
AALTO UNIVERSITYShool of Siene and TehnologyDepartment of Surveying
Chen XiaojieSpatial Modeling and Simulation ofthe Common Reed in the Gulf of Finland

Master's ThesisLahti, May 26th, 2010
Supervisor: Professor Ari Jolma, Aalto UniversityInstrutor: M.S. Anas Altartouri, Aalto University



iiAALTO UNIVERSITY ABSTRACT OFShool of Siene and Tehnology MASTER'S THESISDegree Programme of Surveying DepartmentAuthor: Chen XiaojieTitle of thesis:Spatial Modeling and Simulation ofthe Common Reed in the Gulf of FinlandDate: May 26th, 2010 Pages: 88Professorship: Department of Civil and Environmental EngineeringCode: Maa-123 GeoinformatisSupervisor: Professor Ari JolmaInstrutor: M.S. Anas AltartouriInvasive speies have been reognized globally as a major environmentalproblem. Phragimites australis, the ommon reed, is rapidly expand-ing on the Finnish oast of the Gulf of Finland, lowering its propertyvalue and ausing eologial onsequenes. This invasive expansion anbe ontrolled by strategi management plans. Hene, the present studyintrodues a model apable of simulating the expansion of Phragimites

australis in order to serve as a tool for environmental management. Thisresearh approahes the matter by �rstly providing a method for delin-eating the ommon reed overage from LiDAR data. Seondly, fatorsexplaining the phenomenon are proposed, analyzed, and aggregated, pro-viding transitional rules for the ellular automata model. Finally, a ellularautomata model is developed to simulate the dynami of this phenomenonand build senarios of possible future overage of Phragimites australis inthe study area. The results demonstrate suessful model funtionality forproduing senarios of the ommon reed expansion. The study indiatesalso the potential of ombining ellular automata and GIS tehnology tomodel the expansion of invasive speies and provide useful managementtool.Keywords: Cellular automata; Common reed; GIS; LiDAR; Modeling;
Phragmites australis; Simulation;Language: English



AknowledgementsThis thesis would not have been possible without Anas Altartouri's instru-tions. He has made available his support in a number of ways, inludingsuggesting the thesis struture, orreting my language, and ontinuously re-vising the thesis ontent. I owe my deepest gratitude to professor Ari Jolma,he has beening teahing, and o�ering valuable help to me in the past 3 years.It is an honor for me to thank professor Kirsi Virrantaus and Paula Ahonen-Rainio who have been my teahers in Helsinki University of Tehnology. I amindebted to many of my olleagues who supported me, inluding Ioan Feren-ik who has ontributed to the model simulation ode, Veikko Kosonen andSorri Oskari who have been failitated the o�e supplies. I am grateful toOlli Kontkanen, Ville Viitasaari, and Dang Nha Uyen, they have been greatompanies during the olorful days in Finland. Finally, I would like to showmy gratitude to my parents and my older sister, they have been the majormental and physial support for me during the time of pain and darkness.Lahti May 26th 2010
Chen Xiaojie

iii



Contents
Abbreviations 71 Introdution 91.1 Rationale . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91.2 Aim and objetives . . . . . . . . . . . . . . . . . . . . . . . . 101.3 Researh design . . . . . . . . . . . . . . . . . . . . . . . . . . 111.4 Researh ontext . . . . . . . . . . . . . . . . . . . . . . . . . 121.5 Contents of the thesis . . . . . . . . . . . . . . . . . . . . . . . 122 State of Art 132.1 The ommon reed . . . . . . . . . . . . . . . . . . . . . . . . . 132.2 Explanatory fators of ommon reed expansion . . . . . . . . . 142.2.1 Eologial fators . . . . . . . . . . . . . . . . . . . . . 152.2.2 Spatial fators . . . . . . . . . . . . . . . . . . . . . . . 152.2.3 Human fators . . . . . . . . . . . . . . . . . . . . . . 162.3 Mapping of ommon reed . . . . . . . . . . . . . . . . . . . . . 172.4 Cellular automata simulation theory . . . . . . . . . . . . . . 182.4.1 Introdution to ellular automata . . . . . . . . . . . . 182.4.2 Components of CA model . . . . . . . . . . . . . . . . 193 Study Area and Materials 243.1 Study area . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 243.2 Datasets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 251



