

Frobability of Urbanizauon

—

L]
o CRITICAL_SLOPE
Percont Stope at a Pixel Locatlon

Figure 3.1: Affect of the slope resistance coelTigient
Creating a lookup lable that relates actual slope valucs to slope eoelficient-influenced

probabilities enforces this dynamic relationship.

The slope coelficient is used to calculate slope weights by fimst calculating:
ex=slope_coefficient/MAX SLOPE RESISTANCE/2.0
where MAX SLOPE RESISTANCE sct to 100 and ex is an infllucneing exponent

valuc.

Using the ex value, a lookup table is then built by:
for [ i = 0; 1 « loockup table size; I++ } |
1f | i ¢ critical slope ) {
val= (CRITICAL SLOPE-1}/CR ITICAL SLOPE

1.9 - wal™;

lockup table [1]
} else
lookup_table [1]

}

1.0;
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Road Gravity Coefficient:

During road-influenced growrh the maximum search distance lrom a pixel selected
for a road tnp for a road pixel is determined as some propertion of the image
dimengions. The applied value 1s denved from the road gravity coefficient (rg_coef)
by: )

rg value= {rg_coefMAX ROAD VALUE)*((nrows+ncols)/16)

where MAX ROAD VALULE is defined as 100, and nrows and ncols are the row and
column counts respectively. So rg value al its maximum {(when rg_coef equals 100)
will be 1/16 of the image dimensions. If the rg_coef is less than 100, then ihe

rg_value will be some proportion less than 1/16 of the image dimensions.

He value 1s then applied to road-influenced growth by

max_search_mdex = 4% (rg value * (1 + rg_value))
where rg_vifue defines the maximum number of neighborhoods from the selected
urban pixel to search for a road.
The firsi neighborhood (rg vafwe == 1) is made up of the selected urban pixel's
adjacent 8 cells. The sccond ncighborhood (re_valte == 2) would be the 16 pixels
outwardly adjacent to the first neighborhood, etc. In this way the outward search for a

road will continue until {a) a road is found, or {b) the search disiance 15 greater (han

MAX SEARCH INDEX,
3.3.2 Transition Rules

The f[ve paramelers control the four transition rules generated within SLEUTH:
spontancous, new spreading center, edge, and road influenced growth. The transition

rules are applied in the order of rules described below,

Spontanecus Growth:

Spontaneous growth, much as its name describes, detcrmincs the occurrence of
random urbanization in the landscape. In the cellular automaton famework this
means that any non-urbanized cell on the lattice has a ecnain (small} probability of
hcecoming urbanized in any time step. So the probabitity that a celi U, located in space
al coordinales 1), will become urbanized dunng the next time 1s defined as:

U{i,j,t-1- 1} =1 {diffusion coefficient, slope coefficient, U (i,j,t), random)
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Hcre the diffusion coefficient determines the probability of urhanization and the slope
coefficient delermines the weighted probability of the local slope. The random tcrm
indicates that there is stochasticity in the process. At any time in the urbanization
process, cells that are already urbanized and those 1n the excluded layer are prolubited
from changing classes (Figure 3.2). This proccss 18 described in pscude code as
follows:

Fi{diffusion coefficient, slope coefficient)

{ for (p < diffusgsion value}

lselect pixel location (3,3} at random if {((i,7F} is

available for urbanizaticn} {

(i,71 = urban

rnew spreading center growth} }

} end speontanecus growth
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Figure 3.2 Process of Spontancons Growth

New Spreading Centers:

Afler estahlishing spontaneous urban growih on the landscape, SLEUTH attempts to
turn some of the newly urbanized cells into spreading centers. This is done largely
through the breed parameter, which defines the probability that each newly urbanized
ccll, U{i, 3, 1 + 1} wili become a spreading center, U'(i, j, t + 1), if there are two or
more heighbors that can be urbanized {Figure 3.3):

', j, t+1) = £ (breed coefficient, Ui, j, t+1), random)

This process is described in pseudo-code as follows:
Fi{breed coefficient, slope coefficient}
{ if {random integer < breed coefficilent}
if {two neighborhocd pixels are available for
urbanizatian}
{i,7) neighbors = urban

} end new spreading center growth
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Figure 3.3: Process of New Spreading Centers

Edge Growth:
The most typical growih in urban systems 1s edge growth, whereby non-urbanmized
areas adjacent to existing urban areas are lransformed Fom a non-urban mto urban
use. Edge prowlh attempts to capture these dynamics by propagating growth [rom
urban arcas, whether precxisting or thosc gencrated by spcntmm-:;us and now
spreading centers growth. If a non-urban cell has three or more urbanized neighbors,
then it has a probability of becoming urbanized that is defined by the spread
cocfficient but with the constraints placed upon that cell by the slepe cocfficient
{Figurc 3.4

Ud, j, t+1) = f (spread coefficient, slope coefficient, U(i, j, t), U (k, 1}. random)
where (k, 1) belongs 1o the nearest nesghborhood of (1,). This is described in psendo-

codec below.

Edge Growth:
F{epread coefficient, slope coefficient)
{
for (all non-edge pixela (i,7)}
if ({i,7}) is urban)} and {randem integer =
spread coefficlent)
if (at least two urban neighbors exist})
if (a randomly cheosen, nen-urban neighbor is
available for urbanization)
(1,7) neighbor = urban

} end edge growth
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Figure 3.4: Process of Edge Growth
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Road-Influenced Groswth:

The last step in generating urban growth is to incerporatc the influcnce of the
trunsporiation network in the urbanization precess. This is done using the
transportation input layers and the urbamization thalt was generaled in the previous
three steps. The breed coefficient determines the probability that newly urbamized
cells {in the pror three sieps) will be selected, and within their ncighborhood the
presence of a transporiation oute will be determined. If a portion of the transportation
network is found within the radivs of a particular cell (this radius is determined by the
rocd gravity coefficiens), then a temmporary urban cell is placed af that poinl on the
roai] closest to the already urbamved cell. This temporary cell then takes a random
walk along the transportation nerwork, where the number of steps is predetermined by
the dispersion coefficient. The final location of the random walk is then considered as
a new urhan spreading nucleus. If a ncighhoring ecll to the temporary urbamzed cell
{on the fransportation network) can be urbanized, it will occur, as determined by a
random draw among candidates. If two cells adiacent to this newly urbanized cell anc
also available for urbanization, that will happen (randomly picked among candidates).
This process of road-influenced growih creating tcmporary urban cells along the
transportation network 1s expressed through four steps:

Uik, Lt+ 1y=F (U{Lt+ 1), road gravity cocfficient, R {m,n), random)
Here, ), k, 1,1, and n are cell coordinates, with R {m,n}) defining a road cell and (k.1
as the temporary urban cell. The random walk 18 described as

U, g, 1+ 1y=0" {U(k,Lt + 1), diffusion coefficient, R {m,n), random}

In this equation, (1)) are the road cells neighboring (k,1). The linat location of the
temporary random cell is delfmed as (p,q). Using this, the new urban spreading center
is defined as

U (i, j,t+ 1y=F"{U{p.g,t+ 1), R {m,n), slope coefficient, random}

To add two adjaccnt urban cells io the spreading center, the equation is

U fi, g, t+ 1y =" (U {pa.t + 1), slope coefficicnt, random)
In this case, (i, j} and {k,I) belong to the neighborheod of (p,q), These are the four
steps that constitule the random walk of a cell through the transportation network. The

number of random walks that cccur 15 determined by the breed coctficieni.

The entire process of road mfluence growth can be deseribed in pseudo-code as
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F{breed coefficient, road Qravity coefficient ,
diffusion coefficient, slope coefficient)

{

for {p <= breed coefficient)

{

road_gravity = wvalue which is a funchbicn of image
size and road_gravity coefficient

max_search = maximam digtance, determined by
road_gravity, for which a road pixel is searched
{i,7) = randomly selected pixel, urbanized within
the current growth cycle

road found = search outward from (i,37}, up to
max_gearch, for a road pixel

if (read found)

{

walk along the road, in randomly selected
directions, for a number of steps determined by the
road value and the dispersion coefficient

if {a neighboring pixel ie available for
urbanization}

{i,7) neighhor = urban

1f (two neighbors of the newly urban pixel are
available for urbanizaticon)

two urban pixel neighbors = urban

} } } end read-influenced growth

It is visvalized 1n Figure 3.5.
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Figure 3.5; Steps m Road Influenced Growth

These four steps are the transition miles from non-urban to urban within the TJGM
portion of SLEUTH. At any trme n the urbamzation process, cells that arc already
occupicd by cxisting urban areas or are excluded from development will by default
causc a Tailure in the attempt to urbamze that particular cell. Implementation of these
growth rules may in some cases lead to periods of excessively high or low growth
rates. When this occurs, a sccond sel of (ransition rules, known as self-modification, is

implemented.

31.3.3 Self-Modification

A growlh cycle 1s the basic unit of SLEUTH execution. Tt begins by seiting cach of
the coefficients to a unigue value. Each of the growth rules is then applied to the
raster data. Finally, the resulting growth rate is cvaluated. If the growth rate cxcceds
or falls short of limit values, model self-modification is apphed. Selfanedification
will shghtly alter the cocfficient values 1o simulate accelerated or depressed growth
that 15 related with system-wide hoom and bust condilions in urban development

(Figure 3.6).
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Figure 3.6: Growth pattern under Self-Modi fication Rules

To apply self-moedification, the first step 15 o delenmine 1f the systemn 1s in @ growth or
stable penod of development. A “boom” state occurs if the growth rale exceeds the
Crioical HIGH value and indicates a period of accelerating growth. Each of the
coclficicnts is incrcased W encourage the continuation of this trend. A “bust” state
occurs when the growth rate is less than the CRfTIC4L LoW. In such an instance the
cocilicients will be lowered in order to decrcasc the rate of growth throughout the
system, The CRITHCAL_RIGH and CRITICAL_LOW values are menlioned i ithe Scenario

file of the model.

‘The algorithm used to apply self-modification to the cocflicients is given below:
Ciaven:

growth_rate = number_growth_pixels ! total_nwmber_urban_pixels = 100

Femem_wban=( 100 (fotal _number _urban _ pixels + road  pixels) J

total _number _ pixels —rvoad _ pixels —exeluded  pixels

where number growth pixels is thec number of newly urbumzed pixels from the
current growth eycle, tofal_number wrban_pizels is the amount of urban pixels from
the current and previous growth cycle, ¥oad_pixels 1s the number of road pixels used
lor the eurrent growth cycle, and excluded pixels is the numbcer of pixels in the

exclusion layver with an absolute cxelusion value,
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if (growth rate > crITICAL HIcy) {

slope res = slope res-{percent urbanXSLOPE SENSITIVITY)
road_grav = road grav +

(percent urbanx RCAD GRAV SENSITIVITY)

if (dispersion < Max) {

dispersion = digpersion x BOOM;

bread = breed = BooM;

spread = spread ¥ EBEGOM;

}
}

where CRITHCAL HIGH 18 the growth rate threshold above which a hoom state exists for
the system. Slope res, road grav, dispersion, breed, and spread represent the
coctficient values sfope resistence, road pravity, dispersion, breed and spread

respeetively.

SLOPE_SENSITIVITY, ROAD_GRAV_SENSITIVITY, and 500M (as well as K657 used n the
bust stale) are used to modify the coefficient values and arc defined in the application

seenario Nle, M4x15 the maxinum value of a coefficient.

if {(growth rate < ¢rRITICAL Low) f
slope res = slope res+( pércent_urbanx SLOPE SENSITIVITY)
reoad grav = road grav -
(percent _urbanxROAD GRAYV SENSITIVITY)
1f (dispersicn = o) |
dispersion = digsparsion x BUST;
breed = breed x EBUIT;
spread = spread x BUST;
b
where CR/TIC4L_LOW s the tower hmit for growihrare, below which the system

enters a bust state.
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3.4 SLEUTH Calibration Approach » —

341 Flltling Historical Data

A major lenet of SLEUTH application is: by calibrating how a region has changed in
the pas{, a reasonable forecas! of future change can be made (Clarke et al., 1997).
Following this assumption, the modcl is calibratcd by [litting simulaled dala to
historical spatial data. SLEUTH is initialized with the earliest data {(signifying the date
furlhest 1n 1he past) and growth cycles are generated. It is assumed that onc growth
cycle represents one year, As growth cycles complete, “time™ passes. Datcs where
hismrm;al data exist are referred o as contrel yvears. When a completed cycle has a
corresponding contro] year, an image of simulated data is produced and scveral

nietrics of urban form (see Scction 3.4.4) are measured and siored in memnery.

3.4.2 Monte Carlo Averaging

Due to the high amount of randomness present in each growth cycle, growth
simulations are generated in Monte Carlo fashion to bong a greater anount of
stahilit}rl to modeled results. Monte Carlo averaging reduces dependence upon initial
conditions and stochasiicity. When a coefficient sct has compleled a defined number
of Monte Carlo simulations, the metric values stored to memory are summed and
divided by the numher of Monile Carlo iterations. Thesc averaged values are then
compared 10 the control dala metrics and lincar regression, best-lit statistics are

caleulated.

