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Chapter 1Introdu
tion
1.1 RationaleInvasive spe
ies are one of the top drivers for global environment prob-lem in
reasing as a 
onsequen
e of tourism and globalization [Mooney et al.,2005℄. Invasive spe
ies 
an 
hange the fun
tions of e
osystems, invasive plants
an alter the �re regime, nutrient 
y
ling and hydrology in native e
osys-tems [Ma
k et al., 2000℄.As a widespread and aggressive invasive spe
ies,
Phragmites australis (hereafter Phragmites or 
ommon reed), has in
reaseddramati
ally in distribution and abundan
e [Ri
key and Anderson, 2004℄.This invasive spe
ies appears to be nearly global in distribution in freshand bra
kish waters, it a�e
ts the lands
ape, hydrology and drainage den-sity [Weinstein and Balletto, 1999℄, thus 
auses serious threat to the lo
ale
osystems.In Europe, during the 1990s, Phragmites attra
ted attention in several Eu-ropean 
ountries [van der Putten, 1998℄. In Finland, the 
ommon reed hasspread extensively in the inner and middle ar
hipelago areas in the Gulf ofFinland, now 
overing up to 8% along the southern 
oastal area [Pitkanen,2006℄. This invasive phenomenon of Phragmites australis is linked to sev-eral environmental 
on
erns in
luding invasive spe
ies, habitat 
hange andbiodiversity loss as well as nutrient overloading [Gewin, 2005℄. Therefore,e�e
tive 
ontrol or even eradi
ation is needed repeatedly for su
h invasivespe
ies[Ma
k and Lonsdale, 2002℄.As in major invasive plant 
ontrol issue, a 
onsiderable return for limitedresour
es rests in prioritization of sites, monitoring, early dis
overy and re-moval, as well as vigilan
e thereafter [Sta�en et al., 2003℄. One e�e
tive mean9



CHAPTER 1. INTRODUCTION 10for 
ontrolling invasive spe
ies is to monitor sus
eptible areas and destroythe new plants before expansion [Sta�en et al., 2003℄. Monitoring sus
ep-tible area would also allow quantifying the 
onsequen
es resulting from theexpansion and de�ne more sensitive area for well-informed de
ision makingand e�e
tive management measures. Hen
e, there is a need for developing asimulation model whi
h predi
ts the spread of Phragmites australis.This resear
h addresses the phenomenon of the Phragmites spread in theGulf of Finland. This phenomena of Phragmites spreading 
an be �t intoGeographi
 Information System (GIS) environment. Moreover, spatial anal-ysis approa
h, modeling method and plant expansion simulation 
an be 
om-bined and supported by GIS. The growing simulation 
an provide adequateresult for further analysis and management. Besides, visual simulation 
anassist in building a Environmental De
ision Support System (EDSS) whi
h
an fa
ilitate management and de
ision making pro
ess.1.2 Aim and obje
tivesThe aim of this resear
h is to develop a simulation model of the expansionof Phragmites australis in the Finnish 
oast of the Gulf of Finland. Thissimulation model 
an provide visual and statisti
al results whi
h represent
Phragmites australis expansion area during a prede�ned period of time.In order to a
hieve the aim, several obje
tives must be met:

• Mapping of the 
ommon reed 
overage by pro
essing LiDAR data.
• Investigation of the environmental fa
tors asso
iated with the existen
eand expansion of 
ommon reed. This in
ludes 
omprehensive revision of
ommon reed e
ology and statisti
al testing of these fa
tors' relevan
eto the phenomenon.
• Testing the potential aggregation methods by whi
h explanatory fa
tors
an be expressed in a su

in
t manner.
• Development of a 
ellular automata (CA) simulation model based onwell-de�ned plant expansion rules.



CHAPTER 1. INTRODUCTION 111.3 Resear
h designThe resear
h approa
hes the obje
tives through four phases (see Figure 1.1).In the �rst phase, literature review is 
ondu
ted in order to understand deeplythe problems in question, i.e. nature of the reed expansion phenomenon,methods to be used, data to be a
quired. Then, the study moves to these
ond phase where LiDAR data is analyzed and pro
essed, resulting in ex-tra
tion of the 
ommon reed 
overage. Moving to the third phase, where theCA simulationmodel is developed. This phase 
onsists of four steps: 
ommonreed growing and expansion phenomenon analysis; determination of weightedfa
tors 
on
erned with the phenomenon; 
hoose a suitable method for aggre-gating those fa
tors; and development of CA simulation model. Finalized bysimulation out
ome analysis and model 
alibration, the results of the modelare dis
ussed and 
on
lusions are drawn in phase 4.
Literature review

Define potential methods

Define data
requirement

LiDAR data
analysis

Delineate  common
reed coverage

Analyze explanatory
factors of the
phenomenon

Determine
significant

factors

Test aggregation
methods

Develop CA model

Results
and

discussion

Conclusion

P
h

a
s
e

 1

P
h

a
s
e

 2

Phase 3

Phase 4

Figure 1.1: Resear
h design in 4 phrases



CHAPTER 1. INTRODUCTION 121.4 Resear
h 
ontextThis resear
h was 
arried out within the frame of proje
t IBAM(IntegratedBayesian risk Analysis of e
osystem Management in Gulf of Finland). Themodel integrates risk management of �ve themes: �sheries, eutrophi
ation,oil spills, dioxin risks related to the 
onsumption of herring, and 
limate
hange. Phragmites existen
e and expansion status are linked with �vethemes in di�erent s
ales.1.5 Contents of the thesisThis se
tion des
ribes the abstra
ts of ea
h 
hapter in the paper; it givesguidan
e for reading of di�erent level of readers. This paper is elaborated inseven 
hapters:Chapter 1 introdu
es resear
h 
ontext, obje
tives and resear
h design.Chapter 2 in
ludes literature review, theory analysis and previous workasso
iated with 
urrent resear
h.Chapter 3 des
ribes the study area and materials.Chapter 4 explains the data pro
essing method and determines in�uentialfa
tors 
on
erned with plant growing.Chapter 5 studies 
ellular automata methodology in Geos
ien
e and ex-plains the simulation model implementation.Chapter 6 analyzes di�erent s
enario of the simulation model.Chapter 7 
on
ludes and �nalizes this resear
h by given further re
ommen-dation for the simulation model.



Chapter 2State of ArtThis 
hapter provides ba
kground information for the 
ommon reed, explana-tory fa
tors of 
ommon reed expansion phenomenon, mapping methods for
ommon reed, and 
ellular automata simulation theory.2.1 The 
ommon reed
Phragmites australis, the 
ommon reed, is a large perennial grass found inwetlands throughout temperate and tropi
al regions of the world [Saltonstall,2006℄. The plant 
ommonly forms extensive stands (known as reed beds usu-ally 100-300 shoots per 1 m2), whi
h 
an o

upy as mu
h as a square kilome-ter or more in extent and be 
apable of fast spreading when 
onditions arefavorable. As an aggressive spe
ies, 
ommon reed 
an spread both vegeta-tively with rhizomes and with seeds [Gu
ker, 2010℄. Reprodu
tion by seedsis poor, and most of the spreading happens with rhizomes [Haslam, 1972;Bart and Hartman, 2003℄. It requires neutral or alkaline water 
onditions[Bart and Hartman, 2003℄, and does not usually o

ur where the water isa
idi
. It tolerates bra
kish water, and is often found at the upper edges ofestuaries and on other wetlands whi
h are o

asionally inundated by the sea[Havens et al., 2003℄.The 
ommon reed invasion may be having deleterious e�e
ts on �sh popu-lations and possibly on predators that prey upon them. The reed has beendemonstrated to have a negative e�e
t on larval and small juvenile �sh, butless or no e�e
t on larger �sh [Able and Hagan, 2000, 2003℄. Reed beds maybe inadequate larval habitats and prey availability is de
reased be
ause ofless diverse invertebrate taxa [Rai
hel et al., 2003℄. In other words, 
ommon13



CHAPTER 2. STATE OF ART 14reed beds 
an be important habitats for aquati
 invertebrates, inse
ts andseveral bird spe
ies [Ikonen and Hagelberg, 2007℄.2.2 Explanatory fa
tors of 
ommon reed ex-pansionThe phenomenon of Phragmites australis expansion is dramati
 and note-worthy in the Gulf of Finland. To assess the determinants of the 
ommon reedexpansion, this resear
h examines the spatial toleran
e, e
ologi
al 
onstrainsand 
ompetitive abilities of 
ommon reed. The determinants of the spe
iesexpansion 
onsider the ability to establish new 
olonies and to in
rease ex-isting 
olonies. Establishment and expansion 
an be 
onsidered as propagatedispersal, establishment then growth, expansion and 
reation of new gener-ations (see Figure 2.1). Environmental fa
tors 
on
erned with plant growth,fe
undity, and survival vary greatly a
ross the range of habitants suitable for
Phragmites australis.In a typi
al 
oastal area, explanatory fa
tors 
ontributing to plant expansionin
lude water depth, shading, sediment and wra
k deposition, freezing peroid,wave and i
e erosion, drought, and nutrient limitation [Burdi
k and Konisky,2003℄.

Figure 2.1: Common reed expansion pro
essDetermination fa
tors are 
ategorized into three 
lasses: e
ologi
al fa
torswhi
h explain the 
hief environmental fa
tors governing distribution of reedexpansion, in
luding salinity, water depth, sediment type, nutrient level, and



CHAPTER 2. STATE OF ART 15intera
tion with other organisms; spatial fa
tors whi
h study entities of topo-logi
al, geometri
, and geographi
 properties, in
luding elevation, slope, andtopography; human fa
tors whi
h explains the way humans relate to theworld, for instan
e 
onstru
tions along 
oastal area, seashore 
onservation,pollution and a
tivities related to 
ommon reed expansion. These group offa
tors are dis
ussed in following paragraphs.2.2.1 E
ologi
al fa
torsThe reed beds have several 
ompetitive advantages against other plants,whi
h makes the aggressive spreading possible. Tall and dense reed bedsprevent light penetration and suppress other spe
ies. De
omposing reed matalso 
overs the ground and inhibits other spe
ies growth, so on
e the reedstands appear to a pla
e, it is very di�
ult for other spe
ies to 
ompete withreed. The global spread 
an be explained with the high toleran
e of reed todi�erent environmental 
onditions. The reed is a robust 
ompetitor in severalways [Burdi
k and Konisky, 2003℄. It prefers nutrient-ri
h habitats, and thuseutrophi
ation 
an be one explanation for the reed expansion. The reed 
angrow in lakes and bra
kish water, and toleran
e to 
hanges in salinity is high.The reed also stands a lot of variation in soil pH (3.6-8.6), and has a widetoleran
e to water level �u
tuations [Lelong et al., 2007; Hayball and Pear
e,2004℄.O

asionally reed beds may diminish or 
ollapse. Fa
tors 
ausing de
rease inreed beds are extreme water levels during winter together with low tempera-tures, strong i
e a
tivity, strong waves and wind and serious drought duringthe vegetative period [R.Bodensteiner and O.Gabriel, 2003; E. Min
hinton,2002℄. Grazing used to be a strong 
ontrolling fa
tor when agri
ulturewas strong everywhere. This has been shown in simulated grazing tests[Hayball and Pear
e, 2004℄, and the heavy urbanization in last de
ades mayhave a

elerated the spread of reed due to de
reased grazing.2.2.2 Spatial fa
torsSpatial explanatory fa
tors 
over elevation, slope, aspe
t, hill-shape, ar
hipelagodistribution, sea openness (explained in Chapter 4), river mouths proxim-ity and the other potential elements a�e
t 
ommon reed expansion. Eleva-tion and slope appear to be 2 in�uential fa
tors. Common reed establish-ment is restri
ted to muddy sites (soft sea bottom) with proper water level[Doody et al., 2007℄. Phragmites australis spe
ies growing a
ross a range