CONTENTS 23.2.1 LiDAR data . . . . . . . . . . . . . . . . . . . . . . . . 263.2.2 Raster data . . . . . . . . . . . . . . . . . . . . . . . . 273.2.3 Vetor data . . . . . . . . . . . . . . . . . . . . . . . . 284 Data Proessing 324.1 Mapping of the ommon reed overage . . . . . . . . . . . . . 324.1.1 LiDAR attribute analysis . . . . . . . . . . . . . . . . . 324.1.2 Classi�ation proess . . . . . . . . . . . . . . . . . . . 344.2 DEM proessing . . . . . . . . . . . . . . . . . . . . . . . . . . 404.3 Vetor data proessing . . . . . . . . . . . . . . . . . . . . . . 424.3.1 Distane omputation . . . . . . . . . . . . . . . . . . 425 The Simulation Model 455.1 Model struture . . . . . . . . . . . . . . . . . . . . . . . . . . 455.1.1 Universal environment . . . . . . . . . . . . . . . . . . 465.1.2 Cell neighborhoods . . . . . . . . . . . . . . . . . . . . 495.1.3 Cell status . . . . . . . . . . . . . . . . . . . . . . . . . 505.1.4 Transitional rules . . . . . . . . . . . . . . . . . . . . . 535.1.5 Edge e�et . . . . . . . . . . . . . . . . . . . . . . . . . 555.1.6 Monte Carlo method in ellular automata . . . . . . . 555.2 Cellular automata proess diagram . . . . . . . . . . . . . . . 565.3 Model implementation . . . . . . . . . . . . . . . . . . . . . . 585.3.1 Neighborhood algorithm . . . . . . . . . . . . . . . . . 585.3.2 Growth probability alulation . . . . . . . . . . . . . . 606 Results and Disussion 636.1 Senario of srath . . . . . . . . . . . . . . . . . . . . . . . . 636.1.1 Expanding . . . . . . . . . . . . . . . . . . . . . . . . . 636.1.2 Shrinking . . . . . . . . . . . . . . . . . . . . . . . . . 676.2 Senario of optimal approximation . . . . . . . . . . . . . . . 677 Conlusions and Limitations 74



CONTENTS 37.1 Conlusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 747.2 Limitations . . . . . . . . . . . . . . . . . . . . . . . . . . . . 757.3 Reommendations . . . . . . . . . . . . . . . . . . . . . . . . . 76



List of Figures
1.1 Researh design in 4 phrases . . . . . . . . . . . . . . . . . . . 112.1 Common reed expansion proess . . . . . . . . . . . . . . . . . 142.2 One-dimensional CA model . . . . . . . . . . . . . . . . . . . 192.3 Two-dimensional CA model . . . . . . . . . . . . . . . . . . . 202.4 Three-dimensional CA model . . . . . . . . . . . . . . . . . . 202.5 Triangular, retangle, and hexagon latties . . . . . . . . . . . 212.6 von Neumann and Moore neighborhood . . . . . . . . . . . . . 213.1 Loation of the study area . . . . . . . . . . . . . . . . . . . . 253.2 Loation Otaniemi bay and study site in Porvoo . . . . . . . . 263.3 LiDAR point loud displayed in LAS viewer . . . . . . . . . . 273.4 Merged DEM and DDM . . . . . . . . . . . . . . . . . . . . . 293.5 An example of the feth data. Source: Ekebom [2003℄ . . . . . 303.6 A sample of the ommon reed overage . . . . . . . . . . . . . 314.1 LiDAR loud in the study area . . . . . . . . . . . . . . . . . 334.2 Representation of LiDAR intensity . . . . . . . . . . . . . . . 344.3 Analysis area . . . . . . . . . . . . . . . . . . . . . . . . . . . 354.4 Measurement of ommon reed height in LiDAR loud . . . . . 364.5 Intensity measurement of ommon reed in LiDAR loud . . . . 374.6 LiDAR lassi�ation �ow hart . . . . . . . . . . . . . . . . . 394.7 Satellite image in study area . . . . . . . . . . . . . . . . . . . 404.8 DEM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 414