3.4.3 SEEUTH Brute Force Calibration

By running the modecl in calibration mode, a set of control parameters is refined in the
sequential “brutc-foree™ calibration (Silva and Clarke, 2002), although other methods
of calibration, including the use of genetic algorithms, have been sugpested and tested
{Goldstein, 2004). SLEUTH utihzes five coefficients that may range independently
between zero and 100, This poses a large set of possible solutions and a daunting
number of computer processing umit (CPU) cycles required fo explore the
multidimensional coctficient space (Candau, 2002}, Brute force calibration reduce the
number of solution scts but still search the range of solutions. Tnsiead of executing

every permutation of possible coelficient sets, each parameter range is examined in
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increments, For cxample, the range {{}-100} may be stepped through in increments of
25 resulting in the values {0, 25, 50, 75, 100} or 57 simulations being implemented in
order to cover the range, Tn this way, the model may be calibrated to the data in sieps,
successively narrowing the range of coefficient values. Generally, this process is

accomplished in three phascs here relerred to as eoarse, fine and final (Candau, 2002).

Coarse Phasc
In the initial, coarse phase ol calibration, the enlire range (0 — 100 of the Nive
coctlicients is cxplored using large merewnents (g.g.; for each cocllicient, value = {0,

23,50, 75, 100}) and a small number (4) of Monte Carlo iterations arc nsed.

Fine Phase

Uising the best-lit valucs found in the control stots.fop file produccd in the coarse
calibration phase, the range of possible coefficient values is narrowed. Ideally, the
ranges will be narrowed so that increments of 5 - 10 may be used while still only
using about 5-6 values per coefficient {e.g.; for a single coefficient, value = {25, 30,

35, 40, 45, 50}) and a larger number of Monte Carlo iterations are used {6).

Final Phase

Using the best-fit valucs found in the controf siats log lile produced in the fine
calibration phase, the range of possible coefficient values is narrowed. Ideally, the
ranges will be narrowed so thal increments of | - 3 may be used while still only using
about 3-G values per cocificient {e.g.; for a singlc coefficient, value = [4, 4, §, 10,

12}) and a larger number of Monte Carlo iterations are uscd (8).
3.4.4 Determining Gaoodness of Fit

Results from each of the calibration phases are examined to determine (he goodness
of {it for each parameter set. Narrowing of (he parameter sct can be based on a varicty
of diffcrent goodness of fit measures (Janiz er. gl 2004, Yang and TLo, 2003); no sole
metric has been shown 1o be the most cifective. Traditionally the Lee and Sallee
{1970) metric has been used to determinc which parmmeter sets best describe the
replication ol the historical datascts. Lee-Sallee is the ratio of the intersection and the

union of the simulated and actual urban areas, but others including the compare
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statistic, and popufation slahstics have been used. Dhetzel and Clarke (2007) found
that the OSM (optimal SLEUTLH metric, the product of the compare. population,
edges, clusters, slope. X-mean, and Y-mean meines) will provide the mosl robust
results for SLEUTH calibration. Tahle 3.1 describes the 13 metrics that can be used to
delerrmine the goodness of (it of model calibration; they have a value ranpe of O to 1,
with | being a perfeet fit.

Aller determmming the parameter set thal best hts the historical data, a range of values
around that sct of paramcters is sclected and the calibration is run again. The
eoodness of fit of the second calibration is evaluated, and an even narrower range of
parametlers is selected. The best fitting paranieters from this third calibration are then

the paramelers used in forecasting urban growth and land-use change.

Table 3.1: Meingcs that can be used to evaluate the Goodness of Fit of SLEUTH

Metric Name Deseription
Product All other scores multiplicd together
Compars Medeled populatien for final year/actual population for

final yedr, or I P!‘.I'HJd.tlc:! > Pactal { | {mﬂdelﬂd
population lor final year/aclual population for final

year)}

Pop Least squarcs regression score for modeled urbanization

comparcd to actual urbanizalion for the conltrol years

Edges Least squarcs rcgression score for modeled urban cdge
counl compared to actual urban edge count for the

control years

Clusters Leasl squares regression scorc for modeled urban
clustering compared (o known urban clustening for the

controf years




. .

Cluster size

Lee-Salles

Slope

% urban

X-mcan

Y -mcan

Rad

F-Match

Least squares regression score for modeled average
urban cluster size compared to known average urban

cluster size for the control vears

A shape index, a measurement of spatial [it betwecn the
model’s growth and the known urban extent for the

conrrol years

Least squares repression of average slope for modeled
urbanized cells comparced to average slope of known

urban cells for the control vears

Leasl squares regression of percentage of available
pixels urbmuzed comnpared to the urbanized pixels for

the control years

Leasl squares regression of average x_values for
modeled urbanized cclls compared 10 average x_values

of known urban cells for the control years

Least squares repression of average v values for
moileled urbanized cells compared to average v values

of known urban cells for the control ycars

Least squares regression of average radius of the circle

which encloses the urban pixels

A proporiion of goodness of [it across land use classcs
| #_modeied_LU correct/{# modeled LU correct +
H_modecled LT wrong)}

43



1

16

3.5 Forvecast Methodology of SLEUTH

SLEUTH forccasts rely on rephcating growth trends from the past {Candau, 2002).
Once a coefficient sct is found thal can best describe how urban change has occurred
over time, these valucs arc used to forecast future growth. The calibration process
produces mbiahing coefficient valucs that best simulate historical growth for a

reoion.

However, due to SLEUTH’s self-modification qualitics, coelficient values that
miiahze the model for a date in the past may be altercd by the simulalion end date.
Therefore, for forecast run initialivation, the coefficient valucs at the simulation end
datc are used to initialize a new simulation into a future date Using the best
coclficients denved from calibration lo run a large number of Monte Carlo
simulations will produce a single set of averaged cocfTicients for ihe simulation cnd
date. Usmg the Best Solution Sel (BSS) parameters derived from the simulation end

date. a forecast run may be initiabzed (Candau, 2002).

For the image data, the most recent urban layer (the cne that defined the calibration
end date), the most recent transpnrlﬁtinn layer, anid the exclusion and slope layers
used 1 calibration, in addition to the background hillshade arc used to imtialize a
forecast run. Growth rules are then applied to the data for a defined number of years.
lForecasts are run in Monte Carlo faghion with 100 or more iterations. In addilion to
generating annual urban growth probabilily maps, a log of coefficient and metric

values may be written to a file as output.
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4.1 Introduction

This study followed a methodology that enabled it to accomplish ils objectives
successfully. Data preparation, cahbraton and prediction procedures followed here
are mostly derived from the project Gigalopolis website (http://www ncgia.ucsh.edu/
projects/pig/) and different previous works on SLEUTH wmodel. This chapter

desenibes the procedure that was followed for this study.
4,2 Model Testing and Understanding

The source code of the model was collected from the Gigalopolis websile which is
maintained jointly by United States Geological Survey and Department of (eography,
University of California at Santa Barbara. This study used the SLEUTH3.0beta_p(H
version ol the model. It was tested 1n Knoppix {a Linux based operating system) using
gee (GNU C compiler). A hypmh-:;tical datasct named as demo_city was provided
wiih the modcl which was used to (est 1t in the computer system of the present study.
This study nscd a Pentium Duo processor with 2 GHz speed and 1 GB of RAM. A
comprehensive understanding of the workmg procedure of the model was developed

through the testing process of the model.
4.3 Data Preparation

Required data for this study was collected from different sources. As mentioned in
Chapter 3, SLEUTH modcl nceds data on Slope, Land use, Exclusion, Urban Extent,
Transportation and Hill shade. Here land use data is an epticnal layer which 1s apphed
for land usc change modeling and was not used f:c;r this study. DifTerent data layers

used in this study are discussed below,
431 Siope

Slope data used for thys study was acquired from the 90 meter Digital Elcvation
Madel (DEM) of Shuttle Radar Topographic Mission (SRTM}. SRTM iz maintaincd
by NASA which provides digital elevahon d+a {(DEMs) for over 80% of the globe.


http://www,ncgia.ucsh.edul
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L.

Ts data is currently distnibuted free of charge by USGS and is available for
download from the National Map Seamless Data Distribution System, or the USGS
ftp site. This study used the SRTM data as DEM with better resolution and for the
whole of Dhaka Mctropolilan Arca {DMA) was not found from any local agencies.
The eollected DEM was clipped to the area of DMA and Erdas Imagine 8.7 was used
1o conver il to slope dala. As per the requircment of the model, the slopc data was in

percent (%), Figurc 4.1 shows the slope data used for this study.

Figure 4.1: Slope Layer used i this study

4.3.2 EHxclusion

Exclusion layer shows the area Wwhe.s urban growth would not occur without formal
intcrventions. In this study, the excluded arcas were identified as rivers, canals,
mililary bases/cantonments, airporls, zoo, botanical gardens, university campuses,
national monuments and parks. These areas wihirt the study area werc digitized from
Google Garh (gure 4.2). Exclusion value of 100 (i.e, full exclusion) was provided fo

ihese arcas.
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Figure 4.2: Exclusion Layer

a

4.3.3 Urban Extent

This study used five historical urban extent 1:I'51‘La, These were of 1980, 1989, 1594,
2000 and 2007. These wrban cxtent maps wer; digitized from several different
sources. Map of 2007 was digitized from Google Earlh (GE). In GE, the study area
was dipitized in .kml format, which was converled to .shp format using kml2shp
soflware, Maps of 2000 and 1989 were digitized [rom Landsat imagcs. These images
were {urther verilicd with the works .Df Basak (2006) which classified these images
showing the urban extent of DMA. The map of 1956 was digihized from the IRS
image of Dhaka. Paper maps provided n the Dhaka Metropolitan Arca Intcgrated
Urban Development Plan (DMATUDP} was scanned and digitized to pet the urban
exlent dala of 1980. Table 4.1 provides a summary of the maps along with their

sources. Figure 4.3 (a-e) shows the urban extent layers used in this study.
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Tablc 4.1: Sources and acquisition procedures of urban extent maps

Year of Urban | Map sources . Aequisition procedure

extent maps

2007 Google Earth Digitized 1n GE and
converted from kml 1o shp

2000 Landsat Image Digitized from the mage
and verified with Basak

| (20006}

1956 IRS Tmage Dhgitized from the image

1989 Landsat Image Digitized from the 1mage
gnd venificd with Basak
(2006)

1980 DMAIUDM paper map Digitized from the scanned
map

Figure 4-.3; {a): Urban Extent of 1980 Figure 4.3 (b): Urban Extent of 1989
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Figure 4.3 (¢): Urban Extent of 1996 Figure 4.3 {d} Urban Extent of 2000
|

Figure 4.3 (e) Urban Extent of 2007
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4.34 Transportation - 3

I
Three historical transportation layers were used in this study. These were from the
year 2007, 1996 and 1980. Road network of 2007 were digitized from GE following
the same procedure of urban extent map. Daia of 1996 was digitized from IRS image
and that of 1980 was digihized from DMATUDP map. Figure 4.4 {a-c) shows the

transportation layers used in this study.
4.3.5 Hill Shade

Hill Shlade 15 used only as a background layer and dees not give any input to the
model, Hill Shade layer used in this mede] was generated from the SRTM DEM data
using the viewshed command of Erdas Imagine 8.7, To show the major rivers in and

around DMA, these were also included with the Inllshade {Figure 4,53,
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Figure 4.5 Hill Shade layer

4,.3.6 Image processing

As mentioned in Chapter 3, SLEUTH requires grayscale GIF iimages with samc map
projection and same resolution (i.e. with the same number of rows and columns). So,
all of the data laycrs were projected to the UTM (Universal Transverse Mercator)
projection system. As the slope layer was with 90 meter resolution, all of the maps
were resampled to 90 meter resolution Arclnlo gnd files. These grid layers were then
cxported as TIFF {ormat images. These images were converied o GIF images using
XV image processing sofiware. All of the data layers were with 464 columms and 632
mws. Follewing Lhe requirement of the scenario.log file of the model, all the data

layers were renamed as follows:

Slope layer:
| - dhaka.slope.gif
Exclusion layer:

- dhaka.excluded. gif
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Urban Extent layers:
- dhaka.urban. 1980 gt
- dhakaurban.1989.gif
- dhaka.nrban.19%6. gif
- dhaka.urban. 2000 @
- dhaka.urban. 2007 gif
Transpornation layers:
- dhaka.roads. 1980.gif
- dhaka.mads. 19%6.gif
- dhaka.roads. 2007 .gif
Hill Shadc taycer:
- dhaka.hillshade water.gif

4.4 Inclusion of Travel Cost to the Model

It was found through the model testing that SLEUTH applics same transition rules
throughout the study region and shows same rate of growth to the cclls imespective of
their location m relation to the existing wrban centers. But in the real world
development occurs with higher growth rate near the existing urban arcas and with
lower growth rate in funher away from the urhan centers. IMistance or travel cost to
the cxisting urban centers plays a significant role in the whole growth process. Areas
ncar the urban centers or with less travel cost will expericnee higher growth than the
areas far awav from the urban centers or with higher travel cost. To overcome this
problem with the model, this study has allempled (o introduce 2 travel cost layer (o it
It was decided that the medel will be calibrated for DMA with both the sinations
regarding travel cosl {i.e. considenng travel cost and withoul considermy travel cost)

and the best it moadel will be applied for growth prediction.