CHAPTER 2. STATE OF ART 16of elevations: low, below mean high water; mid, around mean high water;high, above mean high water [Burdi
k and Konisky, 2003℄.Common reed establishment is restri
ted to muddy sites and soft sea bottomwith proper water level [Doody et al., 2007℄. High water levels 
an drownthe plant, and la
k of water leads to desi

ation. Field sites suitable for reedemergen
e are typi
ally un�ooded and unshaded. The 
ommon reed habitattype o

urs on seasonally �ooded sites where water ranges from 20 
m to1 m below the soil surfa
e. Flu
tuating water levels are also tolerated by
ommon reed [Hall, James B.; Hansen, Paul L. 1997℄.Distan
e to river mouths a�e
ts the expansion pro
ess in the mean of or-gani
 sediments. Organi
 matter in the shelf sediments is mainly of marineorigin, with in
reasing terrigenous 
omponents only 
lose to rivers and es-tuaries [Alt-Eppinga et al., 2007℄. Common reed o

upies a wide variety ofsubstrates and tolerates a range of organi
 matter, nutrients and pH levels[Gu
ker, 2010; Lee Ellis, 2005℄. The establishment, expansion and e
osys-tem e�e
ts of Phragmites australis des
ribed it as an �e
osystem engineer�after �nding that true elevation, peat a

umulation, and organi
 matter in-
reased while sediment bulk density de
reased with in
reased 
ommon reeddominan
e. Not 
onsistently demonstrated over all sites, however, sedimentproperties have impa
ts on 
ommon reed growth [Gu
ker, 2010℄.
Phragmites australis is most 
ommon in full sun or nearly full sun 
on-ditions [Jepson and Hi
kman, 1993℄. A review reports that 
ommon reedheight and density are lower in partially shaded areas [Kiviat and Hamilton,2001℄. As regards to the Finish 
oast of the Gulf of Finland, the hill-shadeattribute has a limited impa
t on the 
ommon reed growth due to the �atnature of the area and, thus, 
an be negle
ted.2.2.3 Human fa
torsHuman impa
ts provide a partial explanation of how Phragmites expandsand 
ompetes so well. Hydrologi
al alterations, 
onstru
tion a
tivities, andlowered salinity 
an explain the spread of reed [Bart and Hartman, 2003;Burdi
k and Konisky, 2003; Havens et al., 2003℄. There is eviden
e that vari-ations in 
limati
 
onditions, parti
ularly in
reased pre
ipitation enhan
e theperforman
e of Phragmites [E. Min
hinton, 2002℄. The in
reasing CO2 in at-mosphere also favours the reed over some other 
ompeting spe
ies [Burdi
k and Konisky,2003℄.Di�erent land-use may also 
ause a shift from native dominating genotypeto another invasive genotype [Lelong et al., 2007℄. There are di�eren
es in



CHAPTER 2. STATE OF ART 17ability to expand with di�erent genotypes of the reed. Native and invasive
Phragmites spe
ies both respond positively to in
reased nutrients, but hu-man introdu
ed plants 
learly outperform natives, growing taller, produ
ingmore stems, and having higher biomass [Saltonstall and Stevensona, 2007℄.2.3 Mapping of 
ommon reedAs an invasive spe
ies, previous work of mapping similar plant utilizes re-mote sensing te
hnologies. Remote sensing images have gained su

ess inproviding spatial information on land 
over 
hara
teristi
s to land man-agers that in
rease e�e
tive management of invasions into native habitats[Underwood et al., 2003℄. In 
ontrast to �eld-based surveys, imagery 
an bea
quired for all habitats, over a mu
h larger spatial area, and in a short pe-riod of time. The wealth of spe
tral information provided by hyper-spe
tralsensors allows for the spe
ies-level dete
tion ne
essary to map invasive herba-
eous spe
ies [Clarka et al., 2005℄.However, most of the plants are spe
trally similar be
ause they are 
om-posed of the same spe
trally a
tive materials: pigments, water, 
ellulose,et
. [Ja
quemoud and Baret, 1990℄. Similarities among di�erent spe
ies in-terfere the mapping and 
lassi�
ation for invasive spe
ies. Moreover, thea

ura
y of mapping results de
reases, sin
e the spe
tral uniqueness is requi-site for hyper-spe
tral dete
tion [Andrew and Ustina, 2008℄. Thus, there isa need for new methods of mapping the 
ommon reed whi
h over
omes theproblems asso
iated with the hyper-spe
tral-based method.Light Dete
tion and Ranging provides high resolution horizontal and verti-
al spatial point 
loud data, and is in
reasingly being used in a number ofappli
ations and dis
iplines, whi
h have 
on
entrated on the exploit and ma-nipulation of the data using its three dimensional nature [Antonarakis et al.,2008℄. In order to 
lassify Phragmites australis, elevation and intensityLiDAR data are used in this study. Mapping and 
lassi�
ation re
ently havebeen attempted with multi-spe
tral imagery [Duda et al., 1999; Sun et al.,2003℄, as a new type of remote sensing data LiDAR has the advantage of beingable to 
reate elevation surfa
es su
h as digital elevation model (DEM) anddigital surfa
e model (DSM), while 
ontain information on LiDAR intensityvalues, it is a spatial and spe
tral segmentation 
ombined data sour
e.Classi�
ations by using LiDAR have been attempted to derive several landfeatures. In the study of Brennan and Webster [2006℄, they use attributesin
luding mean intensity, Normal Height, Digital Surfa
e Model, and Mul-
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lassify among 10 land features. LiDARbased 
lassi�
ation have also been used by Charaniya et al. [2004℄, in theirstudy, point 
loud elevation and intensity data were applied to 
lassify roofs,grass, trees, and roads. With assistan
e of spe
tral bands image, Bartels andWei [2006℄ extra
t land types of buildings, vegetations, and ground in urbanarea.In this study, however, the 
ommon reed is the only interesting 
lass to beextra
ted. The distribution 
hara
teristi
s of the 
ommon reed explained inSe
tion 2.2 need to be understood beforehand in order to develop appropriateLiDAR 
lassi�
ation models. Classi�
ation models 
an be de�ned as the wayto derive desired feature 
lasses, the 
ommon reed in this study. Preliminary,the height and intensity attributes 
an be used in the 
lassi�
ation of the
ommon reed from LiDAR point 
loud. The 
lassi�
ation results is a map ofthe 
ommon reed in study area. The implementation of LiDAR 
lassi�
ationmethods of LiDAR will be explained in Se
tion 4.1.2.4 Cellular automata simulation theoryA 
ellular automaton (CA) is a dis
rete model studied in 
omputability the-ory, mathemati
s, physi
s, theoreti
al biology and mi
ro-stru
ture modeling.It 
onsists of a latti
e of sites, ea
h with a �nite set of possible values. Thevalues of the sites evolve syn
hronously in dis
rete time steps a

ording toidenti
al rules. The value of a parti
ular site is determined by the previousvalues of a neighborhood of sites around it [Wolfram, 1984℄. Although theapproa
h of 
ellular automata is de
ades old, its widespread developmentand a

eptan
e a
ross the natural s
ien
es has been relatively re
ent and israpidly a

elerating, and may be
ome the ar
hetypal des
ription for 
ertainkinds of systems [Fonstad, 2006℄.2.4.1 Introdu
tion to 
ellular automataJohn Conway's �Game of Life� was the �rst well known appli
ation of 
ellularautomata [Gardner, 1970℄. Range of spatio-temporal dynami
s allowed in thesimple CA models is similar to range of allowed dynami
s in the 
ontinuumdes
ription of the universe [To�olia, 1984℄.CA began to be used as a simulation world-view in Geos
ien
es. The idea of�
ellular geography� was introdu
ed by Tobler[1979℄, he presents the idea thatseveral distributed geographi
al 
on
epts 
ould be simulated by CA models.
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ed his idea to urban growth and land 
over 
hangebased on CA. CA 
ontains important 
apabilities in developing simulationmodels, and 
ellular automata simulations are gaining in
reased attentionand being widely used in Geos
ien
e.Current resear
h of CA in Geos
ien
es fo
uses on several dis
iplines: tran-sition rules developing; �nding suitable 
omputing environment in
ludingprogramming language, data stru
ture, and hardware implementation; inte-gration of other �elds in
luding statisti
al method, expert system and multi-agent system; simulation result validation. Those 
riteria are 
ru
ial in de-velopment of 
ellular automata models in geos
ien
es model, in our 
ase themodel refers to 
ommon reed expanding simulation.2.4.2 Components of CA modelAlthough the appli
ation �elds vary in great ranges, 
ellular automata mod-eling share 
ertain similarities. Generally, 
ellular automata 
onsist of �veingredients: universal environment, 
ell states, 
ell neighborhoods, transitionrule and edge e�e
t. These will be dis
ussed in the following paragraphs.Universal environmentThe universal environment de�nes 
ellular automaton stru
ture during the
omputation pro
ess. Stru
tures with dis
rete boundaries may be formedfrom 
ontinuous models [Wolfram, 1986℄. CA model 
an be 
omputed in 1dimension, 2 dimensions (2D) and 3 dimensions (3D) [Jarvis et al., 2000℄,illustrated respe
tively in Figure 2.2, Figure 2.3 and Figure 2.4.
A three cell
neighborhood

-

Active cell Inactive cell

A ten cell lattice space-Figure 2.2: One-dimensional CA modelA widely used stru
ture in the �eld of Geos
ien
e is 2D, whi
h 
onsists ofa dis
rete latti
e of 
ells formed by triangle, re
tangle, hexagon, or other
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A ten by ten one hunderud cell lattice space( )-

A nine cell
Moore

neighborhood
( )

An empty
cell

A five cell von
Neumann

neighborhood

(

)

Figure 2.3: Two-dimensional CA model

A) Triangular 3D cell space B) Cubic 3D cell spaceFigure 2.4: Three-dimensional CA modeltopology [Good
hild, 2006℄ (see Figure 2.5). The assumption of 
ellular au-tomata models is CA latti
e is 
omputed in a Eu
lidean spa
e. Amongseveral universal environments, the simpli
ity of the square-latti
e approa
hand its similarity to the raster spatial data in Geos
ien
e make it the basisfor further development [Fonstad, 2006℄.
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A)Triangle cell B) Rectangle cell C) Hexagon cellFigure 2.5: Triangular, re
tangle, and hexagon latti
esCell neighbourhoodsTwo-dimensional latti
e gives several possibilities for 
ell neighbourhood for-mation. For instan
e, von Neumann neighborhood (Figure 2.6 A) de�nes a
ell with four neighboring 
ells in four dire
tions: south, north, east, andwest. Di�erently, Moore neighborhood (Figure 2.6 B) de�nes eight neigh-boring 
ells around ea
h 
ell with the extra dire
tions in
luding south-west,north-west, south-east and north-east. Two types of neighborhoods abovementioned 
an be treated as radius 1 neighborhood, Figure 2.6 C illustratesthe neighborhood type with radius 2.