LIST OF FIGURES 54.9 Slope derived from DEM . . . . . . . . . . . . . . . . . . . . . 414.10 Setors before and after seletion . . . . . . . . . . . . . . . . 435.1 Adopted 2D CA universal environment . . . . . . . . . . . . . 465.2 Representation of the real world in raster format . . . . . . . . 475.3 Representation of the spae in di�erent ell sizes . . . . . . . . 485.4 Cell size e�et on the spatial resolution . . . . . . . . . . . . . 485.5 Two methods in alulating growth probability . . . . . . . . . 505.6 Change in ell status . . . . . . . . . . . . . . . . . . . . . . . 525.7 Threshold deides ell status . . . . . . . . . . . . . . . . . . . 535.8 Edge e�et solution . . . . . . . . . . . . . . . . . . . . . . . . 555.9 Flow diagram for the ellular automata model . . . . . . . . . 576.1 Reed expanding from 2001 to 2010 . . . . . . . . . . . . . . . 656.2 Expanding speed graph . . . . . . . . . . . . . . . . . . . . . . 666.3 Reed shrinking from 2001 to 2010 . . . . . . . . . . . . . . . . 686.4 Shrinking speed graph . . . . . . . . . . . . . . . . . . . . . . 696.5 Optimal senario of reed expanding from 2001 to 2010 . . . . 716.6 Optimal senario graph . . . . . . . . . . . . . . . . . . . . . . 72



List of Tables
4.1 Table for showing 8 diretions and degree setors . . . . . . . 434.2 Example result for openness longest distane . . . . . . . . . . 44

6



Listings4.1 Open distane alulation . . . . . . . . . . . . . . . . . . . . 445.1 Algorithm for general neighborhood withoutboundary ells . . 595.2 Neighborhood solution for edge ells . . . . . . . . . . . . . . . 605.3 Implementation of idealisti growth alulation funtion . . . . 615.4 Pseudo ode for CA initialization subroutine . . . . . . . . . . 62

7



AbbreviationsCA Cellular AutomataDDM Digital Depth ModelDEM Digital Elevation ModelDSM Digital Surfae ModelDSS Environment Deision Support SystemGIS Geographi Information SystemGPS Global Positioning SystemGRASS Geographi Resoures Analysis Support SystemGUI Graphial User InterfaeLiDAR Light Detetion And RangingND Normal DistributionSD Standard DeviationTIFF Tagged Image File FormatUTM Universal Transverse Merator

8



Chapter 1Introdution
1.1 RationaleInvasive speies are one of the top drivers for global environment prob-lem inreasing as a onsequene of tourism and globalization [Mooney et al.,2005℄. Invasive speies an hange the funtions of eosystems, invasive plantsan alter the �re regime, nutrient yling and hydrology in native eosys-tems [Mak et al., 2000℄.As a widespread and aggressive invasive speies,
Phragmites australis (hereafter Phragmites or ommon reed), has inreaseddramatially in distribution and abundane [Rikey and Anderson, 2004℄.This invasive speies appears to be nearly global in distribution in freshand brakish waters, it a�ets the landsape, hydrology and drainage den-sity [Weinstein and Balletto, 1999℄, thus auses serious threat to the loaleosystems.In Europe, during the 1990s, Phragmites attrated attention in several Eu-ropean ountries [van der Putten, 1998℄. In Finland, the ommon reed hasspread extensively in the inner and middle arhipelago 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 onerns inluding invasive speies, habitat hange andbiodiversity loss as well as nutrient overloading [Gewin, 2005℄. Therefore,e�etive ontrol or even eradiation is needed repeatedly for suh invasivespeies[Mak and Lonsdale, 2002℄.As in major invasive plant ontrol issue, a onsiderable return for limitedresoures rests in prioritization of sites, monitoring, early disovery and re-moval, as well as vigilane thereafter [Sta�en et al., 2003℄. One e�etive mean9