Travel cosl layer for the sludy area was crealed using the Spatial Analyst extension of
ATcGIS 9.0, Spatial Analyst can create raster image of travel cost from any object on
the space. Here cost means relative travel distance from oneg point to the other based
on fopography, land use elc. So, {o create the travel cost layver Spatial Analyst need to
be provided with a larget layer (from which travel cost will be measured) and a cost

layer (which will contmin mformatien on relative travel difficultes). This shudy uscd
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slope data as the cost layer and the urban centers in the study area as the target layers
from which travel cost was measured. Slope layer contains slopes of cach of the cells

1 the region where higher value means steeper slope and higher travel difficulty.

Dhaka Metropolitan Area consists of ong Cily Corporation and five municipalitics
{more discussion in Chapter 5). It was assunied Lhat Dhaka City Corporation {DCC),
bemg the larpest urban agglomeration in the study arsa, wall have the highest
inluence zone around it. Its maximuni inflluence yone was assumed io be the whole
Mctropolitan Area [i.e. the full nmage) within which its influence will gradually
decrease to zero {or iravel cost will gradually increase from @ to 100). Influence
distances from othcr urban centers were assumed to be the distance in proportion to
the population of those centers with that of the Dhaka City Corporation {which has the

maximum nfluence distance).

IHere,
Maux, Influence Distance from DCC = 90*632 = 56880 meter (where 632 is the
number of rows of the images and 90 meter is the image resolution)

Influence Distance of Urban Center {, C, = {pepulation of // population of DCCY* max

influence distance of DCC

Table 4.2 shows thc population of the urban centers in the study area and the

influence distances from them as denived using the above equation.

Tablc 4.2 Population and Influcnee distance of differcnt urban centers n DMA

S1. no. | City Corporation/Municipalities Population Influence
{BB5, 2001} Distance
1 Dhaka City Corporation 53,33,571 56880
2 Warayangan Municipality 2,41,393 2574
3 Kadamrasul Municipality 1,28,561 1371
4 Savar Mumcipahty 1,27.540 1360
5 Tongi Municipality 283,099 3019
6 Gazipur Municipalily 1,22,801 1310
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Travel cost layers from each of the urban centers were generated separately. These
layers were classified further according 1o the distances ranging from 0 to 100. Here
classificalion was done in such a way that travel cost will gradually increcasc from 0 to
100 willon the mlluence distance of the centers. Using map algebra of Spatial
Analyst, these travel cost layers were combined together generahing a separate cost
layer for the minimum cost of each of the cells. Fi gure 4.6 shows the travel cost layer

for the study areq.

Figure 4.6: Travel cost layer of the study area,
|
The generated travel cost was incorporated with the exclusion layer of the model
where gradually incrcasing value frem (0 1o 100 means vero exclusion fo full exclusien
from development possibility. Iigure 4.7 shows the updated exclusion layer

incorporating travel cost layer.

"
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Figure 4.7: Travel cost incorporated exclusion layer of the model

4.5 Model (alibration

Alter prepaning the required data, these were lesled 1n the model to find out whether
there was any error in the data and whether the model can read the nnages comectly.
Severnl test ins were given changing the coefflicient values. The LOG 0 fles and the
output images werc cxamined to find out the impacis of these changes on the model.
Aller testing the data, calibralion was conducted in the brute foree fashion (procedure
discussed in chapter 3). This study mamiaingd full resolution images throughout the
calibration proccss although the Gigalopolis website suguested using half-resolution
image at the [me calibration to reduce time requirement. This was done pardicularly
because of the findings of Candau (2002), which showed that SLEUTH calibration is
nol scalable across nmage resolulions. As a rcsult, calibration stage of {his study
required a significant penod of time. Calibrations were conducted [or both of the
situations ol the model regarding (ravel cost; one wilhout considering travcl cost (i.e.
without including travel cost in the exclusion layer) and another after incorporating

travel cost in the model (1.e. including travel cost layer into the exclusion layer)
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Like mode] testing mode, calibretion of the study also used Knoppix operwting system
{a Limux based opernting system) and compiled the codes using the buili-in gee of this
operzting system. Screen shot of the celibration is provided in photo 4.1.

by = et |

- EE
Photo 4,1; Screen shot of SLEUTH calibration in Knoppix

4.6 Model Prediction

At the end of the calibration phase, performances of both of the calibrations were
evaluated to identify the best performing framework of the model (i.¢. mode! without
the travel cost and model with irsvel cost). Performances of the best fit coeflicien
sets of both of the calibrations were analyzed to find out which comtemi of the modet
can better simulate the historical growth of the mudy nrea. The forecasting
cocilicients for both of the calibmiions were determined which were used 1o predict
future growth situation of the study area, Prediction run is given for this process with
high mumber of Monte Carlo iferniions. At this stage the prediction shows the general
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trend of development and what would be the future growth secnario il the present

develomneni process continues. This study predicted growth up to the year 2030,

4.7 Scenario Development and Urban Growth Prediction

Dilferent policy scenarios based on the Dhaka Metropolitan Development Plan
(DMDP) and Strategic Transporl Plan (STP) were develeped o pradict fulure growth
of the study area. The scenanios were based on particular proposals of these plans
which were applied to the model to {ind out the growth pattern of the study area if
these proposals arc implemented. Prediction run of the model was conducted after
updating the input images according (o these scenarios. Outputs of the prediction runs
were compared with each other to visnalize the impacts of each of the policies, The

output prediction statistics were used for this purpose.
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5.1 Introduction -

Phaka, a eity ol history and heritage of nearly 400 years, is the admimstralive capital
of the Peoplc’s Republic of Bangladesh. During the lasi four decades this city and its
surrounding region has recorded phenomenal growth in terms of both population and
area. At present i1s one of the {astest growing metropelises in the world. This chapter

provides a briel discussion on this area being it the targel regom of this study.

5.2 Location and administrative areas

'L his study has considered ihe Dhaka Metropolitan Devclopment Plan (DMDP) arca
as lhe Dhaka Metropohian Area (DMA). It is located in thc central parr of
Bangladesh. Il covers an area of 1,528 square kilomcter or 590 squarc miles. It
mcoporates three districts {Dhaka, Narayanganj and Gazipur), one city corporation
{Dhaka City Corporation} and five municipalities (Savar, Tongi, Gazipur,
Marayanganj and Kadamrasul}. It is the biggest urban agglomeration in Bangladesh
which is well connected to other parts of the country and the world by road, railway,

river and air.

DMA has a population of about 9.7 million as per the census of 2001 {BIS, 20013,
within which only Dhaka City Cerporation arca has got a pepulation of 5.3 million.
Being the capital city of the Country, Dhaka attracts many migrants from all over the
country. To accommeodate this huge population the city has experienced unplanned
cxpangion hoth through in-(ll development and outward edge growth. Diffused
growth of settlements mostly by different housing projects of privatc developers has
added 10 the recent Irend of growth ef this urban region. Unplanned expansion of the
cily 1o the ecologcally sensiive ateas 1s already posing Lhreats to the tolal living

envirtonment here.
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Figure 5.1: Map of the Study Area (Basak, 2006)
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5.3 Physical Expansion of Dhaka City: A Chronological Study

Different physical and socio-economic issues have guided the development process of
Dhaka. Political importance and trade played significant roles in the city’s expansion
in diflcrent time periods. This section briclly describes the prowth and expansion of
the city in five major periods: pre-Mughal, Mughal, British (1764-1947), Pakistan
{1947-1971) and Bangladesh (afier 1971). Although this discussion has focused on
Dhaka Cily, it is also relevant to the growth of whole Dhaka Metropolitan region.
Discussiuns hcre are wmostly based on the websile of Banglapedia

{www . banglapedia.com} and Ahmed {1986).
5.3.1 Pre-Mughal Period

Growih and cxpansion of Dhaka city in the pre-Mughal period is obscure. The nearby
capital r.:!ity of Vikrampur was m the limelight from the 10" to 13" centuries. Some
findings indicate human habitation of the area in the above period. Afler Muslim
occupation of south-eastern Benpal (late 13th and early 14th century) the nearby city
of Sonargaen rose into prominence which enjoyed the position of a metropolis in the
region in the pre-Mughal period. It is eviden! from the variouns writings on Dhaka that
the arcas to the east, norhcast and scuiheast of Babu Bazar up to the Dholai Khal on
the lcit bank (northem bank) of the Bunganga formed the old town. The
conglomeration of Hindu-named localities n this part of the city bears lestimony to
the predominance of liindu craflsmen and professionals i (he population of old
Dhaka cily at that time. Dholai Khal possibly formed the northeasiern boundary of the
old cily, though it is difficult 1o determine the western limit of the pre-Mughal “old
city”. Considering testimony 1o the cxistence of a mosque al that time, however, it can
he assumed the city limits went beyond Babu Bazar on the western side (Figure 5.2).
It is quite hikely that following the course of the Buriganga, settlements grew on the

southern, weslermn and north-western paris of the city.



Figure 5.2: Dhaks during pre-Mughal Period {from www banglapedia.com)

5.3.2 Mughal Period

The pre-Mughal Dhaka was tumed into a Thana (militery outpost) during the military
operations of Akbar. Bun it rose to prominence only afier the tmnsfer of the capital of
the Subah by Islam Khan Chisti in 1610 AD, when it was named Jahangimagar. The
fort (in the site of presemt central jail) and Chandighat, on the river bank straight to the
south of the fort have grown in his time. The bazar ocaupying the area between the
fort and Chadnighat (present Chawk Barzar), originally known as Badshahi Bazar, ay
also Urdu Barar {market place of the camp) o the west of the fort are likely to have
grown &t the same time, 1slam Khan is credited to have excavated a canat joining the
Buriganga near Babu Bazar with the Dulai Khal near Malitola-Tamibazar. This canal
practically demarcated the scam between 'old Dhaka' and the ‘new Dhaka' of 1slam
Khan, Mughat Dhaka encompassed ‘old Dhake' within itself and extended to the eaxt
up 1o Nerinda, to the west up to Maneywar and Hazaribagh and to the north up to
Fulbaris area on the fringe of the Ramna area {(Figure 3.3).
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Figure 5.3: Dhaka during Mughal Period {from www .banglapedia.com})

533 British Period (1764-1947)

After the acquisition of the Diwai in 1765 by the East India Company and the shift
of the Bengal's capital to Celcutta, Dhaka lost its political importance. Gradunlly the
administrative and commercial importance of the city dwindled and by 1828 the city
was reduced to a meve district beadquarters, though it reteined its position as &
provincial Circuit Courrt of Appeal. By 1840, this decline had reached its nadic and
most of the former Mughal city had been deserted or had fallen viaim to the
encroaching jungle. The decline affected Dhakn seriously and during this period
Dhaka nlso suffered physical shrinkage (Figure 5.4). In 1905, Dhaka was made the
capital of the new province of Easi Bengal and Asaam. Building the new town started
beyond the milroad in Ramna. The only locality developed ns a fully planned

residential ares was Wari,
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Figure 5.4: Dhaka in 1859 {from www.banglapedia.com)

The impetus for growth created by the 1905 partition of Bengal was seriously jolted
by the anmilmem of the partition in 1911 when Dhaka reverted back to the status of a
district town (Figure 5.5). The esiablishment of the University of Dhaka which came
1o occupy many of the buildings of the Ramna area was an imponam event in
Dhakn's history when Dhaks again artained the status of the provincial capital of the
castern part of Pakisten, initially called East Bengal and [ater named East Pakisian.


http://www.banglapedia.com

Figure 5.5: Dhaka during the period of 19051911 (www.banglapedia.com}

5.3.4 Pakistan Period {1947-1971)

In 1947, India become independent of Brilish rule and Pakisian was arated. Dhaka
resiarted its life as the capital of East Pakintan, The needs of the officinls engnged in
adminigiration, the business community and the residents grew owl of the sudden
onrush of people to Dhaka. To cater to the ever increasing residential needs of the
new capital, the Dhanmondi area, covered with paddy fields in the early 19505, was
developed a8 a residemtind area afler 1955, The Mirpur Road formed #n axis and the
highlands on both sides of the road came to be occupied right up to Mohammadpur
and Mirpur. The Tejgaon Airport and the Tejgaon Industria! srea came under
governmemtal schemes in the carty 1950s.

In the mid-1960s the main milway line was shifted ond directed eastward after
Tejgaon amd before Kawmnbazsr before rejoining the old track near Swamibagh—
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Jatrabari cubling through Rajarbagh, Basabo and Kamalapur. The Dhaka Railway
Station was moved from Phulbaria to Kamalapur. The rapid growth and development
ol the arca berween the old railway track and Kawranbazar necessitated his change.
Since then the old track has been developed into a broad road connceting
Kawtanbasar with Phulbaria through Palassy and Nilkhet to the northwest and
Swamibagh-Jatrabari through Wan to the north and Narinda to the southeast.