A) 4 neighborhoods(vonNeumann ) B) 8 neighborhoods (Moore) C) 8 neighborhoods with radius 2Figure 2.6: von Neumann and Moore neighborhoodCell statesEa
h 
ell in the CA model 
an have �nite number of states [Ya
oubi and Jai,2002℄. The simplest set of states a 
ell 
an have is de�ned as �on� and �o��,respe
tively 
omputed as �1� and �0� in CA appli
ations. For example, in
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tive 
ells � (represented in bla
k) 
an be 
ompared to state�1� and �empty 
ells� refer to state �0�. More spe
i�
ally, in 
ommon reed
ase, the 
ell state 
an be simpli�ed as �reed-o

upied� (denoted as �1�) and�reed-free� (denoted as �0�).An initial state is 
reated 
on�gured before the program start, whi
h 
anbe seen as iteration 0, and 
ell generation 0. A new generation is 
reated(iteration=1), a

ording to well de�ned rules that determine the new state ofea
h 
ell in terms of its 
urrent state and the 
urrent states of its neighbouring
ells [Wolfram, 1984℄. For example, in this study, the rule might be de�nedsu
h as a 
ell 
an be
ome �reed-o

upied� (reed expands into it) only if threeof its de�ned neighbours were �reed-o

upied�, otherwise the 
ell does not
hange its state (i.e. reed does not expand into it). CA rules used forupdating the 
ell states are �xed without 
hanging as the program is running,and are applied on the grid universe without an ex
eption [To�olia, 1984℄.Transition rulesTransition rules, generally treated as mathemati
al fun
tions, 
ontrol the
hange in the states of 
ells in dis
rete time steps (iterations) [Wolfram,2002℄. CA transition rules are applied in parallel on every 
ell in the grid en-vironment. The rules do not 
hange as the dis
rete time, or iteration 
hangeswhile 
omputing. Individually, rules applied on a 
ell 
an be deterministi
or sto
hasti
. Those two 
hara
teristi
s have opposite abilities: determinis-ti
 rules applied on 
ell and require every 
ell in one iteration present thesame probability; sto
hasti
 allow di�erent probabilisti
 
ell exist in the same
ellular automata iteration [Colasanti et al., 2007; Fonstad, 2006℄.CA models vary in the 
on
ept of deterministi
 and sto
hasti
 [Fonstad,2006℄. Iterations are 
ompleted after applying the transition rules to all
ells in the universal grid environment [Wolfram, 1986, 1984℄. Normally,next iteration 
omputing is based on the 
urrent generation. Parti
ularly,
ellular automata 
an run ba
kwards, if it is possible, this give it attributeof reversible [Fonstad, 2006℄. However, if the 
ell states 
an not 
omputed asba
kwards, CA model will be treated as irreversible, and the simulation 
anonly be forwarded [Bolliger et al., 2003; Kronholm and Birkeland, 2004℄.There is no �xed and 
lear answer for de�ning the transition rules. Transi-tion rules might 
ome from expert opinion in related �elds. Rules 
an alsobe generated from data analysis, but 
ommonly rules are derived from 
om-bination of sour
es. For instan
e, in the 
ommon reed expansion 
ase, rulesare partly derived from the analysis of the reed 
overage at spe
i�
 years of
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ades.



Chapter 3Study Area and Materials
3.1 Study areaThis resear
h is 
arried out on the Finnish 
oast of the Gulf of Finland,(latitude of 60◦00' N and longitude of 27◦00' E). Major part of the area islo
ated in UTM (Universal Transverse Mer
ator) zone 34v and 35v. Thestudy area is 
onsidered as an island-ri
h ar
hipelago. The 
oastline of thearea is 
omplex, with a total shore length of about 8200 km. The mean waterdepth of the Gulf of Finland is 38 meters [Zhang et al., 2005℄ and shallowerin the study area. The lo
ation of the resear
h area is illustrated in Figure3.1.The methods and simulation model implemented in the study are are ap-plied spe
i�
ally on two sites within the study area. The �rst study site islo
ated in Otaniemi promontory (60◦10'30" - 60◦11'30" N latitude, 24◦48'30"- 24◦50'30" E longitude). On this site, the method of extra
ting the 
ommonreed 
overage out of the LiDAR data is applied.The se
ond site is lo
ated near Porvoo 
ity and River Porvoo outlet in theGulf of Finland. On this site, the developed CA simulation model wasexperimented. The site was 
hosen due to the in�uen
e of River Porvoo(Porvoonjoki in Finnish); the river brings massive amount of substan
es tothe site whi
h subsequently 
reates suitable 
onditions for the expansion of
Phragmites. Figure 3.2 illustrates the lo
ation of both sites within the studyarea.

24
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Figure 3.1: Lo
ation of the study area3.2 DatasetsDatasets used in this study are 
ategorized into three types: Light Dete
tionAnd Ranging (LiDAR)data, raster data, and ve
tor data. These datasets areenumerated and dis
ussed in the following subheadings.
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Figure 3.2: Lo
ation Otaniemi bay and study site in Porvoo3.2.1 LiDAR dataThe airborne laser s
anning data, LiDAR, provides high-resolution point
loud (see Figure 3.3) and has been applied re
ently in the 
hara
terization,quanti�
ation and monitoring of 
oastal environments. LAS viewer is usedfor displaying the LIDAR point 
loud data. Figure 3.3 illustrates a LiDAR
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loud near Otaniemi area (60◦11'21" N, 24◦50'8" E), the 
loud is dis-played in LAS Viewer, a software for displaying LiDAR data.

Figure 3.3: LiDAR point 
loud displayed in LAS viewerThis resear
h employs LiDAR data to delineate the 
oastal area dominatedby the 
ommon reed in the �rst study site. Several types of data layers 
anbe extra
ted from LiDAR, in
luding DEM and digital surfa
e model (DSM),from whi
h several data layers 
an be derived, e.g. slope, aspe
t, and hillshade. Di�erent attributes of LiDAR data is used based on the study purpose.For the purpose of this study, height and intensity of LiDAR points are used(detailed dis
ussion about the extra
tion method 
an be found in Se
tion4.1).3.2.2 Raster dataRaster data provide a digital representation of real word in form of gridsor squares. Available raster datasets are a DEM, from whi
h several layerswere derived (see Se
tion 4.2), and a DDM. The DEM provides the elevationabove the sea level of every pixel representing the main land or the islands
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hipelago. On the other hand, the DDM provide a representationof the seabed with information on the depth of ea
h pixel of it. The spatialresolution of the available DEM is 25 x 25 m, while for the DDM is 100 x 100m. The DEM and DDM were merged into one raster layer where the shoreline(sea level) is assigned a value of zero, and higher (representing the land) andlower (representing the seabed) elevations and assigned positive and negativevalues, respe
tively. Figure 3.4 illustrates the study area 
ombined fromDEM and DDM.3.2.3 Ve
tor dataVe
tor data type is used in GIS to des
ribe geometry and represent obje
tsin the form of points, lines, or polygons [Harris et al., 2005℄. Ve
tor datasetsavailable in
lude the 
overage of Phragmites along the Finnish 
oast of theGulf of Finland, as well as fet
h data along the shorelines in this area. The
ommon reed 
overage data is provided by University of Turku. The reed 
ov-erage �le illustrates 
ommon reed growing 
overage in the southern Finnish
oast. This reed shape�le is generated from Landsat satellite images, it de-s
ribes the 
ommon reed growing situation in 2001. Common reed growingareas are represented as polygons in di�erent shapes and sizes. Figure 3.7illustrated part of the 
ommon reed 
overage.The other ve
tor dataset is the fet
h given for along the shorelines of themainland and islands in the study area [Ekebom et al., 2003℄. Fet
h is de-�ned as the distan
e from a studied point to the nearest shoreline in a givendire
tion ([Ekebom et al., 2003℄, [Hakansson, 1981℄ and [Tolvanen and Suomi-nen, 2005℄). It is used to indi
ate the openness of di�erent segments of theshoreline (see Figure 3.6), an important fa
tor whi
h in�uen
es the pro
essesand biota in the 
oastal areas [Ekebom et al., 2003℄.
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Figure 3.4: Merged DEM and DDM
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Figure 3.5: An example of the fet
h data. Source: Ekebom [2003℄
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Figure 3.6: A sample of the 
ommon reed 
overage



Chapter 4Data Pro
essingIn this 
hapter, the pro
essing pro
edure of di�erent datasets is des
ribed.Raw datasets, des
ribed in Chapter 3, had to be pro
essed in order to providethe needed input for the developed model. Di�erent types of data needdi�erent pro
essing methods. The following se
tions des
ribe the methodby whi
h reed 
overage is delineated from the LiDAR data, methods usedto prepare and derive needed layers from available raster as well as ve
tordatasets.4.1 Mapping of the 
ommon reed 
overageThe main obje
tive of LiDAR data pro
essing is to delineate the 
ommonreed 
overage in the 
orresponding area. Height and intensity, whi
h areindi
ating the 
ommon reed, have been measured in a prede�ned reed growingarea near Otaniemi. Sin
e plant height and intensity remain similar in thesame season, these two attributes 
an be applied entirely a
ross the studyarea for the purpose of 
ommon reed 
overage delineation.4.1.1 LiDAR attribute analysisAs a laser altimeter, LiDAR measures the data range from a platform with aposition and altitude determined from GPS and an inertial measurement unit[Koetz et al., 2008℄. This inertial measurement unit determines �nal LiDARdata resolution. Essentially, they utilize a s
anning devi
e whi
h de�nes thedistan
e from the sensor to the ground, of a series of points approximatelyperpendi
ular to the dire
tion of �ight. If a laser pulse or a part of the pulse is32
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ted from a roof top or the top of a 
anopy tree, the sensor will re
ord the�rst return. Meanwhile, part of the pulse might partially penetrate the tree
anopy and travel through it, to rea
h the ground. In this 
ase, the sensorwill re
ord the return from the ground, i.e. the last return [Di
kie, 2001;Webster et al., 2006℄. By removing the �rst or last returns, a digital terrainmodel of ground surfa
e topography or terrain 
an be generated respe
tively.Figure 4.1 illustrates the LiDAR 
loud in study site.

Figure 4.1: LiDAR 
loud in the study areaBesides height value, LiDAR data 
ontains information of re�e
tan
e inten-sity of the surfa
e (see Figure 4.2). The LiDAR intensity value refers to the
orresponding spe
tral wavelength from the laser emits [Brennan and Webster,2006; Webster et al., 2006℄. Re�e
tan
e varies from material 
hara
teris-ti
s, as well as the light used; di�erent materials have di�erent re�e
tan
e.Consequently, intensity value provides useful information for the land-
over
lassi�
ation. Nevertheless, LiDAR intensity images often appear to be het-erogeneous and 
ontain data noise due to the ex
essive e�e
t and artifa
ts
aused by the sensor s
anning [Antonarakis et al., 2008℄. There are severalmethods for �ltering LiDAR data noise, and here we introdu
e a te
hniquefor dealing with laser s
anning angle. By �ltering parti
ular s
anning an-
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Figure 4.2: Representation of LiDAR intensitygle of existing LiDAR data, and given 
ertain height and intensity values,di�erent 
lassi�
ations 
an be obtained from LiDAR data sour
e.Chara
teristi
s in�uen
e LiDAR data 
lassi�
ation in several perspe
tives:elevation values determine the plants height, for instan
e Phragmites australisa
quires dissimilar height attribute from bushes and trees; slope and aspe
tdetermine the tidal regime and wave exposure, whi
h in turn in�uen
e theo

urren
e of intertidal spe
ies a

ording to their spe
i�
 e
ologi
al prefer-en
es, most likely the Phragmites australis grows in a �at sea area withoutlarge vibration [Hayball and Pear
e, 2004℄; and relative position of the sunand the sensor as well as the slope and aspe
t of the surfa
e may produ
eresponses a

ording to topographi
 e�e
t [Ikonen and Hagelberg, 2007℄.4.1.2 Classi�
ation pro
essThe a

ura
y of LiDAR 
lassi�
ation depends on the ability to dete
t dif-feren
es in vegetations height, whi
h in turn depended on adequate heightseparation among 
ommunity types [Bork and Su, 2007℄. A
ross the study
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e of height begins with sea level (0 meter), and progressesthrough reed plant area. Verti
al height division lines between the highervegetations su
h as 
ommon reed, bush and arti�
ial forest are determinedbased on measurements of average height ranges.