CHAPTER 1. INTRODUCTION 10for ontrolling invasive speies is to monitor suseptible areas and destroythe new plants before expansion [Sta�en et al., 2003℄. Monitoring susep-tible area would also allow quantifying the onsequenes resulting from theexpansion and de�ne more sensitive area for well-informed deision makingand e�etive management measures. Hene, there is a need for developing asimulation model whih predits the spread of Phragmites australis.This researh 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 approah, 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 Deision Support System (EDSS) whihan failitate management and deision making proess.1.2 Aim and objetivesThe aim of this researh 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 statistial results whih represent
Phragmites australis expansion area during a prede�ned period of time.In order to ahieve the aim, several objetives must be met:

• Mapping of the ommon reed overage by proessing LiDAR data.
• Investigation of the environmental fators assoiated with the existeneand expansion of ommon reed. This inludes omprehensive revision ofommon reed eology and statistial testing of these fators' relevaneto the phenomenon.
• Testing the potential aggregation methods by whih explanatory fatorsan be expressed in a suint manner.
• Development of a ellular automata (CA) simulation model based onwell-de�ned plant expansion rules.



CHAPTER 1. INTRODUCTION 111.3 Researh designThe researh approahes the objetives through four phases (see Figure 1.1).In the �rst phase, literature review is onduted in order to understand deeplythe problems in question, i.e. nature of the reed expansion phenomenon,methods to be used, data to be aquired. Then, the study moves to theseond phase where LiDAR data is analyzed and proessed, resulting in ex-tration 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 weightedfators onerned with the phenomenon; hoose a suitable method for aggre-gating those fators; and development of CA simulation model. Finalized bysimulation outome analysis and model alibration, the results of the modelare disussed and onlusions 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: Researh design in 4 phrases



CHAPTER 1. INTRODUCTION 121.4 Researh ontextThis researh was arried out within the frame of projet IBAM(IntegratedBayesian risk Analysis of eosystem Management in Gulf of Finland). Themodel integrates risk management of �ve themes: �sheries, eutrophiation,oil spills, dioxin risks related to the onsumption of herring, and limatehange. Phragmites existene and expansion status are linked with �vethemes in di�erent sales.1.5 Contents of the thesisThis setion desribes the abstrats of eah hapter in the paper; it givesguidane for reading of di�erent level of readers. This paper is elaborated inseven hapters:Chapter 1 introdues researh ontext, objetives and researh design.Chapter 2 inludes literature review, theory analysis and previous workassoiated with urrent researh.Chapter 3 desribes the study area and materials.Chapter 4 explains the data proessing method and determines in�uentialfators onerned with plant growing.Chapter 5 studies ellular automata methodology in Geosiene and ex-plains the simulation model implementation.Chapter 6 analyzes di�erent senario of the simulation model.Chapter 7 onludes and �nalizes this researh by given further reommen-dation for the simulation model.



Chapter 2State of ArtThis hapter provides bakground information for the ommon reed, explana-tory fators of ommon reed expansion phenomenon, mapping methods forommon 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 tropial regions of the world [Saltonstall,2006℄. The plant ommonly forms extensive stands (known as reed beds usu-ally 100-300 shoots per 1 m2), whih an oupy as muh as a square kilome-ter or more in extent and be apable of fast spreading when onditions arefavorable. As an aggressive speies, ommon reed an spread both vegeta-tively with rhizomes and with seeds [Guker, 2010℄. Reprodution 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 our where the water isaidi. It tolerates brakish water, and is often found at the upper edges ofestuaries and on other wetlands whih are oasionally inundated by the sea[Havens et al., 2003℄.The ommon reed invasion may be having deleterious e�ets on �sh popu-lations and possibly on predators that prey upon them. The reed has beendemonstrated to have a negative e�et on larval and small juvenile �sh, butless or no e�et on larger �sh [Able and Hagan, 2000, 2003℄. Reed beds maybe inadequate larval habitats and prey availability is dereased beause ofless diverse invertebrate taxa [Raihel et al., 2003℄. In other words, ommon13



CHAPTER 2. STATE OF ART 14reed beds an be important habitats for aquati invertebrates, insets andseveral bird speies [Ikonen and Hagelberg, 2007℄.2.2 Explanatory fators 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 researh examines the spatial tolerane, eologial onstrainsand ompetitive abilities of ommon reed. The determinants of the speiesexpansion onsider the ability to establish new olonies and to inrease 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 fators onerned with plant growth,feundity, and survival vary greatly aross the range of habitants suitable for
Phragmites australis.In a typial oastal area, explanatory fators ontributing to plant expansioninlude water depth, shading, sediment and wrak deposition, freezing peroid,wave and ie erosion, drought, and nutrient limitation [Burdik and Konisky,2003℄.