5.3.5 Bangladesh (1971 onward)
|

The creation of the independent state of Bangladesh in 1971 bestowed glory and
presiige on Dhaka, now capital of a sovereign counhry. Thrs addilional faclor led o
Dhaka’s phenomenal growth sinec 1971, The low-lying areas on the eastern side, such
as Juram, Goran, Badda, Khilgaon, Rampura and Kamrangir Char, Shyamah,
Kalayanapur on the western side came under occupation. Dhaka's growih picked up
at a tremendous pace and private initiatives played the dopunant role. With increased
pepulation pressure the highlands spreading novthward were occupied and built up.
The intervening ditches, swamps and marshes were Olled in, nol in any planned

mannect, but as necessities arose both by public and private inituatives.

Since Dhaka becamie the capital of an independent country the pressure on it has been
enormous. Huge inlfux of people from all around the country has resulied in the
growth tlaf slums on any available vacant land. The recent phenomenon of high rise
buildings, both in the commercial and residential sectors occupy the city’s hiphlands
and demonstrate ever-increasing pressure on Dhaka as it builds upwards. Since the
19902, Dhaka has been on the verge ol change n its urban character with vertical
growth replacing herizontal expansion (Chowdhury and Farugqui, 1989). Over the
years most of the low-lying areas of western Dbaka have been filled in to meet the
eily’s residential and commercial demands, The eastern side of ihe city 1s also being

filled n by private interventions.
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Figure 5.6 Dhaka City at presem
5.4 Recent Planning Initistives for Dhaka

As mentioned in previous sections, Dhaka has faced an unplanned haphazard growth
in the face of rapid populstion growth. But this city had got several planning
documents for guiding its growth in differem times, none of which experienced
adequate implememation. Latest planning documem for Dhaka is the Dhaka
Metropolitan Developmen Plan (DMDP), a long term structure plan (1995-2015). It
is a three-tier plan, namely: Structure Plan, Urban Area Plan and Detail Area Plan.
The structure plan gives some long term policy decisions for the city, mid-term
developmem guideline is provided by the Urban Area Plan and detail planning
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guidcline is duc to be given by the Detail Area Plan (which is yct to be completed).
Chapler 7 gives somc more discussions on this plan, wherc some fulure scenarios arc

preparcd based on this plan to predict the luture growth of DMA.

Strategic Transport Plan (STP) is another long term plan for Dhaka city which is now
under process of implementation. This plan has focuscd on improving road iransport
system of the city over a period of 20 year (2005- 2025). Somc major road projects
along with mass transport services arc proposed in this plan which would be gradually
implemented within next 20 years, Chapter 7 provides more discussion on this plan lo
predict future growth scenario of Dhaka based on the road projects proposcd in thus

pliatn.

5.5 Conclusion

From a Mughal military outpost lo a metropolis of about hundred million people,
Dhaka has been going through some major transformations for last 400 years. But
within last three to four decades this urban agglomeration has to feel the pressure of
political and global economy, and expanded itself both horizontally and vertically.
With increased population, this city has to expand its spatial extent with mcrcased rate
of rural to urban land use conversion. No planning document was able 1o guide this
arowth process and as a result both the city and 1ts surrounding regions are suffering
multitades of problems at present. This study has simulated this historical growth
process of the city and tried to assist the planning process of it by predicting future

growth of 1l for different planning scenanos.
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6.1 Tntroduction

Calibration is done 1o find oul the best fit parameters of a model. As described in
Chapter 3 and 4, SLEUTH calibration is done in a Monte Carlo Brute Force fashien.
Here the wide parameter space is gradually narmowed down step by step and the best
fit mc[‘ﬂéients arc determined at the end. 1t is particularly done to reduce the total
time period for calibration. This chapter discusscs the cahbration results of SLEUTH

for Dhaka Melropolitan Area.
6.2 Calibration of SLEUTH

SLEUTH through its brute ferce calibration method gradually narrows down the
parameter space in three consceutive cahbration stages. These are Coarse Calibration,
Fime C'alibration and Final Calibration. At the end ol each calibration stage, the best
fit paralﬁeter intervals arc identified and those are further applicd in the next
calibration stage with reduecd intervals. Identificalion process of the best fit
coelficients durmp SLEUTH calibration is still an issue of rescarch and therc is yet to
develop any unique way io {ind out the goodness of fit of the coefficients (Janlz ¢, al
2004; Yang and Lo, 2003). At the end of each calibration, SLEUTH produces some
spatial ﬁtlmetrics in the contral stats.log file. This lilc stores the metrics for
cach of the cocfficients sets which are applied to the model {mere discussions on the
meincs in section 3.4.4). Different rcsearchers have used differcnt metrics to
determine the besi fit coefficienis. Some have used the product metric (wlich is
simple m}llﬁplica’rion of all other metrics), some have used Lec-Salle nietric {ratio of
the interscetion and the union of the simulated and aclual urban areas). This study has
ulihzed the receni {indinps of Thetzel and Clarke (2007). They proposcd Optimal
SLEUTH Metrics (OSM) to identify the best fit coellicients. OSM is ihe product of
the compare, popudation, edges, clusters, slope, X-mean, and Y-meun metrics. More
discussions on these metrics are provided in section 3.4 4. At the end of each
calibration, OSM for each of the coefficient scts are calculated and based on the OSM
the best fit coctTicients are selected. For each cocfficient the minimum value 1s taken

as * start’ valuc and ihe maximum value is taken as the ‘ stop’ value °_Step’



73

value is detenmmed considering adcquate interval between the ° _start’ and
‘_srop’ valve. Calibrations were conducled for both ol the model framework
regarding travel cost {i.c. one without considering travel cost and other considenmg

travel cost)

6.2.1 Coarse Calibration

It is the first siage of the SLEUTH calibration. Here parameter spacc is sparsely
defined upon the whole paramecter space (0-100). 5 monte_carlo_iterations
were mentioned in the scenario. log file including the cocflicients as shown m
Table 6.1, Locations of input files and the output directory were also mentioned in the

scenario.log file.

Table 6.1 lnput coefficicnts for coarse calibration {for both model {rameworks)

Coefficient Coefficicnts

Tanges Diffusion Breed Spread Slope Road
_atart 0 0 0 0 0
_step 25 25 25 25 23
_stop 100 {0 100 100 100

6.2.2 Fine Calibration

Culputs of the coarse calibration were used to executc the fine calibration. At the end
of coarse calibration the control stats.log file of the output directory was
opened using Microsoft Excel. Here the OSM for each of the cocfficient sels arc
calculated and then the whole table is soricd in descending order of OSM. A portion
of this table for both of the model Framework is shown in Table 6.2 and 6.3. In these
tables the first 10 parameter sels arc taken as the hest fit parameler combinations.
Observing the results of the cocfficients of these tables the cocfficient values
necessary to cxecute the finc calibration were determined. Table 6.4 and 6.5 shows
the input cocfficients for the fine calibration for both of the model frainework which
were determined [rom the oulput of the coarse calibration. For fine calibration 8

monte carlo iteraticms were mentioned in the scenario.log file
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Table 6.2 Cocflicient selection from coarse calibrution cutput (moede! without truvel cost) ]
Cluster
Run Product | Compare | Pop Edges | Clugtors | Slzo Leosaloo | Stope %Urban | Xmean | Ymean | Rad Fmatch { DIff [ Brd | Sprd | Stp | RG | OSM

I™0a1 1 007683 | 0.88766 | U.06015 | D.80413 | 0.86465 | 044179 | . 042233 | 0.84961 ] 088057 | 0.84139 | 0.96615 | 0.89368" Dt 250 75| 251 25] 2570523664 ]

| 2575 | ™ 0.149 | 0.98878 | 0.94492 ] 0.94556 | 0.9955¢ 1 07316} 045073 | 0.63408 | 0.63846f 077169 F0gaza3 ) 0mapsaf=  of so00; 41 75l 1] 110507074
I 2583 [ D.19722 055627 ¢ 054182 | 083524 | 098204 [ 095455 | 0.4§121 | 0.82640 05353 { 0.77955 | 0.96785 | {.094644 0] 100 < 1 75 25 75 | 0.508069

i 2582 | £.19537 { 065634 | 0.94491 { 093804 | Q96106 §.0.85455 1 0.46075 | 0.80986 | 0.93816 | 0.79283 [ 0.95243 | §.894942 0] 100§ = 1 751 25 50 | 0.4598734
|* 802 | 0.07165 | : 0.95446 } 090481 | 0.81945 | 0.96439 ] 0.40553 | 0.43062 | 0.88414 | 4.90279 | 0.77784 § 0.96475 | 0.89521 , 10 25 50 25 L 50 | D.4BEST5.t

[ 1039 } 0.07933 | 0.96863 ; 0.88098 | 0.90457 | 0.96171 ) 048137 ] 0.42673 i  0.8541 1 0.88134 0.83516 8§ 0.9266 | 0.69378 ¢~ 0 25| .75 251 25 1] D.490234
I- 1958 | 0.18264 0668188 1 0935461 092828 | 095741 | 090737 | 047157 | 0.A3713 | 0.92867 | 07414 | 088314 § 0.94082 Q 715 1 75 25] 75| 0488012 ;
. 902 1 D.08595 09701} 0.50569 | 0.92215 | 095281 | 0.50288 | O.42e78 | 0.86363 1 0.90362 | 0.77308 | 052797 1 09166t = 70 25 50 25 1§ -75 1 0.451321
lrfﬂﬁ? 0.18044 0.95437 ] 0.935637 | 092545 | 095249 | $.90737-1" 0.47197 | 0.82505 | 0.93036 b N.75684 | 087689 t 0.84147 < wl | 76 11 75 25]~=501{ 0.48104 |
I 3856.1.0.18263,4,. 0.95398 | 0.93851.] 0.926.].095536.].0.82302.1._0.47150.]_0 82564,},0.93229 | 0.74736 | - 0.9738 {-0.94355.] s D) 75 1o 1 | 75| 25 | o 25.],0.476062

22552 | 0483221 0887251 02532 | 08497 | 0.96483 | 093975 | 0.45324 | 0.83135 1 0.0448% | 0.76238 | 0.98844 | 0.9582 01 100 1 50| -1 1=-53 10476137

2530 | 018504 | 055064 1 054265 0638561 098157 | 0.95455 | 0.46173 | 082865 | 0.93605 | 0.72027 1 057892 | 0.84703 01 100 1 75 25 11 0.473587

2606 | 0179741 0.932248 | 0.03537 | 0.83667 | 096465 | 0085455 | 0.45587 ) 0.83552 1 0.3 | 0.74655 | 0.85852 1 084135 01 100 ¥ 100 | 25 25 | 0471754

925 | 0.18401 | 0.£9426 | 094698 | 0.94208 ] 056136 | 0.95455 | 0.48324 | 0.83368 | 083942 | 0.78412 | 0.95307 | 0.85063 04 75 1 & 1 11 0.45587

5751 016374 | 09328 ] 093899 | 0.03178 | 057544 [ 0.81764 | 0.48912 | 0 B4RB7 | 0.53253 ) 0.71676 | 0.95878 | 0.54308 0 1 100 75 4 11 0.465378

2576 1 0.13681 (.0648 | 0.84547 | 0845121 0055831 071G 0.4502 | 0.83023 | 0.53877 | 0.70855 | 0.95256 | 0.84977 0] 100 1 75 1| 100 | D.45519

804 | 0.06415 | 067271 | 0,90475 [ 0.92544 | 0.96303 | 0.38908 | 0.42808 | 0.65518 | 0.9028 | 0.75048 | 0.91524 | 0.8157% 0 25 50 25 11 100 | 0484882

1954 | 017853 | D.84844 0837 | 093583 | 0.96129 } 0.85455 | 0.45834 | ¢.83167 | 0.83151 | 0.71361 | 0.97541 | 0.84275 0 T5 1 T5 v b 100 | 0.464688

1408 | 0.12232 | 089265 | 0.99468 | 09128 | 0.95954 | 0.75748 | 0.43044 | 0.84744 | (1.89363 | 080552 | 0.97171 | 0.90428 0 =0 25 251 25 75 | 0484188

1352 | 0.18538 0.9554 | 0.95320 [ 0.95243 | 095956 | 084113 | 047084 | 0.82704 | 09456 | 0.72554 | 0.80178 | 095628 gF .50 1 100 1 50 | 0454049

“i
-

e
b 'I\" *



Table 6.3 Cocfficient sclection from coarse calibration output (maodel wilh Lravet cost)