Figure 4.3: Analysis areaThe LiDAR 
lassi�
ation pro
ess requires a

urate 
ommon reed attributevalues. FUSION/LDV visualization system, an analysis software for mea-surement purpose, is used. The FUSION/LDV visualization system 
onsistsof two main programs, FUSION and LDV (LiDAR data viewer); while FU-SION provides a typi
al 2D GIS interfa
e allows users to sele
t data, LDV
ontains the spatial-expli
it data examination fun
tions [M
gaughey and Reutebu
h,2009℄. With proper sele
tion from the LiDAR 
loud, the LiDAR height at-tribute 
an be measured in LDV (see Figure 4.3 and 4.4).Measurement on sele
ted sites indi
ates height value between 20 and 190 
m.This range is therefore 
onsidered as a 
riterion for 
ommon reed 
lassi�
ationamong vegetation.
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Figure 4.4: Measurement of 
ommon reed height in LiDAR 
loudElevation begins with plain sea level at 0 meter; the 
lass above sea levelis sea waves. The Phragmites australis 
overage above the sea level andwaves is 
lassi�ed from the study area by di�erentiating between LiDARdata �rst and interpolated last return in the value of elevation. Dis
reetLiDAR data samples indi
ate that LiDAR points with a height less than 1.9meters de�nes the upper boundary of the Phragmites australis 
lass (seeFigure 4.5). Meanwhile, the proportion of LiDAR points above 0.4 meterwas the lower boundary determination for Phragmites. As a result, thoserange values are used as a division to separate open sea area and 
ommonreed 
overage.Intensity value of Phragmites australis from LiDAR data 
an be used aswell to separate 
ommon reed area from the other 
lasses similar in heightto the reed. Figure 4.5 illustrates the image of intensity measurement in
ommon reed area.Wetland plants area distributes along the sea 
oast, their intensity value
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Figure 4.5: Intensity measurement of 
ommon reed in LiDAR 
loudvarious in a large range. Phragmites australis intensity has its own at-tributes, whi
h drops in a 
ertain range from 30 to 80 intensity values (seeFigure 4.5). This measurement is performed under the LiDAR image inten-sity ranging from 0 to 255 in RGB. As a result, LiDAR derived intensityrange information together with assistan
e of plant height 
an be used todistinguish Phragmites australis from other wetland features.
Phragmites australis in the study �eld is spread over plain sea surfa
e withthe slope vale less than 1◦. The distribution is determined using LiDAR-derived DSM(Digital Surfa
e Model). Slope gradient is 
al
ulated throughsurfa
e analysis with a �xed pixel size, for instan
e 9x9 
ell pixel radiuses.Cells are 
lassi�ed as being �at (less than 1◦), gentle slope (1◦to 3◦), or steep(large than 3◦). Aspe
t is 
lassi�ed into another system: treated as 0◦fromthe sharp east dire
tion, given 
lo
kwise rotation, it returns to east again withvalue of 360◦. Aspe
t is then 
lassi�ed into 9 
lasses, in
luding �at 
lass whi
hhas the value of -1. From 
enter on East 
lo
kwise to South-east, South,
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rementalof 45◦. As a 
onsequen
e of its natural 
hara
teristi
, Phragmites australishas a preferen
e of sunshine fa
ing trend [Gu
ker, 2010℄. The 
olle
tive aspe
tof South-east, South and South-west then are re
lassi�ed as slopes fa
ingSouth.Determinations for 
ommon reed �at area are above or below 
ertain rangeof slope. Phragmites australis slope attribute near the land various in alarger range. The spe
ies in wetland also have di�erent attributes 
omparedwith Phragmites �eld on the sea. However, in this resear
h, wetland and in-land area are beyond the range of analysis. A

ordingly, 
ommon reed aspe
tpreferen
e be
ame less important as an indi
ator of plant growing. As a re-sult, this resear
h simply utilities the slope and aspe
t values, approximatelyin full range, to 
lassify Phragmites on sea surfa
e.With a 
ombination of height, intensity, slope and aspe
t values, Phragmites

australis 
an be extra
ted from LiDAR 
loud as an invalidated 
lassi�
ation.Figure 4.6 illustrates the 
lassi�
ation �ow 
hart.
Phragmites 
lassi�
ation from LiDAR is validated against satellite images(provided by Google server). A

ura
y assessment 
an be 
ondu
ted by over-lapping 
lassi�ed reed area with satellites images (see Figure 4.7). However,the validation pro
ess and a

ura
y assessment are not in
luded in this re-sear
h.
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ation �ow 
hart



CHAPTER 4. DATA PROCESSING 40

Figure 4.7: Satellite image in study area4.2 DEM pro
essingSeveral topology attributes 
an be generated from the Digital ElevationModel (DEM) data, for instan
e slope, aspe
t, a

umulation and streamnetwork. In this resear
h, open sour
e appli
ations and libraries are usedin data pro
essing. For instan
e, GRASS (Geographi
 Resour
es AnalysisSupport System) and QGIS (Quantum GIS) are used for DEM pro
essing,modeling, and visualization.Slope and aspe
t 
an be generated by GRASS fun
tion r.slope.aspect. Thealgorithm used in this fun
tion 
al
ulated slope and aspe
t using 3x3 neigh-borhood 
ell radius. Figure 4.8 and Figure 4.9 illustrate sample DEM dataas well as the 
orresponding slope displayed in GRASS.



CHAPTER 4. DATA PROCESSING 41

Figure 4.8: DEM

Figure 4.9: Slope derived from DEM
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umulation is the pre-stage for stream network data analysis. A

umu-lation map 
an be generate by GRASS with Hydrolic Modeling module inraster pro
essing. The module generates a set of maps indi
ating the lo
ationof watershed basins as well as a

umulates value for pixels. With thresholddes
ribe the minimum size of an exterior watershed basin in 
ell, 4 map sets
an be generated by this operation. The absolute a

umulate value of ea
h
ell in the output map layer is the amount of overland �ow that traversesthe 
ell. This value is the number of upland 
ells plus one if no overland �owmap is given. If the overland �ow map is given, the value will be in overland�ow units. Negative numbers indi
ate that those 
ells possibly have surfa
erun-o� from outside of the 
urrent geographi
 region. Thus, any 
ells withnegative values 
annot have their surfa
e run-o� and sedimentation, hereby
onsidering the few amount of negative values, for simpli�
ation purposenegative number 
ells are ex
luded in this study.Stream network or rivers have the ability of in�uen
ing 
ommon reed plantgrowing. River stream segments 
an bring nitrogen and other 
hemi
al in-�uen
ing the 
ommon reed growing. With a proper input, stream segments
an be extra
ting from the layer of a

umulation by threshold values of ea
hpixel. Small threshold values 
an generate a detailed stream network, andlarge values illustrate more generalized stream network. By given a suitablethreshold value, river network 
an be extra
ted in GRASS.4.3 Ve
tor data pro
essingPro
essing methods of shape�les in
lude 2 major parts, methods for opennessdistan
e and open area 
al
ulation; the following 2 se
tions explain thesemethods respe
tively.4.3.1 Distan
e 
omputationWaves are 
reated by the fri
tion between water and moving air over a 
ertainlength of open water surfa
e [Harri Tolvanen, 2005℄, referred to as the fet
hor openness ve
tor data. For the openness data, ea
h point has its ownopen distan
es. Given fet
h lines were measured with a bearing of 7.5◦areasaround ea
h point. The length of the radiating lines is 
hosen to be at leastexpe
ted maximum distan
e. The openness distan
e lines are generated by
utting the lines parts not 
onne
ted to the point at the shore. Therefore,open distan
es are the remaining lines length asso
iated with the site 
entre
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h lines in one site.Several te
hniques are applied on the ve
tor �le of fet
h lines to be
ome us-able by the analyses. The 48 lines around ea
h point are abstra
ted intothe regular 8 dire
tions, namely N, S, E, W, NE, NW, SE, and SW. Thisresear
h simpli�es the openness distan
e data from 7.5◦per se
tor to approx-imately 45◦per se
tor. Original shape�le se
tors start from 3.75◦
lo
k-wisedire
tion, in
rease a
ross 360◦or 48 se
tors, and then return to the original3.75◦the origin se
tor. The se
tors degree positions are la
k of 0◦(North),45◦(Northeast), 90◦(East), and et
. Therefore, the solution is using approxi-mate degree position to represent the 8 dire
tions. Table 4.1 des
ribes the 8dire
tions and their 
orresponding se
tors in degree. Table 4.1 N representnorth, S represents south, E east and W west. Figure 4.10 illustrate thesituation before sele
tion (see Figure 4.10.A) and after sele
tion (see Figure4.10.B)

A. 48 sectors B. 8 sectors

7.5

45

Figure 4.10: Se
tors before and after sele
tionDegree 3.75◦ 48.75◦ 93.75◦ 138.75◦ 183.75◦ 228.75◦ 273.75◦ 318.75◦Dire
tion N NE E SE S SW W NWTable 4.1: Table for showing 8 dire
tions and degree se
torsSimpli�
ation of ve
tor data is the pre-stage of longest openness distan
e
al
ulation. Amongst the 8 fet
h lines around ea
h point, the longest fet
his determined and its dire
tion is assigned as the open side of the lo
ation.The openness dire
tion 
al
ulation is done by the 
ode shown in Listing
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tions assign more in�uen
e on the de
ision of the siteopen attribute, for instan
e points near river mouth are less open than sitenear islands. The openness attribute is employed to fa
ilitate to analysislinkage of 
ommon reed 
overage lo
ation and the 
orresponding site opennessattribute. Table 4.2 des
ribes the open distan
e 
al
ulation result.1 Sub OpenDistan
eCal3 Dim A(8) As DoubleDim MaxEdge As Double5 Dim OpenDire
tion As In t e g e r7 A(1) = [FETCH_375 ℄ : A(2 ) = [FETCH_4875 ℄ :A(3 ) = [FETCH_9375 ℄ : A(4 ) = [FETCH_1387 ℄ :9 A(5 ) = [FETCH_1837 ℄ : A(6 ) = [FETCH_2287 ℄ :A(7 ) = [FETCH_2737 ℄ : A(8 ) = [FETCH_3187 ℄11 For i = 1 To 813 I f A( i ) > MaxEdge Then15 MaxEdge = A( i )OpenDire
tion = i17 End I f19 Next21 End Sub Listing 4.1: Open distan
e 
al
ulationDire
tion N NE E SE S SW W NW MaxDire
tion0 0 24 46 411 111 0 0 SouthDistan
e(m) 0 18 80 1428 591 0 0 0 Southeast0 0 181 87 590 3499 0 0 SouthwestTable 4.2: Example result for openness longest distan
e



Chapter 5The Simulation ModelThis 
hapter presents the methodology study of this resear
h, whi
h 
an beexpressed as 
ommon reed growing 
ondition and 
ellular automata expan-sion modeling. These 2 separate theory parts are merged into expansionmodel, whi
h is used for simulating 
ommon reed growing in the Gulf ofFinland. This 
hapter explains the prin
iples in se
tion of model stru
tureand the following appli
ation implementation se
tion des
ribes the pra
ti
alsimulation model program.5.1 Model stru
tureCellular automata models are dynami
 and dis
rete in time, spa
e and state.Simple 
ellular automata is de�ned by fun
tion (f), states (S), and neighbors(N). Three fa
tors have the relationship in Equation 5.1:
St+1 = f(St, N) (5.1)In the above equation, S de�nes the �nite set, f is transition rule fun
tion,

t refers to transition dis
rete time or generation and N is the 
ell neighbor-hoods of 
urrent generation.A

ording to Wolfram [1984℄, standard 
ellular automata 
ontains of a set ofidenti
al 
ells, and dis
rete 
ell states, 
ell neighborhood fun
tion, transitionrules and dis
rete time steps whi
h refers to generations or year. One 
ellshould be in set of possible states, update in a

ordan
e with the intera
tionrule. The update progress should be non-deterministi
 or sto
hasti
, sin
ethe nature phenomenon 
ontains proper degree of un
ertainty.45



CHAPTER 5. THE SIMULATION MODEL 465.1.1 Universal environmentA dis
rete two-dimensional universe is adopted in this study as the maingoal is determining the expansion of the reed 
overage in the ar
hipelagorepresented in a 2D manner. The two-dimensional universe is a griddedsurfa
e, similar to 
hessboard (Figure 5.1). This representation is also similarto the raster data format in GIS in whi
h some datasets are given, e.g.digital elevation model (DEM). The CA model gains great bene�t for datapro
essing be
ause of the similarities between grid and raster stru
ture. TheCA approa
h allows fast and a

urate simulations of repeated prede�nedrules based on digital elevation models (DEM) [R.Minko� et al., 1992℄ andother raster data layers whi
h provide information related to thee
ologi
alpro
esses in question [Fonstad, 2006℄.