Figure 2.1: Common reed expansion proessDetermination fators are ategorized into three lasses: eologial fatorswhih explain the hief environmental fators governing distribution of reedexpansion, inluding salinity, water depth, sediment type, nutrient level, and



CHAPTER 2. STATE OF ART 15interation with other organisms; spatial fators whih study entities of topo-logial, geometri, and geographi properties, inluding elevation, slope, andtopography; human fators whih explains the way humans relate to theworld, for instane onstrutions along oastal area, seashore onservation,pollution and ativities related to ommon reed expansion. These group offators are disussed in following paragraphs.2.2.1 Eologial fatorsThe reed beds have several ompetitive advantages against other plants,whih makes the aggressive spreading possible. Tall and dense reed bedsprevent light penetration and suppress other speies. Deomposing reed matalso overs the ground and inhibits other speies growth, so one the reedstands appear to a plae, it is very di�ult for other speies to ompete withreed. The global spread an be explained with the high tolerane of reed todi�erent environmental onditions. The reed is a robust ompetitor in severalways [Burdik and Konisky, 2003℄. It prefers nutrient-rih habitats, and thuseutrophiation an be one explanation for the reed expansion. The reed angrow in lakes and brakish water, and tolerane to hanges in salinity is high.The reed also stands a lot of variation in soil pH (3.6-8.6), and has a widetolerane to water level �utuations [Lelong et al., 2007; Hayball and Peare,2004℄.Oasionally reed beds may diminish or ollapse. Fators ausing derease inreed beds are extreme water levels during winter together with low tempera-tures, strong ie ativity, strong waves and wind and serious drought duringthe vegetative period [R.Bodensteiner and O.Gabriel, 2003; E. Minhinton,2002℄. Grazing used to be a strong ontrolling fator when agriulturewas strong everywhere. This has been shown in simulated grazing tests[Hayball and Peare, 2004℄, and the heavy urbanization in last deades mayhave aelerated the spread of reed due to dereased grazing.2.2.2 Spatial fatorsSpatial explanatory fators over elevation, slope, aspet, hill-shape, arhipelagodistribution, sea openness (explained in Chapter 4), river mouths proxim-ity and the other potential elements a�et ommon reed expansion. Eleva-tion and slope appear to be 2 in�uential fators. Common reed establish-ment is restrited to muddy sites (soft sea bottom) with proper water level[Doody et al., 2007℄. Phragmites australis speies growing aross a range



CHAPTER 2. STATE OF ART 16of elevations: low, below mean high water; mid, around mean high water;high, above mean high water [Burdik and Konisky, 2003℄.Common reed establishment is restrited to muddy sites and soft sea bottomwith proper water level [Doody et al., 2007℄. High water levels an drownthe plant, and lak of water leads to desiation. Field sites suitable for reedemergene are typially un�ooded and unshaded. The ommon reed habitattype ours on seasonally �ooded sites where water ranges from 20 m to1 m below the soil surfae. Flutuating water levels are also tolerated byommon reed [Hall, James B.; Hansen, Paul L. 1997℄.Distane to river mouths a�ets the expansion proess in the mean of or-gani sediments. Organi matter in the shelf sediments is mainly of marineorigin, with inreasing terrigenous omponents only lose to rivers and es-tuaries [Alt-Eppinga et al., 2007℄. Common reed oupies a wide variety ofsubstrates and tolerates a range of organi matter, nutrients and pH levels[Guker, 2010; Lee Ellis, 2005℄. The establishment, expansion and eosys-tem e�ets of Phragmites australis desribed it as an �eosystem engineer�after �nding that true elevation, peat aumulation, and organi matter in-reased while sediment bulk density dereased with inreased ommon reeddominane. Not onsistently demonstrated over all sites, however, sedimentproperties have impats on ommon reed growth [Guker, 2010℄.
Phragmites australis is most ommon in full sun or nearly full sun on-ditions [Jepson and Hikman, 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 impat on the ommon reed growth due to the �atnature of the area and, thus, an be negleted.2.2.3 Human fatorsHuman impats provide a partial explanation of how Phragmites expandsand ompetes so well. Hydrologial alterations, onstrution ativities, andlowered salinity an explain the spread of reed [Bart and Hartman, 2003;Burdik and Konisky, 2003; Havens et al., 2003℄. There is evidene that vari-ations in limati onditions, partiularly inreased preipitation enhane theperformane of Phragmites [E. Minhinton, 2002℄. The inreasing CO2 in at-mosphere also favours the reed over some other ompeting speies [Burdik 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�erenes in