7

Clustar
Run | Product | Com Po | Edges | Clustors | Slze Leosates | Slopa | %Urban | Xmean | ¥mean | Rad Fenatch | DIff | Brd {Sprd | Sip | RG | OSM
86 | 0.09573 1 0.96131 | 0.93041 | 0.54346 | 0.87565 | 042237 | D.a7423 | 085028 | 0.82552 ] 0.80176 | 0.968114 | 0.93734 0t 25| 504 100l S50t 251 05506721
11240 | 00002 ] 0.97643 | 0.93091 1 055244 | 0.68884 | 0.00088 | £.45356 | 083091 | 092677 ) 0.77114 ) 0.97621 | 0.93881 - Q1 251 100] 100t 75 1| 0.529128 |
[l 855t 0.20420 | 0.96456 | 0.04016 ] 0.63783 | 0.67174 } 0.92223 |1 048442 | 055133 | 083438 | 0.74829 | ; 0.9833 | 0.94538 0fr 25F- 251 100} 251+ 1] 0.517688
It 1427 | ©.12776 | -0.98474 | 0.93748) 094731 | 097134 | 0.62103 | 0.45931| 0.8489 | 0.93253} 0.71612 7 0.98495 | 0944724 :,~ 0] 50| 25| s0 1} .. 50| 0.508638l
[ 9283 0.05425 | - 0.9627 093478 1 0.94422 [ 0.97411 § 0.26207 | 046644 § 0.85514 | 0.82908 ) 0.73556 | 0.97313 ] 0.9419 0] 25t 50 50 1] 100 |- 0.50685||
b 8561 0.17282 | 097459 § 0.04149 1 0.54219 [ 0.96128 | 080328 | 0.48120] 0.85053 ¢ 093571 07258 [ 0983494 094683 | -~ 0] 250 251 400) 251 25} 0504553
B 1089} 0.0002] 098603 ! 091489} 083632 | 0974111 0.0010% } 046351} 08486} 08124 ] 0.75199 ) 0.96348 | 0.92525 0l 258 75 75| ™50 ] 100 | 0.504374
8271 0.1871] 09907+ | 0.94307 | 094221 | 096426 ] 0.82486 | 0.47933 | 0.84890 | 0.93549" 0.71464 | 0.97673 | 0.94683 0l 251 25 75911 50} 0.501961]
121301 005009 | 09078 | 091198 ] 0.94106 [ ©.97353; 0.26818 | 045172 ] 083612 | ©.00086;1 0 B1505 | 0.96701 | 0.92455 gi{r25¢ 100 751 s0] 75| 0.500386|
R_1455.4,006416 | ,0.91813 {,0,91927 | 083308 |_0.96895 },0.32582,1 046752 ) 0.85385[ 091843,4 0.78317.),0.98026 | 092083 ). .. _ 0.]-50]__25] __75.]__25)__1.1.0.499171]|
pz5 | 0.04341 | 093884 | 093577 | 08413 | 0965601 021212 | 0.46950 ] 0.85208 | 0.93066 | 0.74337 | 0.88176 | 0.894232 0] 25t so 501 -1 1 | 0.496506
1487 | 0.13781 | 006018 | 0.03078 | 0.93947 | 0.9691 1 0.67682 | 0.47143 | 0.85562 | 0.92623 ] 0.7228 [ 0.98445 | 0.93745 ol sof 25| so0f so| 50/[0.495249
850 | 0.15886 0.955 | 0.94837 ] 085029 [ 0.06908 | 0.76564 | 0D.47047 | 0.84415 | 0.84224 ] 0.70705 | 0.08608 | 0.9535 6| 2501 25| 100} -1 1 | 0.400889
1085 | 0.00442 | 099421} 09111 ] 0.92883 | 0.06092 1 0.02358 [ 0.46228 | 0.85262 | 0.90876 ] 0.72337 | - 0.8718 | 0.82131 0] 250 8 757501 251 0.484614
82 | 0.06649 | 0.09695 | 0.5418 [ 054678 | 0.97772 ] 0.32534 | 0.47651 | 0.84642 | 0.03621 | 067575 | 097224 | 0.0478 gl 25§ 25 751 11 100 0.483327
2050 ! 0.02635 | 0.91173 | 0.82733 | 084322 | 0.97039 | 0.15915 | 0.44258 | 0.85811 | 0.82378 | 0.74184 |  0.979 | 0.83742 ol 750 25 50 1]+ 1] 0481178
20551 013094 | 0983171 091805 09315 0967341 070413} 045561 084748 ) 0915 ] 072348 | 0.98455 | 0.92741 ol 751 25 501 25 1 | 0.480098
1050 | 0.01176 | 0.93358 | 0.92653 | 0.8454 | 0.97178 { 0.06251 | 0.45306 | 0.85726 ) 0.62311 0.72051 | 0.97813 | 0.93661 ol 251 75 50 1 1 | 0.480113
2055 F 0.00166 | 0.999131 091663 | 093191 097308 ] 0.49992 | 0.45381 | 0.84095 | £.91375 ] 0.7022 | 0.97295 | 0.92665 ol v51 25 501 26| 2510477151
1428 | 013338 | 097294 | 0.53642 | 0.94200 | 0.97292 ] 0.65084 | 0.46117 [ 0.84881 | 0.83141 | 0.68399 | 0.8815 | 0.84331 o] sol 25 50 1] 75[ 0476491
.
o oy

gt
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Table 6.4 Input coefficients for fine calibration (modcl without iravel cost)

Coefficicnt Cocfficients

TANECS Diffusion Breed Spread Slape Road
_start 25 { 25 0 0
_step 15 15 10 5 15
_stop 100 75 75 25 75

Table 6.5 Input coelficicnts for finc calibration {model with travel cost)

Coeflicicnt Cocfficients

ranges Diffusion Breed Spread Slope Road
_start 25 25 50 0 L
_atep 5 15 10 15 20
_stop S0} 100 100 Ta 100

6.2.3 Final Calibration

Final calibration was executed using the outputs of the fine calibration. In this stage
the parameler space is narrowed down further. Selection of best fit coefficients here
fallowed the procedure discussed in the previous seclion. Table 6.6 und 6.7 shows a
portion of the metrics generated in the control stats.log file in the output
directory at the end of fine calibration for both of the model frameworks. Here also
the metrics are sorted in the descending order of the OSM. Tnput coefficients for the
linal calibration (Table 6.8 and 6.9) are determined from this table. First 10 parameter
sels arc identified as the best fit parameter combinations and coellicicnts are
determined according to that. For the model framework with travel cost, first 3
parameler scts were considered due to high variation of the coefficients in the first 10
sets. The minimum cocfficient value is used as the _start value and the maximun
gocllicient value is uscd as the  stop value. The _step values are determined in
such a way that the start value can reach the _stop value after 5-7 intervals. For
final calibranon 10 monte_carlo iterations were mentioned in the

scenaric. log file.
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Table 6.6 Cocflicient selcctian from fine nu:_unanw__ gutput (model without wravel cost} ¥
Cluster U Pl
Compare | Pop Edges | Clusiars | Size Loasalaa | Slope %lUrban | Xmaan | Ymean | Rad Fmatch | Diff | Brd mmn Sl RG | OSM
0.21070 | T 0.08666 ] 094512 .c,mmmm 5.065% | 006026 | 0.45659 | 0.83253 | 0.93876 | 0.78325 | 0.06844 | 065025 -0l 2851 1] 65 Lmi! 0 | 0.538943
021151 0.98832 | 0.84684 | 0.94616 | 096558 | 0.56598 | 0.45354 ) 0.82004 | 0.54007 | 0.78473 § 0.98035 1 085166 D a5 11 a5 1 60 + 0.5370821 -

), 18038 0.98101 | 054814 DO4764 | D.66541 § £83088 | 0.45221 F 0 B3055 | 0.84438 | 0.78663 | 0.96341 1 0.65238 D) 1001 g 1 751" 5 45 t 0.535591 |
D.15883 1 093102 | 090933 | 092778 066404 | 0.854711 041777 ( 0842881 05089 | 08G671] 096371 | 0.9¢479 4 - 0 a5 15 25 25 75} 0533841 |
0.18074 | 092331 | Do4621¢ 004478 % 0586455 082881 045864 ] 0B3164 1 0.941p9 | 0.79668 | 0.57935 | 0.95335 )] 85 y b - B85 51 - 30 | 0528477 .
0.20681 | ~0.99206 | 0.94787 { 0.945553 0.85437 ) 0.95455 £.4587 | 0837561 0.94122 | 0.76546 | 085816 | 0.895273 e 0 B5 1 85 10 751 0526734 | X
0.45661 |« 0.95174 | ..m.mn__wwm_ 091897 1 095858 { =G.7987 1 04505 £.86621 ¢ 0.90507 b+ 0.8138 { 0.67187 | 0.8173 aQ 25 340 a5 10 45 | 0.52423a | :
020426 | 095084 | 084232 § 0.93706 ] 0.96061 ] 0.95455] 0.46076 | 0.82082 | 0.93586 | 0.81415 | 0,96205 0.947 0o 1001 - 1 751 25 45 1 0.524017 | 1
a07585 | 098653 ! DBO5S7A ! 001482 067031 0248461 042624 | 0.85395 ] 089477 | 0.78591 | 0.98155 | 0.90821 0 25 60 25 15 75 | 0.523332 | :
0.17542.10.9232.1.0 94855, 0.94377_|_.0 9428 ] 0.81906 | 0.46026]—0.8325]_0.94121.]0 30062 ].0 67875 [0 95243} o 0 ] 100.]~> 1.t _ 65 _20.)= 30.0.519088
0.20045 09684 | 004076 | 093332 | 095845 ] 083175 | 047114 [ 0.83098 | 0.8341 | 0.78087 | 0.57846 | 0.94529 y 0 70 1 75| 20 110517148

205 | 020045 0884 | 004026 | 063332 | 095845 | 062175 ] 047414 ) 0.BI098 | " 0.9241 | 0.78087 | 0.57846 | 0.B4528 0 10 1 75 20 15 | 0.517148 ) H
1492 | 0.4856 1| 095345 | 094408 | 054371 | 0.96747 | 0.8833 | 0.45624 | 0.83302 | 0.93807 | 0.79106 | 055475 | 0.84958 1] B5 1 75 10 80 | D.51T045
2636 | 0.12427 | 0.54804 | 0.50642 | 0.92421.| . 096597 | 06771 | 042881 | 0.58441 | 0.90423 | 0.80596 | . 0.8588 | 0.01548 1. 0 4 30 25 5 30 | 0.516703

1454 | 0. 20104 005a73 | 054564 09428 | DDE523 | 055455 | Q45717 1 083714 | 053914 | 73552 | 0.97308 | 0.95089 Q B51 - 1 65 10 30 | 0.515887 i

1462 | 0.20353 1 0.07208 | 064676 | 0.54205 | 0.96827 | 0.95455 | 0.48157 | 0.84048 | 0.54017 | 0.75829 0.963 | 0.95183 1] 85 1 65 15 80 | D.515813 -

191 | 0.15217 1 097525 ] 094578 | 0.84428 [ 0906547 | 0.7316 | 0.45183 1 0.83106 | 0.93924 | 0.80178 | 0.62043 | 0.95029 0| DO 1 75 5 75 | 0.515738 :
202 | 020473 ) 0.95145 | 0.94684 | 094585 t 0.96701 | 0.98012 04542 1 083471 + 0.04035 | 0.75769 | 90.84626 | 0.95163 0] %00 1 15 15 G0 | 0.513928
200 | 0.19773 | 009467 | 054633 094506 | 066485 | 0.94705 ! 0.45515 | 0.63380 | 0.93835 | 0.76268 | 0.93977 | 0.95111 gl 00 1 75 15 3 | 0.513164

2750 | 0.16732 | 092566 | 0.91448 | 0.92184 | 095129 | 0.86159 | 0.45087 | 0.86225 | 0.91126 | 0.81558 | 0.97142 | 0.92242 4] 40 15 a5 1 3 | 0.512439 '