Figure 5.1: Adopted 2D CA universal environmentSpa
e of CA universeAs a method for storing and displaying spatial data, raster format is dividedinto rows and 
olumns, whi
h form a regular grid stru
ture (see Figure 5.2).Although 
ells of raster do not ne
essarily have to be squares, in the presentCA model, square 
ells are used to 
omply with the existing datasets. Ea
h
ell within a matrix or grid in Figure 5.2 
ontains lo
ation 
oordinates as wellas an attribute value. On the other hand, ea
h raster layer represents a fa
torrelated to pro
ess of reed expansion, in
luding elevation, slope, nutrients, andland use. The top raster layer represents the 
overage of Phragmites. Forea
h layer, di�erent 
olor represents the 
ell values, for instan
e, elevationlayer have higer value in red 
ell and low value in blue 
ells; reed 
overage
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olor represents the reed existing area, and blue is the potential areathat reed 
an expand (Figure 5.2).
Slope

Nutrient

Reed
Coverage

Elevation

Land Usage

Real World

Figure 5.2: Representation of the real world in raster formatThe spatial resolution in raster representation is 
ontrolled by the 
ell (pixel).A single 
ell represents an area 
overed on the ground, and higher spatialresolution indi
ates more pixels per unit area. A 
ell size of 1x1 m was
hosen to represent the layer of reed 
overage and other fa
tors. The 
ellsize 
hosen was relatively small in order to 
omply with the nature of thephenomenon being analyzed, namely the reed expansion. In order to makeall layers 
ompatible for the 
al
ulations within the model, raster layers withdi�erent 
ell sizes were resampled into a spatial resolution of 1x1 m. Anexample of the resampled layers is the DEM; available DEM was originallyof 25x25-m-
ell meaning that a single 
ell 
overs an area of 625 m2 on theground, an area mu
h larger than how mu
h reed 
an propagate in one timestep (a year). Illustration of the 
ell size in relation to the spatial resolutionis provided in Figure 5.3. The e�e
t of resolution on the raster representation
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16x16 cell size 1m 8x8 cell size 2m 4x4 cell size 4mFigure 5.3: Representation of the spa
e in di�erent 
ell sizes

Cell size 15m Cell size 15cmFigure 5.4: Cell size e�e
t on the spatial resolutionTime in CA universeTime is another essential element in the CA model. Dis
rete time in theCA model indire
tly re�e
ts the a
tual time. In that sense, there are twopossibilities: expansion is faster than real situation, or slower. Therefore,in order to build a realisti
 simulation model, expansion speed in the CAmodel needs to be 
alibrated properly. Instead of 
haning the raster mapresolution, several methods 
an be used 
on
erning CA time. The CA model
ontains grid 
ell is 25x25 meters; CA prin
iple 
onstrains the 
ondition ofgrowing at the speed of 1 
ell at 1 dis
rete time step (equals to 1 generation).During this pro
ess, 
ommon reed spreading speed is 25 m per 1 dis
retetime step, assume 1 generation re�e
ts to 1 a
tual year time, and then thespeed would be 25 meters per 1 year. Obviously, the plant spreading speed is
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alibrated to slow down 
ommonreed spreading speed.Various methods 
an be used in simulation 
alibration and ea
h method
ause di�erent 
onsequen
es. Consider CA model simulation is slower thanreal-time, in this 
ase, no 
alibration need to be set in CA model. Sin
ethe CA model gives slower simulation, then CA model 
an be treated in adi�erent way. For instan
e, the previous assumption of one CA model is 1generation per 1 year, if CA simulation is slower than expe
tation, previousassumption 
an be 
hanged into a smaller s
ale. Suppose the CA simulationis 4 times slower than real-time situation, then the solution is adjust CA timeassumption to 0.25 year. A

rodingly, 4 generations need to be operated inorder to simulate 1 year reed expansion.In 
ase CA model expresses simulation faster 
ompared with real situation,the solution 
an be des
ribed as follow. CA model have the origin attributes�NotGorow� or �Grow� minimum 1 
ell per dis
rete time step. Figure 5.5.aillustrates the normal CA simulation, from time �T=0�, �T=1� and �T=2� theplant is �NotGrow�. The 
ell starts to expands suddenly in the 3th generation�T=3�. However, this 
ase does not mat
h the real plant growing situation.In reality, plant grows or shrinks gradually at an average speed in 1 year.To solve this problem, this resear
h introdu
es a method used in 
urrent CAmodel 
alled �probability a

umulation�. Instead of assign 
ell probabilityvalue 0 (not grow) or 1(grow), a value in de�ning range [0, 1℄ is 
al
ulatedand assigned to ea
h 
ell (see Figure 5.5.b). �Probability a

umulation� givesthe possibility to 
ells to grow from 0 to 1 in several steps 
ompared withprevious 1 step. In Figure 5.5.b, the 
ell expands averagely, whi
h gives thepossibility for plant to o

upy �half 
ell� per generation. Thus, Figure 5.5.bwith �probability a

umulation� method simulates a 
loser s
enario 
omparedwith Figure 5.5.a. While the probability a

umulate, the 
ell be
omes moresuitable for 
ommon reed growing, and 
onsequently have the value of reedo

upation a

rodingly.5.1.2 Cell neighborhoodsFrequently used neighborhood templates for 2-dimensional square grids areMoore-neighborhood 
onsisting of 
entral 
ell and eight adja
ent 
ells, andvon Neumann-neighborhood, whi
h 
ontains the 
entral 
ell and four adja-
ent 
ells. The 
orresponding transition rules 
an be deterministi
 or sto
has-ti
; it 
an be des
ribed in following Equation 5.2:



CHAPTER 5. THE SIMULATION MODEL 50
T=0 T=1 T=2 T=3

a.

b.

Figure 5.5: Two methods in 
al
ulating growth probability
As

t+1 = f(As−r
t , As−r+1

t , ..., As
t , ..., A

s+r−1

t , As+r
t ) (5.2)

As
t in Equation 5.2 represents the 
ell s at generation t, r is the radius of
ell neighborhoods, fun
tion f represents the transition rules. In Conway'slife [Gardner, 1970℄, As

t also refers to the 
ellular automata 
on�gurations atdis
rete time step t.5.1.3 Cell statusCell status in normal 
ellular automata are simple. For instan
e, in Conway'sGame of Life [Gardner, 1970℄, 
ell status are integers set as 0, 1, 2 and et
.Those 
ell status make the 
omputation simple and e�e
tive. Nowadays,as 
omputer be
omes powerful, it allows �oating point 
ell status values tobe 
al
ulated e�
iently. Sin
e �oating numbers are not in�nite, 
ell statusde�ned by �oating numbers is still dis
rete.In the prototype of 
ommon reed spreading CA model sets, 
ell states areintegers. Value 0 denotes that reed does not exist, and value 1 denotes thatreed exists or the 
ell satis�es plant spreading 
onditions (in the future gen-erations). The disadvantage of the integer 
ell status in CA model 
ontainsthe disadvantages is that it 
onstrains the 
ell spreading by a minimum of 1
ell per generation. This means that the 
ommon reed expands by 25 metersin 1 dis
rete time step, whi
h is overestimated.
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umulation� method involves �oat pointinstead of integer values while 
al
ulating 
ell status. Cell value representsthe probability of 
ommon reed existen
e, ranging from given domain [0, 1℄.In this domain, 
ell have a in�nite number of status, whi
h ranges between0 to 1 and in
luding value 0 , 1 themselves. Assume the initial value ofone 
ell is 0, it has the possibility to grow reed plant in unknown futuregenerations. This means the 
ell value 
hange from 0 to 1 in several dis
retetime steps, meanwhile 
ells with the value 1 
hange to 0 also 
an take morethan 1 dis
rete time step.Four hypotheses 
an be made from the 
ell states 
hanging pro
edure: a.
ell value 0 be
ome 
ell value 1; b. 
ell value 0 stay un
hanged; c. 
ell value1 be
omes 
ell value 0; d. 
ell value 1 status stay un
hanged. Figure 5.6illustrates these four hypotheses, Figure 5.6 also gives an example for sele
ted
ell 
hanges from 0 to 1 and 0 to 0.
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Cell C exists reed

An empty
cell A

Empty cell B

D cell exists reed

Cell C becomes empty

Cell A grows reed

B remains empty

D cell unchanged

a bFigure 5.6: Change in 
ell statusStatus thresholdThe 
riteria to de
ide whether 
ommon reed growing , not growing, or dyingis the 
ell value. Simple method of 
al
ulating the growing and dying statusis set 
ell value of 0 to �NotGrow� and set 
ell value of 1 to �Grow�, butthis might en
ounter problems. Take a growing 
ell with initial value 0 forexample, this 
ell will be
ome o

upied by 
ommon reed in several dis
retetime steps, thus its 
ell value need to be
ome 1 at the �nal stage. However,the 
al
ulation fun
tions in our CA model give a �oat number less than 1instead of integer 1. To solve this problem, a threshold need to be set inCA model (see Figure 5.7), if the 
al
ulated value is larger or equal to thisthreshold the 
ell will be
ome o

upied by reed, otherwise the 
ell is partiallyo

upied by 
ommon reed. Instead of possibility distributes averagely in [0,1℄, the threshold allows the �nal layer to have only 2 values �0� and �1�.Meanwhile, the other threshold is set for 
ommon reed exist to absent, the
orresponding 
ell value 
hanges from 1 to the threshold. During this pro
ess,if the 
ell value be
omes smaller than threshold the 
ell be
ome absent for
ommon reed, if larger or equals to the threshold 
ell is partially o

upiedby reed plant and the 
ell value represents reed density in 
ell itself.By involving status threshold, previous 
ell status pro
essing 
an be 
om-pleted in a di�erent mean. Cell value 
al
ulated by transitional fun
tionmostly drops between the de�ne range (0, 1). Su
h a low per
entage �Not-
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0 1