CHAPTER 2. STATE OF ART 17ability to expand with di�erent genotypes of the reed. Native and invasive
Phragmites speies both respond positively to inreased nutrients, but hu-man introdued plants learly outperform natives, growing taller, produingmore stems, and having higher biomass [Saltonstall and Stevensona, 2007℄.2.3 Mapping of ommon reedAs an invasive speies, previous work of mapping similar plant utilizes re-mote sensing tehnologies. Remote sensing images have gained suess inproviding spatial information on land over harateristis to land man-agers that inrease e�etive management of invasions into native habitats[Underwood et al., 2003℄. In ontrast to �eld-based surveys, imagery an beaquired for all habitats, over a muh larger spatial area, and in a short pe-riod of time. The wealth of spetral information provided by hyper-spetralsensors allows for the speies-level detetion neessary to map invasive herba-eous speies [Clarka et al., 2005℄.However, most of the plants are spetrally similar beause they are om-posed of the same spetrally ative materials: pigments, water, ellulose,et. [Jaquemoud and Baret, 1990℄. Similarities among di�erent speies in-terfere the mapping and lassi�ation for invasive speies. Moreover, theauray of mapping results dereases, sine the spetral uniqueness is requi-site for hyper-spetral detetion [Andrew and Ustina, 2008℄. Thus, there isa need for new methods of mapping the ommon reed whih overomes theproblems assoiated with the hyper-spetral-based method.Light Detetion and Ranging provides high resolution horizontal and verti-al spatial point loud data, and is inreasingly being used in a number ofappliations and disiplines, whih have onentrated 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 reently havebeen attempted with multi-spetral 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 surfaes suh as digital elevation model (DEM) anddigital surfae model (DSM), while ontain information on LiDAR intensityvalues, it is a spatial and spetral segmentation ombined data soure.Classi�ations by using LiDAR have been attempted to derive several landfeatures. In the study of Brennan and Webster [2006℄, they use attributesinluding mean intensity, Normal Height, Digital Surfae Model, and Mul-



CHAPTER 2. STATE OF ART 18tiple Waveform LiDAR return to 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 assistane of spetral bands image, Bartels andWei [2006℄ extrat land types of buildings, vegetations, and ground in urbanarea.In this study, however, the ommon reed is the only interesting lass to beextrated. The distribution harateristis of the ommon reed explained inSetion 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 theommon 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 Setion 4.1.2.4 Cellular automata simulation theoryA ellular automaton (CA) is a disrete model studied in omputability the-ory, mathematis, physis, theoretial biology and miro-struture modeling.It onsists of a lattie of sites, eah with a �nite set of possible values. Thevalues of the sites evolve synhronously in disrete time steps aording toidential rules. The value of a partiular site is determined by the previousvalues of a neighborhood of sites around it [Wolfram, 1984℄. Although theapproah of ellular automata is deades old, its widespread developmentand aeptane aross the natural sienes has been relatively reent and israpidly aelerating, and may beome the arhetypal desription for ertainkinds of systems [Fonstad, 2006℄.2.4.1 Introdution to ellular automataJohn Conway's �Game of Life� was the �rst well known appliation of ellularautomata [Gardner, 1970℄. Range of spatio-temporal dynamis allowed in thesimple CA models is similar to range of allowed dynamis in the ontinuumdesription of the universe [To�olia, 1984℄.CA began to be used as a simulation world-view in Geosienes. The idea of�ellular geography� was introdued by Tobler[1979℄, he presents the idea thatseveral distributed geographial onepts ould be simulated by CA models.