' i

1

) ) i

B >
] * F

-
Tan




Teble 6.7 Cocflicient selechion from fine calibration outpul (meode] with travel cost)
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Clastor
Product | Compare | Pop Huhmnu Clustors | Skxo Loosalos | Slope %Urban | Xmean | Ymcan | Rad | Fatch | Diff | Brd ard_ 51 RG_ [ OSM
0.00164 | 70,98598 | 0.91941 | 0.84724 | 0.67136 { 0.00777 | D4490% | 0.83834 | 0.91639 | 0.84215 | 0.0747 | 0929041 . D 31 80| 751 2010553535
K- 'g70 | 000374 ¥ 094174 | ©.92481 ] 054195 | 0.57846 [ 0.01781 1 0.45222 | 0.85652  0.92143 | 0.80884 | 0.97168 | 0.93542 ol 25 85 50| 15 11 0.539132
i1 1710 4-0.10043 I~ 0,96394 | 0.92087 § 093825 ] 0.05519 ¢ 0.46125¢ 047194 | 084615 [ 0.92549 |  0.774 | 0.98051 | 0.93596 of 30] 40f 1001 45] v 1j05320621
L4404 | 004209 | “0.97382 [+ 0932 | 094453 1 = 0.9716 | D.20026 { " 0.45555 | 0.85183 [ 0.92788 | 0.75439 | 0.98753 | 0.84074 ol 40| 40 501 9 1 10.528563 ]
Y, 597 | 0.00172 [ > 098142 | €.91144 ] 0.52764 09751 000843} 046328 | 0.84678 | 0.80915 | 0.78818 | 0.87522 | £.92216 ol 25] 7o 60| 30l 20 '
hi 2784 { ©.17333 1 099454 | 093296 § 093372 | 096428 ¢ 0.79323 | _0.47606 { 0.8433¢ | 0.82825 | 0.75674 | 0.98657 | 0.93871 - Db 351 25] w0l 30l -1
M3 1374 | ©.17054 }'.0.96124 | 0.93994 § 0.84205 | 0.97411 | D.76588 | - 0.48006 [ 0.85436 | 0.93447 |_0.7568 [ 087867 | 00461] < ol 301 25 70[- 15 1
B: 3446 J 30,0049 "+0.91456 | . 0.9191] 0.94116 ] 0.96892 | 002446} 045015 | 0.83528 | 0.91631 | 0.83089 { 0.88071 | 0030233 - 0} +35] 70§ 100} eal 40
B Es25 | 0.09783 |+ 0.96934 | 0.93084 | 0.84362 0.97369-%0.46495 | - 0.46382 | 0.85381 L.~p2671 | 0.75433 | 0.97706 | 0.93951 ol .50l 25 ol Y151 80
t13559 1 0.07508.|_0.98941.].0,93189. 0 94246.]_0.97217,¢.0.35689 ¢_D 46786 0.85837_ rpﬂmm._,.a..b.ﬂﬁcmu-c.Eunium.ﬁmum. =] 2 30| .L_PA B0 b1 5,1 100,
1556 | 0.08047 | 0.09803 | 0.92762 1 093776 | 09735 | 038168 | 0.46915 | 0.86316 1092370 | 0.73122 | 0.67403 | 0.93616 0) 30| 40 60| -15] -~ 40
181 | 0.18881 | 0.95541 | 0.94519 | 0.95059 | 088687 | 0.7613 1 0.47217 | 0.85732 [ 0.84034 | 0.73633 | 0.88931 | 0.95148 gf 25] 25] 100] nl- 20
1260 | 000504 | 0.96292 | 0.93148 | 005218 | 0585806 | 002446 | D.45583 | 0.83873 | 0.92716 | 0.76582 | 0.67604 | 0.53898 of 25| to0| 0| 75t -.1}o0518213
1450 | 020284 | ©0.98066 | 0.93453 1 093236 | 0.56076 | 0.63078 ! 0.48114 |.0.84478 | 0.02044 | . 0.7592 | 0.88152 | 09407 ol a0l 251 00| 30f 40 0.548085
3844 | 002726 | 0.93252 | 0.91871 ] 0.95158 | 0.57418F 014119} 0.4376 | 0.82605 | 0.51608 ) 0.81124 | 0.57203 | 0.93041 ol 35] 100 8o | 751 8010517886
2852 | - 0756 | 0.95635 | 0.92763 ) 0.84:38 | 0.87191 | 0.36407 | 0.4837: | 0.85726 | 0.82403 | 0.75865 | 0.88046 | 0.5373 of 35| -40 B0 [ 151 4010517035
108 | 094171 | 055116 ] 004048 | 094342 ] 057313 ) 064766 [ 0.47856 | 0.84583 [ 0.93499 | 0.72291 | 0.88737 | 0.84644 0f 25] 25 8o 1 1] 0.516684
8517 | 0.04208 08391 0.93214 | 094472 ] 06702 | 020903 | 0.45599 | 0.85585 | 0.92604 | 0.76832 | 0.68185 | 0.94070 oF s0| 25 60 11 201 0.518491
5221] 0.11409 ] 0582811 0.83514 [ 0.84391 | 057302 | 0.54277 | 0.46407 | 0.85248 | 0.53052 | 0.72816 | 0.88539 | 0.94274 Qf 45| 25 80 1} 2000518319
516 | 0.05523 { 0.88488 | 0.91508 | 0.923351 0.8627 | 027022 [ 0.47053 | 0.84828 | 0.61233 | 0.77878 | 0.97189 | 0.82483 ot 25| 55 0| 30 11 0.514417
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Table 6.8 Input coefficients for final ealibration (medel without travel cost)

Rl

Coefficient CoelTicients

ranges Diffusion Breed Spread Slope Road
_start 25 0 25 0 30
_step 15 10 10 5 9
_stop 10 60 75 25 75

Table 6.9 Input coefficients for (inal calibration (model with travel cost)

Coefficient Coeflicients

TANEES Diffusion Breed Spread Slope Road
_atart 25 40 50 15 0
_step | 12 0 10 5
_stop 30 100 100 75 20

6.3 Determination of forecasting cocflicients

The calibration process produces initializing cocfficient values that best simulate
histerical growth for a region. However, due to SLEUTH's self-modification qualities,
uue[‘ﬁcicilt values at the start_date of a run may be altered by the stop_date,
For ﬁ:-rr!:cast initialization, the stop date values from the best calibraterd
coafﬁcieﬁts arc desired. Using the best coelficients derived lrom the final ealibration
stage and running SLEUTH for the historical time peried produces a single set of
stop date cocflicients {o initialize forecasting. However, duc to the random
variability of the model, averaged coefficicnt results of many Monle Carlo iterations

produces a more mobust forecasting coctlicient sel.

Best calibrated coefficients were selected [rom the oulput of the final calibration
(Table 6.10 and 6.11) following the procedurc discussed in previous two sections. In

this case only the first coefficient set is selected based on the performance of the




Teble 6.10 CoefTicient selection from final calibration output (model without truvel cost) 1
Cluster
Run Product | Compare | Pap Edpes | Clusters | Size Loosales | Slope %ltrban { Xmean | Ymean | Rad Fmatch | Diff E_'rd_ Sprd I15lp |RG | Q5M

1720 1 0.18887 | 0.55074 | 0.94007 | 0.93667 | 0.0651 | 084857 | 0.46211 | 083757 | 0.9343 1 0.8038 ] 0906025 | 0.94568 o 085 | X1 =781 20 [ 664 0 544202
V676 [ 0.21135 057211 054080 | 0.84416 ] 0.96457 | 0.95455 | 0.46182 | 0.83024 | 0.54307 | 0.78084 | 097678 | 0.85455 0 85 1 65 15 48 | 0.532592

701 | 9011247 1 056814 | 0.80615 | 091703 00624 | Q57045 | 0.44008 | 088326 | 0.80407 | 0.84324 ] 093507 | 0.91663 ] 25 20 35 10 75 | 0.526784°
1966 | 013788 1 091661 1 050658 | 0.92273 1 0884231 076 | 043114 | 0.85571 | 0.50475 | 0.85055 1 0868782 | 0.51851 4] 55 20 25 15 66 | 0.527145
3184 | 0.17892 0.5623 1 065053 | 064721 096478 | 083277 0.4557 | OB374 | 094321 0.77583 1 097107 | 0.55455 gl 100 1 &5 10 B5 | 0.523547
1626 | 017632t 0.543588 | 0.54910 | 0.84514 08648 | 081506 | 045843 | 0.82678 0942 | 0.78811 | 097875 | (.95324 1] B85 1 55 5 30 | 0.522008
1661 | 0.20360 F 0.89353 | 004642 | 0.94452 1 086356 | 09637 | Q45637 | QB32>22 | 053986 | 0.75485 1 0.98375 | 0.85113 4] 85 1 65 1 75 | 0.518105
1743 | 0.13873 | 091533 ) 0.52859 | 053987 | 096648 | 0.7316 | 0.42305 ] 0.85378 | 0.82437 | 0.52627 | 0.95031 | 0.53641 1] 85 10 25 10 57 | 0.517825
2275 | 015764 | 080483 | 002787 | 0537651 096126 ] 0.83615 | 042353 | 0.83421 | 092228 | 0.94451 ) 097572 ] 0.482325 0] 00 10 25F 25]1 751 0.517596
1671 | 0.20185 | 0.60011 | 0.64612 ] D.9434 | 0.96564 | 0.85455 | 0.45749 ] 083473 | 093965 | 0.77495 | 0.92842 | 0.65122 4] 83 1 65 10 57 | 0.517172
3232 | 0.20335 | '0.58033 | 084458 1 0684045 | 096493 ) 08637 | 0.45817 | 0.82837 | 093813 [ Q.77537 | £.95752 ., 0.948) 0l 100 1 sl 20 B5 | D.517157
17114 01785 | 098817 | 0894234 | 054375 | 0.96655 1 0.54558 | 0458566 | 0838891 093768 | O0.77487 | 0.95358 1 0.89455 0 85 1 75 15 33 | 0.516T25
a22d4 4 020357 099061 | 0945931 0p4538 | 008673 1 D785 | D454251 083311 | 09235853 | 0.74975 | O865651 09508 0 100 1 75 15 458 | 0.516548

183 0.1859 0.99535 | 0.94342 | 093902 | 0.963451 0.87547 | D.46588 0.834 | D.923706 | ©.75355 | 0.95811 1 094845 Q0] -1 1 15 10 48 | 0.515817 |.
3192 1 047535 | 092329 | 0.94819 1 0.84324 | 0.86279 ) 0.82513 | 0.46031 } 0.83258 | 0.94085 | 0.78511 | 0.97825 | 0©.8521 ol 100 1 65| 20 a0 | 0.515388

353 4 0.148011 0.98007 | 0.00456 | 081238 | 055524 | 075642 | 0460221 085351 0.90258 | 0.80264 | 0.87431 | D.91474 1] 44 10’ 55 20 75 | 0.515353
60 F 0.17341 0.97381 | 0.84881 | D.84025 | Q06517 1 082718 | 0.45308 1 0.82102 ] D.84237 | .78399 | 595625 1 0.95348 01 108 1 E5 1 30 | 0.514954

188 F 015014 ] 0.08838 | 0.94301 1 0.93822 | 096136 ) D.BE776 | 0.45843 1 08358 | 092668 | 0.7462 | 06.55208 | D.54801 0 70 1 75 15 30 | 0.514915
1728 | 0153171 088434 | 0872 F 09355 | 006187 [ 0911131 Q45472 [ 082354 | DH2SES | 0778688 | 055233 | 0.94702 0 a5 1 75| 25 65 | D.51488

485 | ¢.14312 0.9851 0.9041 | 0.92047 | 0.86647 | 0.76215 | 044164 | 0.88192 | 0.90Z222 0.BO74 0.8237 | 091547 +] 4] 20 35 10 751 6.514795

= 1.




Table 6.11 Coefficient sclection from (inal calibration output {model with travel cost)

&3

Cluster

Run | Product | Compare | Pop Edges | Clusters | Size Leesales | Siope Yirkran | Xmean | Ymean | Rad Fmatch | Diff |Brd | Sprd | Slp | RG | OSM
154 | 013079 | 0.99725 | 093214 | 0.93664 | 0.96261 | 059408 | 04762 | 084239 | 092761 | 076616 | 0.98033 | 093973 0| 25,408 90 | k35 | oo | 0.550343
189 | 0.17098 | 099143 | 0.93007 | 0.93433 | 0.96658 | 0.7908g | 0.4747 | 0.84868 | 0.92573 | 0.75448 | 0 98421 | 0.93742 n| 25| 40| 100| 35| 200524802
1009 | 0.00142 | ©0.09609 | 0.92607 | D.94654 | 09732 | 0.00687 | 0.45822 | 0.84013 | 0.92244 | 6.74323 | 0.98588 | 0.93517 0| 25| &8 90 | 65| 20 | 0.523564
4145 | 0.02213 | 006485 | 0.92544 | 0.93679 | 0.86305 | 0.10589 | 0.46681 | 0.84658 | 0.92185 | 0.77965 | 0.97747 | 0.93462 0| 28| 852 80| 45 1| 0.519721
4146 | 0.02213 | 0.96485 | 0.92544 | 0.935679 | 0.96305 | 0.10589 | 0.45681 | 0.84658 | 0.92185 | 0.77665 | 0.97747 | 0.93462 0| 28] 52 an | 45 5 | 0.519721
4147 | 002213 | 0.96485 | 092544 | 0.93679 | 0.98305 | 0.10589 | _0.46681 | 0.84658 | 0.92185 | 0.77965 | 0.97747 | 083462 0] 28| 52 o0 | 45| 10| 0519721
4148 | 002213 | 096485 | 0.92544 | 093678 | 0.96305 | 0.10580 | 0.46881 | 0.24658 | 0.92185 | 0.77965 | 0.97747 | 0.834G2 pl 28| 52 90 | 45| 15 0.519721
249 | 004595 | 0.97538 ) 002774 | 0.93628 | 0.97964 | 0.2202 | 046589 | 085735 | 0,92402 | 0.73834 | 0.88482 | 0.93686 0| 25| 52 g0 | 15| 200517421
2594 | 0.04782 | 095451 | 092752 | 093732 | 097402 | 0.22823 | 046832 | 0.86909 | 0.92378 | 0.75774 | 098188 | 0.93661 o| 27| 40 70 15| 200517104
B34 | 0.06545 | 006617 | 0.92593 | 0.94072 | 0.87026 | 03174 | 046341 | 0.84706 | 0.92197 | 0.76275 | 0.97981 | 0.93366 g| 25| 76| 100| 65| 20| 0516914
245 | 0.02559 | 0.0B157 | 0.92849 | 0.93939 | 007402 | 0.12236 | 0.46685 | 0.85283 | 0.92472 | 074073 | 098082 | 093752 | ¢ 0| 25| &2 60| 15 1| 0516683
246 | 0.02550 | 0.88157 | 0.92849 | 0.93939 | 0.97402 | 0.12236 | 0.46685 | 0.85283 | 0.92472 | 0.74073 | 0.98082 | 0.93752 0| 25| 52 B0 | 15 5 | 0.516683
247 | 0.02550 | 0.98157 | 0.9284% | 0.53939 | 0.07402 | 0.12236 | 0.46685 | 0.85283 | 0.92472 | 0.74073 | 0.98082 | 0.93752 0] 25| 52 60| 15| 10| 0516683
248 | 0.02559 | 0.98157 | 092849 | 0.93939 | 0.97402 | 012236 | 0.46685 | 0.85283 | 0.92472 | 0.74073 | 0.98082 | 0.93752 gl 25| &2 60| 15} 15| 0.516683
5635 | 0.12066 | 09778 | 092379 | 092831 | 00686 | 056970 | 0.47926 | 0.85175 | 0.920¢1 | 0.76361 | 0.97576 | 0 93171 n| 27| 40 80 | 35 1] 0.515451
2636 | 0.12086 | 04778 | 092370 | 092831 | 0.9686 | 056970 | 047926 | 0.85175 | 0.92001 | 0.76361 | 0.97576 | 0 93171 o| 27| 40 80| 35 5 | 0515451
2637 | 012068 | 00778 | 002370 | 0.92831 [ 0.9686 | 0.56979 | 047926 | 085175 | 0.82001 | 0.76361 | 0.87576 | 0.93171 o| 271 40 go| 35] 10| 0.515451
2638 | 0.12066 | 00778 | 0.92375 | 0.62831 | 0.9686 | 0.56670 | 0.47926 | 0.85175 | 0.82001 | 0.76361 | 0.97576 3 0.93171 o] 27| 40 80| 35| 15| 0.515451
400 | 008156 | 0.99486 | 0.02782 | 0.93689 | 0.9639 | 0.38801 | 047224 | 0.85067 | 0.92375 | 074161 | 0.97948 | 0.9347 o| 25| 52| 00| 45 1 | 0.515085
A01 | 0.08156 | 0.09486 | 0.92782 | 0.023689 | 0.9638 | 0.38801 | 0.47224 | 0.85067 | 0.92375 | 0.74181 | 0.97948 | 0.93547 ol 25| 52| 100] 45 5 | 0.515085
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OSM. Table 6.12 shows that Tor model without travel cost diffusion value of 83,
breed value |, spread value 75, slope resistance valuc 20 and road gravity of 66
produces the optimum OSM of .544. For the model with travel cost diffusion valuc
of 25, hreed 40, spread 90, slope resistance 35 and road gravity of 20 produces the
optimum OSM of 0.55. These are the starting coefficient values that produced the
optimum goodness of fit to the control layers. But SLEUTH through 1is self
modification characteristics change these values. For deriving the [orecasting
coeflicients, another calibration run was conducted with the data using these best (it