0 1

threshold

a

bFigure 5.7: Threshold de
ides 
ell statusGrow� and �Grow� 
ell 
annot satisfy 
urrently CA simulation model in thea
tual situation for 
ommon reed spreading. Unlike previous expli
it 
ellstatus where 0 represents �NotGrow� and 1 represents �Grow�, threshold 
anbe set to proper value in CA simulation. Threshold value has an impa
t on
ommon reed spreading speed, take the maximum threshold as an example,the 
loser it is set to value 1 the slower spreading speed will be; the 
loser itis set to value 0 the faster spreading speed will be. Therefore, threshold 
anbe adjusted to a proper value to give an optimal spreading speed. Properthreshold in CA simulation has key impa
t on the degree by whi
h the CAmodel mat
hes the a
tual situation of 
ommon reed growing.5.1.4 Transitional rulesTransitional rules meet the top-down 1approa
h 
hara
teristi
s, by breakingdown a system to gain insight into its 
ompositional in�uential fa
tors. Anoverview of CA model is �rst formulated, whi
h gives the phenomenon of
ommon reed spreading. Then the in�uential fa
tors (nature phenomenon)re�ne more details, sometimes fa
tor 
ontains sub-level elements. The CAmodel is not 
omplete until the entire spe
i�
 in�uential fa
tors are dividedinto basi
 elements. With ea
h element is 
orresponding to 1 transitionalrule, the CA model is formulated by 
ompiling transitional rule elements.In�uential fa
tors related to the 
ommon reed expansion vary in large 
at-egories. Fa
tors 
an be divided into di�erent perspe
tives; they are year-independent, year-dependent and the in�uential neighborhoods fa
tors. Yearlyindependent implies that fa
tors are not a�e
ted by the year 
hanging; forinstan
e elevation and slope remain un
hanged from time to time. Year de-pendent fa
tors in
lude i
e 
ondition, winter temperature, o
ean 
urrents,et
. Besides the two types of in�uential fa
tors, neighborhood 
ondition,whi
h dire
tly linked to the surrounding 
ommon reed growing situation, is1The 
on
eptual understanding of environmental dynami
s 
an be des
ribed as top-down pro
ess.
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tor in 
ommon reed expansion.
Pij = f(W1 × F1, W2 × F2, W3 × F3, ..., Wn × Fn) (5.3)The developed 
ellular automata model is probabilisti
; the transition rules
al
ulate the values for representing status 
hange. The value of ea
h 
ell
orresponds to the possibility of growing 
ommon reed. The Equation 5.3above illustrates the transition 
al
ulation fun
tion for 
ommon reed exis-ten
e possibility. Pij refers to the probability value for 
ertain 
ell in the gridto be reed-o

upied, and in Pij i and j is 
ell lo
ation in de�ned the 
oordi-nates system. Current raster CA model use grid and ij represents for 
olumnand row respe
tively. f is the 
al
ulation fun
tion or 
ombined fun
tions;to �nd proper transition formular, CA model needs to be run several timesand Model V alidation (see Figure 5.9) 
an be also used to de�ne suitabletransition 
al
ulation formulae. Moreover, Model V alidation requires su
-
essive multi-temporal 
ommon reed 
overage data, in order to 
ompare theCA simulation results and a
tual reed 
overage data, so that the a

ura
y
an be assessed.

Fn in Equation 5.3 represents fa
tors, whi
h a�e
t the 
ommon reed grow-ing. Hereby, the fa
tors 
an be divided into the following types: spatialfa
tors, e
ologi
al fa
tors, human fa
tors and neighborhood states. In orderto 
al
ulate fa
tors in transition fun
tions, fa
tors need to be broken downinto elements: elements present spatial fa
tors in
luding elevation, slope,hill-shade; e
ologi
al fa
tors in
luding salinity, nutrient level, as well as theother plant spe
ies, animals, mi
ro-organisms; human fa
tors in
lude workrelated to 
onstru
tion, seashore 
onservation, pollution and other a
tivitiesthat a�e
t reed spreading.Fa
tors 
ontain di�erent in�uential importan
e for 
ommon reed spreadingin CA model. Therefore, the importan
e of ea
h fa
tors have to be dire
tlyre�e
ted in transition fun
tions, whi
h is why weight Wn is assigned to ea
hfa
tor. Assume the number of in�uential fa
tors is n, and ea
h fa
tor hasdi�erent weight in determining the probability. Sin
e fa
tors a�e
t 
ommonreed growing are ex
essive, instead of in
luding all a
tual fa
tors inside CAmodel, potential fa
tors are 
hosen in transition formula. Potential fa
torshave adequate weights to in�uen
e the �nal probability.
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tInstead of no-boundary 
ondition, CA models usually 
ontains solutions forboundaries. An simple method to avoid the edge e�e
ts of boundary is tomake CA models universal environment large than the given area, and assignthose extra pixel a suitable single value [Janssens, 2009℄. But this in
reasesthe use of 
omputing resour
e. Solution in the 
ommon reed expansion 
aseis di�erent, by generate an rule using IF-THEN in transition, the border 
ellsrules 
an be di�erent. For instan
e, in Figure 5.8 A, the 
orner pixel has 3neighbors instead of 8, mid-edge pixel in Figure 5.8 B 
ontains 5 neighborsother then its original Moore neighborhood.
A) Corner cells B) Mid-edge cellsFigure 5.8: Edge e�e
t solution5.1.6 Monte Carlo method in 
ellular automataMonte Carlo methods are useful for modeling phenomena with un
ertaintyinputs, whi
h is the 
ase the 
ommon reed expansion. Common reed expan-sion situation 
ontains signi�
ant un
ertainty. It is infeasible or impossibleto 
ompute an exa
t result with a deterministi
 algorithm for Phragmites

australis expansion. Phragmites australis is able to avoid physi
al and bi-ologi
al stresses by a a

essing distant resour
es and ameliorating lo
al 
on-ditions, [Burdi
k and Konisky, 2003℄. This devotes Phragmites australis
hara
teristi
 of sharing materials over distan
es measured in meters ratherthan de
imeters. Consequently, this also 
reates un
ertainty in 
ommon reedexpansion pro
ess.Besides the aforementioned 
hara
teristi
, other fa
tors bring un
ertainty to
ommon reed expansion as well. Elevation or water depth has a major in-�uen
e on Phragmites australis expansion. The water depth various in
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ertain 
oastal land area in�uen
ed by tidewater. The phe-nomenon 
ause abnormal distribution of 
ommon reed, some plant mightgrow in deep water while there is no 
ommon reed spring up in shallow area.Moreover, the other in�uential fa
tors in
lude area, slope, winter i
e area,human 
onstru
tion along the 
oast, and almost most of the other fa
tors
ontribute to the un
ertainty in CA simulation model.Implementation with Monte Carlo method in CA is represented mainly inthe transition rules. The de
ision of be
oming o

upied by 
ommon reed ornot is e�e
ted by un
ertainty, therefore in the pro
ess of making de
ision inCA generation, of ea
h time step, the model require random number. Forinstan
e, one subversion transition rule 
an be written as IF the 
urrent
al
ulated 
ell probability dropped in the range of 0.6 to 0.7 , THEN 
ellhave 75% 
han
e to be
ome o

upied by 
ommon reed in next dis
rete timestep. This transition rule requires random number between 0.6 to 0.7, ad-ditionally the 
han
e of be
oming 
ommon reed should be set as 75% withrandomness. This 
an be a
hieved by setting a prede�ned random numberrange from (0,1) and assign the random number to be true with 
onditionless than 0.75. As a 
onsequen
e of the randomness, the CA model needs tobe run several times, then �nalized with a probability distribution model.5.2 Cellular automata pro
ess diagramThe previous se
tion des
ribed all elements utilized by 
ellular automata sim-ulation pro
ess. The entire 
ellular automata simulation model is illustratedas a �ow diagram in Figure 5.9. It starts with the Initial Reed Coverage,whi
h refers to the 
urrent 
ommon reed 
overage, whi
h 
on�gures the statefor ea
h 
ell (St) model at the dis
rete time t. Then, in the following step(namely, Compute Possible Transition Probability V ectors), the possibilityof 
ell St to be
ome o

upied by the 
ommon reed is 
al
ulated. This 
al
u-lation 
onsists of 2 
omponents, Cell Suitability and Neighborhood State.Cell suitability de
ides how suitable the lo
ation is for reed, while neigh-borhood state veri�es the 
ell neighborhood 
ondition. Those 2 
omponents
ontribute to the 
al
ulation of the probability of a 
ell to be o

upied bythe 
ommon reed.The pro
ess pro
eeds to Monte Carlo Selection for St+1, whi
h is des
ribedin Se
tion 5.1.6. Then, St+1 represents the 
ell state in dis
rete time step
t+1, whi
h is the predi
ted state of the 
ell in question in the next generation.The resultant reed generation needs to be validated in order to evaluate thea

ura
y of CA model output. Model V alidation 
an provide 
alibration for
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alibrate the parameters of transitional rules,the model needs to be run several times.InitialReedCoverage
Cellstate St

Compute PossibleTransitionProbability
Monte Carlosele
tion for St+1

Cell state
St+1

New ReedGeneration

Model Validation
Cell Suitability

NeighborhoodState

Figure 5.9: Flow diagram for the 
ellular automata model



CHAPTER 5. THE SIMULATION MODEL 585.3 Model implementationThe programming language used in this 
omputational CA model is JAVA.The simulation is done in a raster 2D spa
e. Several raster maps representdi�erent 
onditions, su
h as 
ommon reed 
overage, elevation, and slope.Based on the values in ea
h 
ell, the probability of 
ell to be
ome o

upied bythe 
ommon reed in the next dis
rete time step 
an be 
al
ulated a

ordingto the prede�ned rules. Ea
h 
ell value is 
al
ulated during the iterationthrough the 2-dimensional spa
e, and results are stored in an array de�neda

ording to the original raster maps.5.3.1 Neighborhood algorithmThe algorithm in Listing 5.1 des
ribes the neighborhood number 
ountingfor inner 
ells without boundaries. Algorithm is initialized by reading the
ommon 
overage layer, 2 fun
tions are used to a
quire total number ofrows and 
olumns separately. Then the algorithm assigns a 2-dimensionalarray cellNeighbours with cellCols , cellRows as 
olumn and row number.Iteration starts from x = 1, y = 1 and end at x < cellCols − 1 , y <

cellRows − 1, the loop iterates through all non-boundary 
ells. During theiterations if the 
ell ful�ls the requirement of reedLayer.getAttribute(x, y) >

0, sin
e 
ommon reed exist in this 
ell, and neighborhood number starts
ounting in 8 
onditions.