CHAPTER 2. STATE OF ART 19Tobler [1980℄ introdued his idea to urban growth and land over hangebased on CA. CA ontains important apabilities in developing simulationmodels, and ellular automata simulations are gaining inreased attentionand being widely used in Geosiene.Current researh of CA in Geosienes fouses on several disiplines: tran-sition rules developing; �nding suitable omputing environment inludingprogramming language, data struture, and hardware implementation; inte-gration of other �elds inluding statistial method, expert system and multi-agent system; simulation result validation. Those riteria are ruial in de-velopment of ellular automata models in geosienes model, in our ase themodel refers to ommon reed expanding simulation.2.4.2 Components of CA modelAlthough the appliation �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�et. These will be disussed in the following paragraphs.Universal environmentThe universal environment de�nes ellular automaton struture during theomputation proess. Strutures with disrete 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 respetively 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 struture in the �eld of Geosiene is 2D, whih onsists ofa disrete lattie of ells formed by triangle, retangle, hexagon, or other
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Figure 2.3: Two-dimensional CA model

A) Triangular 3D cell space B) Cubic 3D cell spaceFigure 2.4: Three-dimensional CA modeltopology [Goodhild, 2006℄ (see Figure 2.5). The assumption of ellular au-tomata models is CA lattie is omputed in a Eulidean spae. Amongseveral universal environments, the simpliity of the square-lattie approahand its similarity to the raster spatial data in Geosiene make it the basisfor further development [Fonstad, 2006℄.
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A)Triangle cell B) Rectangle cell C) Hexagon cellFigure 2.5: Triangular, retangle, and hexagon lattiesCell neighbourhoodsTwo-dimensional lattie gives several possibilities for ell neighbourhood for-mation. For instane, von Neumann neighborhood (Figure 2.6 A) de�nes aell with four neighboring ells in four diretions: south, north, east, andwest. Di�erently, Moore neighborhood (Figure 2.6 B) de�nes eight neigh-boring ells around eah ell with the extra diretions inluding 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 statesEah ell in the CA model an have �nite number of states [Yaoubi and Jai,2002℄. The simplest set of states a ell an have is de�ned as �on� and �o��,respetively omputed as �1� and �0� in CA appliations. For example, in



CHAPTER 2. STATE OF ART 22Figure 2.3, �ative ells � (represented in blak) an be ompared to state�1� and �empty ells� refer to state �0�. More spei�ally, in ommon reedase, the ell state an be simpli�ed as �reed-oupied� (denoted as �1�) and�reed-free� (denoted as �0�).An initial state is reated on�gured before the program start, whih anbe seen as iteration 0, and ell generation 0. A new generation is reated(iteration=1), aording to well de�ned rules that determine the new state ofeah ell in terms of its urrent state and the urrent states of its neighbouringells [Wolfram, 1984℄. For example, in this study, the rule might be de�nedsuh as a ell an beome �reed-oupied� (reed expands into it) only if threeof its de�ned neighbours were �reed-oupied�, otherwise the ell does nothange 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 exeption [To�olia, 1984℄.Transition rulesTransition rules, generally treated as mathematial funtions, ontrol thehange in the states of ells in disrete 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 disrete time, or iteration hangeswhile omputing. Individually, rules applied on a ell an be deterministior stohasti. Those two harateristis have opposite abilities: determinis-ti rules applied on ell and require every ell in one iteration present thesame probability; stohasti allow di�erent probabilisti ell exist in the sameellular automata iteration [Colasanti et al., 2007; Fonstad, 2006℄.CA models vary in the onept of deterministi and stohasti [Fonstad,2006℄. Iterations are ompleted after applying the transition rules to allells in the universal grid environment [Wolfram, 1986, 1984℄. Normally,next iteration omputing is based on the urrent generation. Partiularly,ellular automata an run bakwards, if it is possible, this give it attributeof reversible [Fonstad, 2006℄. However, if the ell states an not omputed asbakwards, 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 soures. For instane, in the ommon reed expansion ase, rulesare partly derived from the analysis of the reed overage at spei� years of
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Chapter 3Study Area and Materials
3.1 Study areaThis researh 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 isloated in UTM (Universal Transverse Merator) zone 34v and 35v. Thestudy area is onsidered as an island-rih arhipelago. 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 loation of the researh area is illustrated in Figure3.1.The methods and simulation model implemented in the study are are ap-plied spei�ally on two sites within the study area. The �rst study site isloated 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 extrating the ommonreed overage out of the LiDAR data is applied.The seond site is loated 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�uene of River Porvoo(Porvoonjoki in Finnish); the river brings massive amount of substanes tothe site whih subsequently reates suitable onditions for the expansion of
Phragmites. Figure 3.2 illustrates the loation of both sites within the studyarea.