coelMicicnts (showed in Table 6.12 and 6.13) with 110 Monte Carlo iterations.

Table 6.12 Input coefficients for identifying the forecasting coefficients (model

without travel cost)

Coeflicient Coefllicicnts

TANgES Diffusion Breed Spread Slope Road
_start 85 1 75 20 66
_step 1 1 l 1 l
_stop g5 J 1 75 20 66

Table 6.13 [opul cocificients for identifying the forecasting coefficients (model with

travel cost)

Coefficient Cocfficients

TaANZES Diffusion Breed Spread Slope Road
_start 25 40 90 35 20
_a8tep ! 1 | 1 1
_stop 25 40 90 33 20

Calibration run for deriving the forceasting coefficients produced the output presented
in Table 6.14 and 6.15. These are the ediled versions of the avg. 1leg file produced
througl: the calibration run with the best coefficients of final calibration. It shows that
all of the coefficients have changed from 1989 to 2007, The stop_date coefficients
of 2007 are the final coeflicicnts that are used for further growth prediction of the

study area.
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Table 6.14: Cutput showing the sclf-modification nature of SLEUTI (inodel without

travel cost)

Year | Area xmean | ymean |diffus | spread | breed | sip_res | rd_grav | grw_rate
19685 | 1932848 | 24312 355.48 | 92.04 81.21 1.08 137 6563 4 51
1005 | 25490.35 | 245.33 35461 | GB.ES 8707 118 6.41 67,36 3.95
2000 | 2927105 | 24568 352.65 100 B& 82 1.18 1.35 67.88 3134
2007 | 38118.25 | 24488 | 351.26 l:’! 100 B 88.82 1.18 | yuuiill 1 | [ 6906 327

Table 6.15: Ouiput showing the self-modificalion nature of SLEUTH (mode! with
travel cost}

Year | Area xmean | ymean | diffus | Spread | breed | slp_res | rd_grav | grw_rate
1989 | 17832.72 | 24419 36343 | 27.07 gv 48 43.31 28.47 2065 417
1006 | 23719.35 | 247.07 | 35855 | 28.02 100 46.44 21.1 21.38 3.85
2000 | 27773.81 | 247.62 356 302 100 48.32 15.096 21.8 3.89
2007 | 37263 24 | 247.14 352.01 (3228 110{1.[51.31] |5"1_1..|zz BEl 4,28

Figure 6.1 and 6.2 show gradual changes of the coefficients over lime due to the sclf

modification nature of SLEUTH. Figurc 6.1 and 6.2 shows that for both model

Frameworks diffusion, spread, breed and road gravity has increased over time, but

slope resistance has decreased significantly. It is particularly due to the fact that

urbanization occurs gradually in less snitable area (1.

¢. low lying areas or land with

hirh slope) with decreasing amount of developable land (i.e. Nat land). As a result,

slope resistance for urbanization pradually decreases over lime.
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Figure 6.1 Gradual changes of coefTiciems over time through self modificarion (model
without travel cost)
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Figure 6.2 Grndual changes of coefTiciems over time through sclf modificaiion (model
with travel cost)

From Table 6.14 and 6.15, the forecasting coefTiciem set can be derived. Table 7.16
shows the forecasiing coefficiems that were used for prediction nns of the madel.
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These arc the rounded values of the coefficients at the stop_date of the calibration.
These !:nel'ﬁc{ent valucs represent the present trend of whanization in the Dhaka
Metropolitan Area as revealed by the two model frameworks. It shows that only m
terms of spreading growth and slope resistance these two mode! frameworks show
same irend, bat for other factors (i.e. for diffusion, breed and road gravity) they
significantly difTer [rom cach other. It is particularly due 1o the inclusion of travel cost
in the modcl. Before going to prediclion stage of the model, these two modeling
frameworks neced to be evaluated furiher 1o identify which framework has better
capability to simulate the histonical growth pattern of DMA. Section 6.4 describes ihe

cvaluations between these iwo model frameworks.

Table 6.16: Forccasting coeflicient values derived through calibration

Coefficients Forecasting values | Forceasting values
(modcl without {maodel with travel
travel cost) c0st)

Diffusion 100 32

Breed 1 52

Spread g9 100

Slopc Resistance | 1 5

Road Gravity 6o 23

6.4 Evaluation of model frameworks

In order to measure the success of modeled growth, a simulation must be compared to
historical urban data. In this study different simulated metric (pop or numher of urban
pixels, edees and clusters) are cm-nparf:d to the control year data. Outputs of the denive
calibration melncs were plotted against the control year data. Values of the highest
OSM  (Optimum STEUTH Metncs) for the three calibration stages were also

evaluated to identily which model framework provides better goodness of fit.
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Figure 6.3 shows the mmber of usban pixels modeled by the two modeling
frameworks and that of the comrol years. 1t shows that both of the frameworks were
successful to simulaie the historical growth of the study acea. In this case r¥ value for
the model without travel cost was found to be 0.94 and that of the model with trave!
cost was found 0.93. So, model without travel cost give better resuh in this case
although the difference is negligible.

T 1
& wom. /4
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1689 198 2000 2007
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Figure 6.3: Comparison of number of urban pixels

In case of comparisom of the urban edges of the modeled growth with the comtrol year
dats, model with tmvel cost give better result then mode! without travel cost. Bu in
this case also the difference is not that significant, It was found that for urban edges 7~
value for the modef without travel cost was 0,94 and for mode| with travel cosi it was
0.95. Figure 6.4 shows the modeled number of urban edges and mumber of urban
edges in the control years.
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Figure 6.4; Comparison of number of urhan edges

In case of modeling the urban clusters, the model with travel cost gives betier result
than the mode! without trave! cost. Figure 6.5 proves it where the modeled mumbers of
urban clusiers are plotted with the mumber of urban clusters for the control years. It
shows that 1he model without travel cost simulnted significantly high number of urban
clusters than the control year data, whereas the mode! with travel cost was betler
capable to simulate the urban clusters with emall devintions from the control years. In
this case, the 7 value for the model without travel cost was found 1o be 0.96 and that
of the model with travel cost was found 0.97. Although in terms of / difference
between the two model frameworks is not that significam, from Figure 6.5 we can see
that ibe model with travel cost has much better capability to simulste the urban
clusters than the model without travel cost.



SOD0 e r—— e FE—
E 4000 =t Cpniral yeor dats
5
5 om0 y _._:-mmm
X / wmae BhOGe! Wit brorved cost
Em -

- ..-'-;/*/:’“I

0 s . .

Figure 6 5; Comparison of mumber of urban clusiers

OSM values are ulilized in this Rudy to measure the goodness of fit of the coefTicient
values. Here il is also used to evaluzie the petformance of the two mode! frameworks.
Figure 6.6 platted the highest OSM values for the three calibrations stages (i.e. coarse,
fine and final) of the rwo modeling frameworks, [t shows thn the model with trave)
cost provide better result throughowt the calibration process than that of the model
without travel cost.
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Figure 6.6 Highest OSM values for three calibration stages

6.5 Conclusion

This chapter describes the calibration results of SLEUTH urban growth mode! for
Dhaln Metropolitan Area for two model frameworks {with trevel cost and without
travel cost). It shows how the brute force Monie Carlo fashion of calibmtion gmdually
recduces the pammeter space and can effecrively select the besi-fil coeflicient values.
Through the calibration process the best-fit coeflicients required for growh
forecasting are derived. Through the evalusiion of the calibration results of the two
madeling framewarks, it was found that the mode! with trave! cost performed bedter fo
simulate the historical growth of DMA than the model without trave! cost, Sa, the
forecasting coefficients derived through the calibration of the model wath trovel cost
were used for predicting the future urbanization process of the study area. Chapter 7
discarsses the prediciion of the model.



Chapter 7: Scenario Development and Urban Growth Prediction
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7.1 Introduction

Best fit cocfficients derived through the calibration process were applied for
predicting future growth scenario of the study area. It is done through the prediction
mode of the SLEUTH model. The scenario. log file was updated [or this purpose
where  the calibrated forecasting coefficients werc mentioned 1 the
PREDICTIGN * BEST FIT flag {where * indicatc the name of the cocfficient).
110 MONTE_CARLO ITERATIONS werc used for the prediction runs for gelimg the
optimum result which was also indicated in the scenario.loeg file. This study
used a prediction time duration from the year 2008 to 2030. At first the onginal input
images were used [or the prediction run to find out the growth 1f the prosent trend of
development continucs in the prediction time period. This predichion was conducted
for both the model with (ravel cost and medel without travel cost. Afler adding the
travel cost layer, some future scenarios were developed based on the Dhaka
Metropolitan Development Plan (DMDP) and the Strategic Transport Plan (STP) of
Dhaka. ‘These scenarios arc:
I. Improved road nctwork scenano
tModerate environment proteclion scenario

2

3. Sinct environment protection scenario
4. Agncultural land protection scenario
3

Growth considering roads and all protections

For ali of the scenanios, the updated model was given a prediction run and ihe growth
pattern for all of these scenarios were predicted. Development prohahility map for all
ol the scenarios were also produced through the prediction run. This chapter provides
brief discussions on the model prediction process and different development scenarios

along with the development probability maps.

7.2 Urban Growth Prediction

After updating the scenario. log file a prediction run was given to the original
input images of the model to find out the growth pattern of the study area if present

trend of development continues within the prediction period (2008-2030). Figure 7.1
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shows the cumulative development probability map of 2030 of Dhaka Metropolitan
Area ag found through the prediction run of the model without iravel cost. It shows
that in this pericd Dhaka will experience high diffusion growth as well as spreading
growth of the existing urban areas.

Development probability map of 2030
(model without travel cost)
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Figure 7.1 Cumulative devetopment probability map of DMA in 2030 (mode! without

travel cost)
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Figure 7.2 shows the growth partern of the study area as found through the prediction
run of the model with iravel cost. It shows that the study area will experience high
infill and edge growth as well as high diffusion growth in the vicinity of existing
urban Areas.