CHAPTER 5. THE SIMULATION MODEL 591 /∗ general neighborhood number 
ount without edge solution ∗/3 /∗ get t o t a l number of reed layer rows∗/
e l lRows = reedLayer . getNumRows ( ) ;5 /∗ get t o t a l number of reed layer 
olumn∗/7 
 e l lC o l s = reedLayer . getNumCols ( ) ;9 /∗ 
reate new array with a

roding to raster row and 
olumn numbers∗/
e l lNe ighbour s = new int [ 
 e l lC o l s ℄ [ 
e l lRows ℄ ;11 /∗ i t era t ion through whole raster map∗/13 for ( int x=1; x<
 e l lCo l s −1;x++){for ( int y=1; y<
ellRows −1;y++){15 /∗ get a t t r ibu t e of the 
urrent 
 e l l de
ide whether reed ex i s t or not∗/17 i f ( reedLayer . g e tAtt r ibute (y , x ) > 0 ) {19 /∗ in
rease i t s neighbors 
 e l l s Buffer with value 1 i f 
ondition is true ∗/
e l lNe ighbour s [ x−1℄ [y−1℄++;21 
e l lNe ighbour s [ x ℄ [ y−1℄++;
e l lNe ighbour s [ x+1℄ [y−1℄++;23 
e l lNe ighbour s [ x−1℄ [y℄++;
e l lNe ighbour s [ x+1℄ [y℄++;25 
e l lNe ighbour s [ x−1℄ [y+1℄++;
e l lNe ighbour s [ x ℄ [ y+1℄++;27 
e l lNe ighbour s [ x+1℄ [y+1℄++;29 } /∗end i f ∗/}/∗end for∗/31 }/∗end for∗/Listing 5.1: Algorithm for general neighborhood withoutboundary 
ellsThe algorithm in Listing 5.2 illustrates neighborhood 
ounting for edge 
ellsin raster grids. 8 di�erent 
onditions represents 8 neighbors, ea
h of themhas in�uen
e on the 
ell neighborhoods' number. By 
hanging in
rementalvalue dx and dy, the algorithm 
al
ulates the number of neighbors for theedge 
ells on the raster map. Sin
e in
remental values on x y dire
tions are1 and 0 respe
tively, and the 
al
ulation starts with 
ell in 
oordinate (1, 0).Default in
remental value dx equals to 1 and dy equals to 0, the 
al
ulationbegins with the bottom edge 
ells. These tow value ensure the algorithm
al
ulation through the bottom edge from left to right. Then right edge
ells are preparaed, by applying similar prin
iples, dx = 0 , dy = 1 operates
al
ulation through right edge 
ells. dx = −1, dy = 0 operates top edge
ells, in
remental values dx = 0 , dy = −1 operates on left edge, the edge
ells 
al
ulation �nalize with x = 0 , y = 0 in the 
oordinate origin.



CHAPTER 5. THE SIMULATION MODEL 601 /∗ neighborhood 
ount algorithm with edge solution ∗/3 /∗ i n i t i a l i z e with 
oordinates at (1 ,0) , down edge 
ounter−
lo
kwise dire
t ion ∗/int x=1; int y=0;5 /∗ in
remental on x dire
t ion with value 1 and y dire
tion 0 ∗/7 int dx=1; int dy=0;9 /∗ s tar t ing the i tera t ion ∗/while ( true ) {11 /∗ i f reed ex i s t in 
urrent 
 e l l ∗/13 i f ( 
 e l l s [ x ℄ [ y ℄ ) {15 /∗ neighborhood edge in 8 d i f f e ren t 
onditions , represent 8 neighbors ∗/i f ( x > 0 ) {17 i f ( y > 0 )
e l lNe ighbour s [ x−1℄ [y−1℄++;19 i f ( y < 
ellRows−1 )
e l lNe ighbour s [ x−1℄ [y+1℄++;21 
e l lNe ighbour s [ x−1℄ [y℄++;}23 i f ( x < 
e l lCo l s −1 ) {i f ( y < 
ellRows−1 )25 
e l lNe ighbour s [ x+1℄ [y+1℄++;i f ( y > 0 )27 
e l lNe ighbour s [ x+1℄ [y−1℄++;
e l lNe ighbour s [ x+1℄ [y℄++;29 }i f ( y > 0 )31 
e l lNe ighbour s [ x ℄ [ y−1℄++;i f ( y < 
ellRows−1 )33 
e l lNe ighbour s [ x ℄ [ y+1℄++;}35 /∗edge 
 e l l s neighborhood∗/37 /∗ in
remental value through r igh t edge∗/39 i f ( x==
e l lCo l s −1 && y==0 ) {dx = 0 ;41 dy = 1 ;43 /∗ in
remental value on upper edge∗/} else i f ( x==
e l lCo l s −1 && y==
ellRows−1 ) {45 dx = −1;dy = 0 ;47 /∗deal ing with l e f t edge∗/49 } else i f ( x==0 && y==
ellRows−1 ) {dx = 0 ;51 dy = −1;53 /∗ when i tera t ion goes to or ig ina l point (0 ,0) jump out loop ∗/} else i f ( x==0 && y==0 ) {55 /∗ de fau l t in
remental value dx==1 dy==0 operates on down edge∗/57 /∗ a l l edge 
 e l l s done∗/59 break ;}61 /∗ give new x and y value with 
orresponding in
remental value dx and dy∗/63 x = x + dx ;y = y + dy ;65 }/∗end while ∗/Listing 5.2: Neighborhood solution for edge 
ells5.3.2 Growth probability 
al
ulationThe 
al
ulation of growth probability 
an be divided into 2 parts (see 
odein Listing 5.3). The algorithm starts with 
he
king the status of fa
tors.The CA model in this model is 
onstru
ted using Moore neighborhood with
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ells have a large in�uen
e within CA model stru
-ture. The 
al
ulation starts with multiplying the number of neigbors valuewith 
orresponding weight value. Fa
tor weight is 
al
ulated a

ording totransition rules to ensure �nal probability ranges from 0 to 1 (see Equation5.4), 
onsequently the �nal probability 
an be obtained from fa
tor prob-ability and their weights. Weights are assigned to the explanatory fa
torswith respe
t to their in�uen
e on determining the suitability of a 
ell forreed. Therefore, fa
tors deemed strongly in�uential for the phenomenon areassigned higher weights 
ompared to those 
onsidered less important. Pijrepresents one 
ell in the raster map in row i, 
oloumn j. f is the fun
tionsfor 
al
ulating the probabilities. While Fn represents the explanatory fa
tor,
Wn is the weight assigned to the explanatory fa
tor.

Pij = f(W1 × F1, W2 × F2, W3 × F3, ..., Wn × Fn) (5.4)The following Listing (5.3) presents the algorithm for 
al
ulating growthprobability. It begins with reading data for fa
tor layers and 
ommon reed
overage, then 
al
ulating the probability of 
ommon reed expansion intothe 
ell in question. Afterwards, the algorithm applies the neighborhood
ondition. A new raster layer is resulted whi
h represent the predi
ted reed
overage in the next year or dis
rete time step.1 /∗ 
ommon read fa
 tors and 
ommon reed 
over data ∗/3 INITIALISE CA app l i 
 a t i o n ( i n
 lude s edge 
 e l l s )5 BEGIN CA s imula t i on i t e r a t i o n7 For ea
h 
 e l l MM. s l ope = s lope value o f 
 e l l M9 M. e l e v a t i on = e l e v a t i on value o f 
 e l l MM. fa
torX = value o f f a 
 t o r X o f 
 e l l M11 ..13 .IF 
 e l l M i s edged 
 e l l15 THEN M. neighbor = number o f edge neighborsELSE17 M. neighbor = number o f ne ighbors19 /∗ 
a l
u la te the p robab i l i ty of 
 e l l M ∗/21 P = W. s lope ∗ M. s lope + W. e l e v a t i on ∗ M. e l e v a t i on + W. fa
torX ∗ M. fa
torX+ . . . + W. neighbor ∗ M. neighbor23 /∗ Produ
e new generation based on Probab i l i ty value P∗/25 END of CA s imula t i on i t e r a t i o nListing 5.3: Implementation of idealisti
 growth 
al
ulation fun
tionHowever, the general probability 
al
ulation fun
tion requires su�
ient data,and proper weights assigned to ea
h in�uential fa
tor. Sin
e 
urrently avail-able datasets are limited, an alternative probability 
al
ulation fun
tion is
onstru
ted di�erently (the results shown and dis
ussed in the followingChapter are generated using the CA model based on this alternative fun
-
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h 
ell within the grid, the elevation and slope are a
quired and
ompared with the prede�ned 
ommon reed growing 
ondition . The fun
tionis as follows: IF the elevation and slope are suitable for reed, the appli
a-tion pro
eeds to 
he
k the neighborhood 
ondition as follows: �IF there ismore than 3 , 4 or 5 Phragmites 
ells surrounded , THEN the probabilityof growing reed is higher�. In this resear
h, the 
ommon reed grows in 
ellwith 3 to 5 neighbors surrounded.The following pseudo-
ode des
ribes the alternative simpli�ed fun
tion . List-ing 
ode 5.4 below initializes CA appli
ation in the beginning, then the al-gorithm reads data sour
es into system memory. Slope and elevation valueare 
ompared with those prede�ned values for 
ommon reed expansion, andnumber of reed-o

upied 
ells are 
ompared to the aforementioned neighbor-hood rule. By iterating this 
ondition 
he
k for every 
ell within thee grid,the 
ommon reed 
overage in the next generation or dis
rete time step isresulting.12 INITIALISE CA app l i 
 a t i o n4 BEGIN CA s imula t i on i t e r a t i o n6 I t e r a t e through every 
 e l l FROM input r a s t e r l a y e r s/∗ Standard deviation (SD) ∗/8 Choose a s i n g l e 
 e l l N10 IF N. s l ope < MeanSlope + SlopeSD AND N. s l ope > MeanSlope−SlopeSD12 IF N. e l e va t i on < MeanElevation + ElevationSD AND14 N. e l e v a t i o n > MeanElevation − ElevationSD16 IF N. reed . ne ighbours > Threshold number o f neighborhood18 THEN N grow 
ommon reed in next time step20 ELSE 
 e l l N does NOT grow reed in next time step22 END of CA s imula t i on i t e r a t i o n24 Produ
e reed 
overage map for next gene ra t i onListing 5.4: Pseudo 
ode for CA initialization subroutine



Chapter 6Results and Dis
ussionThis 
hapter demonstrates the results of the CA simulation model. The�rst s
enario represents simulation result without 
ondition 
onstraints for
Phragmites spreading. The se
ond s
enario de�nes a di�erent type of neigh-borhood 
ondition that enables Phragmites shrinking. The third simulationis developed from the previous 2 simulations; based on the 
omparison ofsimulation results, 
alibration 
an be made to fa
ilitate the 
urrent CA sim-ulation model.6.1 S
enario of s
rat
hThe simulation site is lo
ated in the Southern 
oastal area of Finland, nearPorvoo area (see Figure 3.6).6.1.1 ExpandingS
enario of s
rat
h is the �rst s
enario to demonstrate 
ellular automatasimulation model. S
rat
h s
enario operates without any 
onstrain 
onditionfor plant growing, for instan
e no 
onstrain is set to elevation, slope, nutrientor other fa
tors. However, the neighborhood 
ondition has to be de�nedto pro
eed with the simulation. The neighborhood 
ondition is set as thefollowing: IF there is more than 1 
ell among 8 neighbors where 
ommonreed exists, THEN the reed will expand to the 
ell in question in the nextdis
rete time step.The expanding s
rat
h s
enario starts from the 
ommon reed 
overage in2001(see Se
tion 3.2.3). Year 2001 
orresponds to generation �1� in the sim-63
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rete time steps are generated to give the simulationresults from 2001 to 2010. Figure 6.1 illustrates the results generated fromthis CA model:
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2001 2002 2003 2004 2005

2006 2007 2008 2009 2010

T=1 T=5T=4T=3T=2

T=10T=9T=8T=7T=6

Figure6.1:Reedexpandingfrom2001to2010
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Figure 6.2: Expanding speed graphAs a 
onsequen
e of operating without 
onstrained 
ondition, Figure 6.1illustrates a �
tion simulation result: the 
ommon reed expands all over thearea. The plant 
overs most of the 
oastal areas and heading towards themiddle of the sea.
Phragmites australis 
ell numbers in
rease rapidly in expanding s
enario(see Figure 6.2), empty 
ells are 
ontinuously o

upied by the plant. Genera-tion 1 is 
orresponding to year 2001 in expanding growing graph, generation2 is 
orresponding to year 2002, and so forth. The 
oordinates origin rep-resents number of 
ell o

upied by plant in generation 1, whi
h 
orrespondsto 67748 
ells. From generation 1 to 10 (year 2010), the 
ell number growsby 2517251. Average in
rement in 
ell number is 287222 per generation.Regression analysis reveals the 
ell growing trend is given by the equation
y=ax2 + bx + 
. The equation is des
ribing an a

elerating expansion. Theexplanation is that the larger the plant 
overage area 
ontains more 
ells in