Development probability map of 2030
{model whh travel cost)
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Figure 7.2 Cumulative development probability map of DMA in 2030 (model with
travel cost)

Growth pattern predicted by the two modeling frameworks differs from each other
significamly. But as it was found in Chapter 6 that the model with travel cost has
better capability to simulate the historical growth paitem of DMA, this study utilized
this model for further growth predictions for different development scenarios. Figure
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7.3 shows the difference of predicted growth of the mudy area as found through the
two modeling frameworks. It can be seen here that the study area experienced o
reduced rate of growih through inchusion of the travel cost although it gradually
showed about same growth in 2030 for the madel without travel cost,

e
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e ioche! with barvel cosl

—

F

T

2010
2012

1
|
SHERRE

2014
2018 |
« 2018

Figure 7.3; Predicted development for the two mode] frmeworks

Growth e for the model withow travel cost has decreased more repidly than the
madel with trave! cost. Figure 7.4 shows this difference of the growth raies s
predicted by the two modeling frameworks,
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Figure 7.4: Growth rate predicted by the two model frameworks

13 Scenario Development and Growth Prediction

ARer updming the model with the calibrated coeflicients, differem future
development scenarios were developed for ihe sudy srea based on difTerem planning
documents. Following sections provide brief descriptions on the scenarios and the
prediction outputs that were generated for those scenarios. It utilized the model with
travel cost a3 this modeling framework was found to be more effective to moded the
growih partern of DMA (as discussed in Chapter 6).

73.1 Improved Rozd Network Seenarto

Some new road networks are proposed in the Strmtegic Transport Plan (STP) of
Dhaka. This study has comsidered four major roads from this plan. These are Eastern
Bypass, Eastern embankment-cum-road. Road pamliel to the Pragati Sarani and
casien embankmem-cum-road and Road connecting Purbachal New Town. Figure
7.5 shows the new road netwvork after inclusion of the new roads to the existing
network. Although detail alignments of these roads are yet to be determined, this
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shudy hasl iaken (hese from the STP docwment. Exact completion datc of the roads arc

alse not yet determined, so this study assumed these roads lo be mtroduced in 2010,

Figurc 7.5 Road network n 2010

Fipure T.EIS shows Ihe predicted urban growth probahility map after introduction ef
new roads in 2010. It shows that the study.area expencnced an increased wrban

growth through introductlion of the roads.
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Develcpment probability map of 2030
(Improved road network scenario}
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Figure 7.6: Development probability map of 2030 afier introduction of new roads

Figure 7.7 shows the growth trend of the study area afier infroduction of new roads. It
can be found here thar the area experienced an accelerated growth after introduction

of the new roads.
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Figure 7.7: Growth trend of the study rea fter introduction of new rosds

Spatial difference map was produced to identify the locations which experienced
accelerated growth of urbanization through introduction of the new roads. Figure 7.8
shows this spatial difference map which indicates that the new roads have influenced

the growih of the ereas along their alignments.
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Spatial difference map of 2030
(improved road network scenario)
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Figurg 7.8 Spalial difference map of development for introduction of new roads

7.3.2 Moderate Foyviroomental Protection Scenario

Dhaka Mctropolitan Development Plan (DMDP) proposed some flood retention
ponds and food (low zones in different locations of the study area. In this scenario it
was assumed that thesc cnvironmental protection measures will be modcratcly
imposed in the prediction time penod. Although these zones are yet to be precisely
demarcated through Detail Area Plan (DAP), this study identified these zoncs from
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the DMDP documents. In this moderate protection scenano, these protection zones
were given 50% exclumon in the exclusion layer {i.c. 50% lecss development
probability). Figure 7.9 shows the exclusion layer alter imposing 30%% exclusion to the

environmental proteclion zones.

Figure 7.9: Updated exclusion layer after imposing moderate environmental

proteclions

Figurc 7.10 shows thc developmenil probability map after imposing modcrate
environmenlal protections to the study area. Tt shows less development in the

locations of the flocd retention ponds and the flood Mow zones.
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Development probability map of 2030
{moderate environmental protection scenario)

Figure 7_10: Development probability map afler imposing moderale environmenial
protection.

73.3 Sirict Environmenial Protection Scenario

In this scenario strict protection to the flood retention ponds and flood flow zones was
assumed. In this case, these areas were given 100% exclusion from developmen
probability {ie. full exclusion from further development). Figure 7.11 shows the
exclusion layer with full exclusion to the locations of the environmental protection

ZOTES,
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Figure 7.11 Exclusion layer for stnet environmenial proteclion scenano

Through stnict environmental protection, the study area expenenced sigmificantly
reduced growth for the prediclion peried. Figure 7.12 shows the development

probability of the area in 2030 after imposing strict environmental protection.
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Development probabiitty map of 2030
(strict environmental protection scenanio}

Figure 7.12: Development probability map after imposing strict environmental
protection.

Through imposition of environmental protections, the study area expenrienced a
deceleraled growth rate throughout the prediction period. Figure 7.13 shows the
reduced trend of development after imposing environmental protections in the area.
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Figure 7.13: Growth rute after imposing environmental prolections

Spatial difference map for the strict environmemal proiections is shown in Figure
714, Tt shown the locations of the study area that will experience retarded
development due to the imposition of the environmental resarictions.
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Spatial difference map of 2030
{(strict environmentel protection scenaro)
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Figure 7.14: Spatial difference map for environmental protection scenano

7.3.4 Agricultural Land Protection Scenario

Dhaka Metropolitan Develepment Plan (DMDP} proposed some agricultural lands in
dilTerent locations of (he sludy area. This scenario considers these agriculural lands
as reduced development probability there. Although thesc arcas arc yet to be detaled
out through Detail Area Plan (DAP), this study outlined the agricultural lands from
the DMDP documents. In this case, the agricultural lands were gmven 70%
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development probability {or 30% exclusion from development). The exclusion laycr

was updated with the agncultural Tands (Fipure 7.15} for this purpose.

Figure 7.15: Exclusion layer for the agncultural land protecihion scemano.

Through imposing restrictions on the agricultural lands the study arca cxpericnced
signiflicantly reduced growth in the prediction period. Figure 7.16 shows the
devclopment probability of the smdy area afler imposing restriction on the

azricultural lands.



109

Development probability map of 2030
(agricultural land protection scenario)
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Figure 7.16: Development probability map of 2030 after imposing restriction on
agricuttural lands

The study area experienced reduced growth rate through imposition of restriction on
agricubural land also. Figure 7.17 shows this reduced trend throughout the prediction

period.

¥
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Figure 7.17 Development trend after imposing resiriction on agricutnoral lands

Spatis! difference map for the agricultural land protection scenario is shown in figure
T1.18. It dmmﬂ:hmﬁm:hwgimtu:mhdymtm will experience retarded
development due 1o the imposition of protections on the agricultural lands. This
spatial difference is with respect to the development a3 usual.
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Spatial difference map of 2030
(agncultural land protection scenario)
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Fignre 7.18: Spatial difference map for agricultural land pratection scenario

7.3.5 Growth Considering Roads and all Protections

In this scenario all the development protections were considersd with introduction of
the new roads. In this case, the flood reteniion ponds and man Nood flow zones were
given full exclusicn from development and the agricultural lands were given 30%
exclusion from development. Fipure 7.19 shows the devclopment probability of the

sludy area 1 2030 after imposing all the protections and introduction of the new

roads.
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Development probabilfty map of 2030
(improved road and all protections scenario)
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Figure 7.19: Development probability map of 2030 after introducing new roads and
' imposing all restrictions

Through imposition of all restrictions, the sludy area experienced significantly
veduced rate of growth. Figure 7.20 shows this decreased rate of growth in
comparison (o the growth as usual,
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Figure 7.20: Growth trend after imposing all restrictions and new ronds

Figure 7.21 shows (he spatial difference map for this scenario. It indicates the changes
of development due to introduction of new roads and imposiion of differem
development protections, This spatial difference is with respect 10 the development as
ususl scenario of the study area.
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Spatial difference map of 2030
(all protections and new roads scenario)
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Figure 7.21: Spatial difference map for improved road and all protections

7.8 Conclusion

Developmem predictions for different policy scenarios in Dhaka Metropolilan Area
are presented in this chapter. Here the prediction time period is considered from 2008
10 2030. Implication of trave! cost on the development probability is also introduced
here for existing urban centers. Through the model prediction run it was found that
the study area will experience an accelerated growth through the introduction of the
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new roads. It was also revealed here that through impesing resiriclion on
environmental protection zones and agricullural lands, the study area will experience
signiﬁcan!tly reduced rate of growth. Through spatial difference maps specilic
locations influenced by these development policies can be identifted and can be

utilized fer effective implementation of these pelicics.
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Chapter 8: Conclusions
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8.1 CA for Urban Growth Modeling

Cellular aulomata {CA) models have been applicd to wban systems with a recent
fervor and havc nscd to cxplore research guestions in epplications from location to
urban merphology (Torrens, 2000b). But most of these researches are conducted in
developed counines focusing the specific growth pattem of the developed cities.
There are very few researches for simulaling the urban growth of the ¢ilies in
developing countries. This research is the first initiative in Bangladesh and one of the
foremost in developing countries to simulate the historical growth pattern of an urban
agg]umeraltiun. It simulated the growth pattern of Dhaka Metropolilan Area (DMA) in
& CA based envirorunent. Because of an ability to simulale the complex behavior of
urban systems, CA medels represent a possible approach {or urban and regional scale
modeling {Oguz, 2007). This research explered this possibility of simulating the
growth pattem of DMA utilizing a CA modeling approach.

8.2 Simulating Growth Dynamics of DMA

Urbanization is a complex phenomena evolved through the inlerplay of multifarious
social, economic and physical faclors. Modeling an urban system considering all of
these factors need a lnghly complex modeling approach. But, CA considers thal (his
complex system is an outcome of simple interaction of different (actors at the local
fevel. Ti tnes w0 simulate the complex urban system using simple transition rules
applied at the local context. This study simulated the urban system of DMA utilizmg
SLEUTH CA wrban growth model. Tt was found that CA applies the same transition
rules throughout the space. As a result same growth rate happens throughout the cell
space irrespective of their location in relation to the existing urban areas. This study
mnlroduced a travel cost approach to the model which assumes that development
probability will decrease ihrough space with increased distance (and increased travel
difficulty due o topography) from the existing urban ceniers. It introduced the iravel
cost as a parl of the exclusion layer of the model. Through calibration of the twa
modeling frameworks {one with travel cost and one without travel cost) it was found

that the m::)del wilh travel cost has betler capability to simulate (he historical growth
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paliern ol the study area. As a result, it employed the model with travel cost for fulure

erowth prediction of the study area for different policy scenerios.

Through obscrvation of the best fit coefficients of the model it was found Lhat the
study area is experiencing a high in-fill and edge growth throughout the urban centers.
Diffusion growth 1s also occurning significantly at the wvicinity of the urban centers.
These diffused settlemcnts have some significant probability o evolve furher as
urban centers. Existing road networks are also significantly influencing the overall

prowth process of the study arsa.

The best it coeMeients were apphed for fulure growth prediction of the study area for
the period 2008-2030. Different policy scenarios were developed based on the
-:ieve]upma!nt plang and policies [or the study area (i.e. DMDP and STP). It was found
that through introduction of new roads, the study arca will cxpericnee an accelerated
growth throughout the prediction time period. Through imposition of envirgnmental
restriclions, the study area will experience deeclerated growth in future. Tmposition of
development restriction on agrienltural land also will significanily relard the overall
erowth of the study arca. lmposition ol all restriction and introduclion of the new

roads also shows a reduced growth throughoeut the prediction time penod.
8.3 Recommendations

At pregsent Dhaka Metropohtlan Area is experiencing rapid unplanned growth which 1s
threatening the overall sustainability of this region. In absence of the Detail Area Plan
(DAP), the policics preseribed in the siructure plan of DMDP are yet to be employed
effectively. This study has showed the impacts of some of these policies on the
overall growlh pattern of this urban region. From the spatial difference maps it was
found thal the new road induced srowths would propagate inio the envirenmental
protection argas (1.e flood retention ponds and flood flow zones). It indicates that if
the new roads are introduced without proper development restriclions in those arcas,
then there will be a high rate of environmental degradation there (through hlling of
wetlands and blocking natural water channels). So it is recommended here that, before

mtroduction of the new roads there should be proper demarcation of these
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environmental protection zones and strict restrictions should be imposed there as per

the dircetives of the DMDP.
8.4 Conclusion

Any modeling exercise depends highly on the data availability and accuracy. In
developing counines il 15 very hard to achieve both of these at a satisfactory level.
Despitc this constraint this study tried to simulale the urban growth pattern of DMA in
a CA modcling cnvironment. Tt was found that this approach was very cfleetive to
simulate the growth pattern of the study area. But more research should be dene on
this issuc Murther 1o make it more tobust and o employ it as an cilective ool for ihe
planning decision making of the study area. Incorporation of slope data acquired from
DEM with better resolution and inclusion of more historical urban cxtent data would
uicrease ils efficiency. This study dealt only wilh the urban growth dynamics of the
study area; land use change modeling was not explored here due to lack of adequate
dala. Effectiveness of this model would increase significantly if the land use change
modeling compenent of SLEUTH can also be calibrated for the study arca. This sludy
also shmived that through the simulation exercise the sustainability of any urban
developmeni plan er policy can be analyzed. If the planning authoritics can be
equipped with this kind of model, then it can highly contribute towards sustainable

spalial developinent both at local and regional level.
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