CHAPTER 6. RESULTS AND DISCUSSION 67the edges, thus Phragmites expands faster in next generation.6.1.2 ShrinkingCompared to the expansion simulation, shrinking is based on the fa
t that
Phragmites has 
ertain mortality rate whi
h 
auses the shrinkage of 
ommonreed 
overage. To simulate this shrinking pro
ess, the transition rule shouldbe 
on�gured slightly di�erent from the expansion simulation. While no ruleis set to elevation, slope, nutrient and et
, the neighborhood 
ontrol 
onditionis set as: IF 
ell in question is not fully surrounded by reed, THEN the
ommon reed in that 
ell will diminish in next dis
rete time step. This 
abexpressed as �
ell on edges of the reed 
overage will disperse in every newgeneration�.The shrinking s
rat
h s
enario starts from the original 
ommon reed 
overage,year 2001, 
orresponding to dis
rete time step �1�. It operates 10 generations,till year 2010; Figure 6.3 illustrates the results of this operation. Figure 6.3also des
ribes the shrinking simulation result: the plant shrinks 
ontinuously10 years, and the 
overage area de
reases a

ordingly.The 
ommon reed shrinking phenomenon demonstrates a trend of de
reasein 
ell numbers (Figure 6.4). The raster map 
ontains 67748 
ells o

upiedby Phragmites in year 2001 (generation 1), this number de
reases sharplyin year 2002 to 59921 
ells and gradually de
line to 50422 in year 2010. Thede
line trend slowdown steadily in the next years, meanwhile the absolutede
reased 
ell o

upied by reed is de
elerating. For instan
e from generation1 to 2 the 
ell number drops down sharply by 7827, but this number is merely3331 from generation 2 to 3. The 
ell number o

upied by reed 
ontinues tofall till year 2010 and �nally rea
hes 50422. Regression analysis of the shrinkspeed graph reveals the de
line trend (see Figure 6.4) 
an be des
ribed byequation y = ax−b + 
 . This equation reveals the shrinking is de
elerating asnumber of generations grows. This the reed 
overage area be
omes smallerand less 
ells are therefore satisfying the mortality 
ondition.6.2 S
enario of optimal approximationUnlike the s
enario of s
rat
h, optimal approximation s
enario provides propervalues and 
ondition 
onstraints for the 
ommon reed expanding phenomenon.The 
ommon reed is supposed to spread reasonably under these 
ontrol 
on-ditions. Based on the available data sets and analysis results, the following
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2001 2002 2003 2004 2005

2006 2007 2008 2009 2010

T=1 T=5T=4T=3T=2

T=10T=9T=8T=7T=6

Figure6.3:Reedshrinkingfrom2001to2010
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Figure 6.4: Shrinking speed graph



CHAPTER 6. RESULTS AND DISCUSSION 70rules for CA simulation model are 
on�gured: elevation drops in the range of2 standard deviation from the mean elevation value (see Figure 5.13), slopevalue drops in the range of 2 slope standard deviation from the slope mean(see Figure 5.13).Besides the 2 
ondition 
onstraints abovementioned, another in�uential 
on-strainthood is the neighbor. In this optimal approximate operation, neigh-borhood threshold number is set to 4, that is, IF there are 4 
ells o

upiedby reed around the 
urrent 
ell, THEN 
ommon reed will expand to the 
ellin question in the next generation, ELSE plant in the 
urrent 
ell shrink IFreed existed.In addition, Monte Carlo method is in
luded in the optimal simulation. Sin
eun
ertainty is asso
iated with the 
ommon reed expansion phenomenon, byintrodu
ing Monte Carlo method, the simulation model 
an a

ount for therandomness of the phenomenon. Monte Carlo method requires the simulationto run several times, thus simulation model 
an give eventually an optimalout
ome. Figure 6.6 illustrates the simulation results after applying MonteCarlo method.
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2001 2002 2003 2004 2005

2006 2007 2008 2009 2010

T=1 T=5T=4T=3T=2

T=10T=9T=8T=7T=6

Figure6.5:Optimals
enarioofreedexpandingfrom2001to2010
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Figure 6.6: Optimal s
enario graphThe simulation result of the optimal simulation is illustrated in Figure 6.5,the s
enario is operated under proper 
on�gured 
onditions: the 
ommonreed grow in suitable water depth, shallow water areas with gentle slopeseabed , and su�
ient plant surroundings. This operation starts from gen-eration 0 (year 2001) to generation 10 (year 2011). Compared with previouss
rat
h s
enarios, the expansion phenomenon be
omes reasonable by prede-�ned 
ondition 
onstraints. The 
ommon reed 
overage expands in 
ertainarea; while the approximation also illustrates the plant 
an also shrink.



CHAPTER 6. RESULTS AND DISCUSSION 73As shown in Figure 6.6, the expansion 
urve illustrates that the plant 
over-age area starts to shrink in the �rst few generations, and expand till steadyafterwards. The 
ell number drops dramati
ally from 1st to 2nd genera-tions, de
reased by 1257 
ells. Afterwards, it rises steadily during 2nd to 3rdgenerations, and in
reases smoothly from 4th to 8th generations. The 
ellnumbers are fairly steady from generation 8th to 10th. Regression analysis
on
ludes the 
urve 
an hardly be represents by a formula, sin
e the growing
urve represents duel de
rement and in
remental attributes. The optimalapproximated growing 
urve represents best mat
h phenomenon 
omparedto plant expansion in reality.



Chapter 7Con
lusions and Limitations
7.1 Con
lusionsThe use of model fa
tors and 
ondition 
onstraints in�uen
ed the model out-
omes. Out
omes of s
enario of s
rat
h demonstrate abnormal and irregularresults: Phragmites grows without any 
ondition 
onstraint, thus plant ex-pands to 
over most of the Finnish 
oast of the Gulf of Finland. The 
ause ofthis 
haoti
 phenomenon is the s
rat
h s
enario does not in
lude any fa
torand 
onstrain 
ondition, ex
ept the neighborhood 
ondition.The patterns a
quired from the CA simulation results indi
ate the impa
tof spatial resolution. Changing of spatial resolution introdu
es signi�
antvariation in the simulation out
omes. The area o

upied by reed de
reases asdata resolution in
reases. On the other hand, in
reasing the spatial resolutionresults in lowering the expansion speed.Simulation out
omes vary signi�
antly with di�erent neighborhood 
ondi-tions. Neighborhood 
onditions 
ontribute to all simulation s
enarios. Theneighborhood rules are de�ned as: when the CA simulation model is expand-ing, the 
ell require less reed surrounding neighbors; when model is shrinking,it requires larger numbers of the reed surrounding; to satisfy both a
tions,neighborhood 
ondition must be 
alibrated in a di�erent mean.Monte Carlo simulation method is introdu
ed to solve the randomness ofthe phenomenon . Monte Carlo method turns the CA simulation modelinto an irreversible system, while originally CA modelse are reversible. Thesimulation model generates the same out
omes when Monte Carlo methodis not applied. When applying Monte Carlo method, the CA model mustbe run several times to generate proper out
omes. Out
omes 
an be used74
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onstru
t a probability distribution graph, whi
h re�e
ts un
ertainty andrandomness.To sum up, the following 
omponents have signi�
ant impa
t on the CAsimulation model:
• Expansion suitability fa
tors
• Spatial resolution (
ell size)
• Neighborhood type and size
• Monte Carlo method7.2 LimitationsLimitations in the CA simulation model 
ause 
ertain imperfe
tions in thesimulation out
omes. Limited data sour
es as well as a

ura
y and un
er-tainty issues a�e
t the CA simulation results. Limitations in data sour
eslead to further restri
tion in the analysis, whi
h dire
tly impa
t the determi-nation of 
onstrain fa
tors. Data a

ura
y and un
ertainty bring di�
ultiesto the model validation, whi
h is 
onsidered as a 
ru
ial stage to build theCA simulation framework. Moreover, instead of a
tual 
ontinuous time, dis-
rete time step is applied in simulation model, whi
h limits the model abilityto simulate the phenomenon in reality.Large amount of GIS data is required for realisti
 simulation. Data usedin the 
urrent model were originated and a
quired from several sour
es.For instan
e, the 
ommon reed 
overage is obtained from a sour
e di�er-ent from some layers representing e
ologi
al fa
tors, whi
h were derived fromthe DEM. The a

ura
y of 
ommon reed 
overage �le is not de�ned and thedata a
quisition season is not 
ertain. The 
ommon reed 
overage varies indi�erent seasons; plant 
overage shrinks in the winter and expands in thesummer as the temperature rises. Without enough knowledge about dataa
quisition time (season), the simulation time in CA model 
annot be 
on-�rmed pre
isely. Similar problem exists in LiDAR data, whi
h has less in-�uen
e in simulation. DEM data for simulation model is 
ombined from twosour
es with originally di�erent spatial resolution. The 
oarse sea DDM hadto be re-sampled to mat
h the spatial resolution of the DEM on land. There-sample pro
ess raises un
ertainty issues in the simulation model. Further-more, the analysis requires more detailed spatial resolution of DEM data, as



CHAPTER 7. CONCLUSIONS AND LIMITATIONS 76the resolution of the 
urrent DEM (25 X 25 meters) is 
onsidered 
oarse forsu
h an appli
ation.In addition, the la
k of data regarding the e
ologi
al fa
tors of the phe-nomenon has in�uen
ed the simulation results. Also, sin
e the asso
iatedfa
tors need to be analyzed both spatially and temporally, the la
k of tem-poral data has negatively in�uen
ed the CA simulation model.Unlike the a
tual 
ontinuous time, dis
rete time step is applied in CA simula-tion model. For Phragimtes expansion, one dis
rete time step equals to oneyear. Sin
e 
ommon reed growing situation varies in di�erent years, un
er-tainty of simulation rises as the dis
rete time or generations in
reases. Forinstan
e, be
ause of the unexpe
ted natural randomness, model out
omes
an illustrate a realisti
 simulation in �ve dis
rete time steps but not in �ftysteps. Therefore, dis
rete time in CA simulation model needs to be assesseda

ordingly.Due to time limitation, the results from the simulation model were not val-idated. Validation 
an be used to determine the degree of 
orre
tness inrepresenting the real world from the perspe
tive of uses of model. Thereforethe invalidated model has limited 
apability of predi
ting degree of a

ura
yand 
orre
tness for the real plant growing situation. Hen
e, further validationstep 
an enhan
e the model 
redibility.7.3 Re
ommendationsThe 
urrent CA model establishes an a

eptable simulation of Phragimitesexpansion. However, the model 
an be improved in several aspe
ts. Fromthe user point of view, it is preferable to have a Graphi
 User Interfa
e(GUI). GUI 
an fa
ilitate the usage of simulation program by easy meansof 
on�guration whi
h makes it easier for end users. Moreover, in order to
alibrate the probability 
al
ulation of the 
ommon reed expansion, Bayestheory 
an be introdu
ed to the future model. Finally, further studies onmodel validation 
an be 
ondu
ted in order to 
ompare the model out
omeswith the a
tual 
ommon reed 
overage.
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