24
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Figure 3.1: Loation of the study area3.2 DatasetsDatasets used in this study are ategorized into three types: Light DetetionAnd Ranging (LiDAR)data, raster data, and vetor data. These datasets areenumerated and disussed in the following subheadings.
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Figure 3.2: Loation Otaniemi bay and study site in Porvoo3.2.1 LiDAR dataThe airborne laser sanning data, LiDAR, provides high-resolution pointloud (see Figure 3.3) and has been applied reently in the haraterization,quanti�ation and monitoring of oastal environments. LAS viewer is usedfor displaying the LIDAR point loud data. Figure 3.3 illustrates a LiDAR



CHAPTER 3. STUDY AREA AND MATERIALS 27point 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 researh employs LiDAR data to delineate the oastal area dominatedby the ommon reed in the �rst study site. Several types of data layers anbe extrated from LiDAR, inluding DEM and digital surfae model (DSM),from whih several data layers an be derived, e.g. slope, aspet, 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 disussion about the extration method an be found in Setion4.1).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 whih several layerswere derived (see Setion 4.2), and a DDM. The DEM provides the elevationabove the sea level of every pixel representing the main land or the islands



CHAPTER 3. STUDY AREA AND MATERIALS 28in the arhipelago. On the other hand, the DDM provide a representationof the seabed with information on the depth of eah 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, respetively. Figure 3.4 illustrates the study area ombined fromDEM and DDM.3.2.3 Vetor dataVetor data type is used in GIS to desribe geometry and represent objetsin the form of points, lines, or polygons [Harris et al., 2005℄. Vetor datasetsavailable inlude the overage of Phragmites along the Finnish oast of theGulf of Finland, as well as feth data along the shorelines in this area. Theommon reed overage data is provided by University of Turku. The reed ov-erage �le illustrates ommon reed growing overage in the southern Finnishoast. This reed shape�le is generated from Landsat satellite images, it de-sribes 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 vetor dataset is the feth given for along the shorelines of themainland and islands in the study area [Ekebom et al., 2003℄. Feth is de-�ned as the distane from a studied point to the nearest shoreline in a givendiretion ([Ekebom et al., 2003℄, [Hakansson, 1981℄ and [Tolvanen and Suomi-nen, 2005℄). It is used to indiate the openness of di�erent segments of theshoreline (see Figure 3.6), an important fator whih in�uenes the proessesand 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 feth data. Source: Ekebom [2003℄
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Figure 3.6: A sample of the ommon reed overage



Chapter 4Data ProessingIn this hapter, the proessing proedure of di�erent datasets is desribed.Raw datasets, desribed in Chapter 3, had to be proessed in order to providethe needed input for the developed model. Di�erent types of data needdi�erent proessing methods. The following setions desribe the methodby whih reed overage is delineated from the LiDAR data, methods usedto prepare and derive needed layers from available raster as well as vetordatasets.4.1 Mapping of the ommon reed overageThe main objetive of LiDAR data proessing is to delineate the ommonreed overage in the orresponding area. Height and intensity, whih areindiating the ommon reed, have been measured in a prede�ned reed growingarea near Otaniemi. Sine plant height and intensity remain similar in thesame season, these two attributes an be applied entirely aross 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 sanning devie whih de�nes thedistane from the sensor to the ground, of a series of points approximatelyperpendiular to the diretion of �ight. If a laser pulse or a part of the pulse is32



CHAPTER 4. DATA PROCESSING 33re�eted from a roof top or the top of a anopy tree, the sensor will reord the�rst return. Meanwhile, part of the pulse might partially penetrate the treeanopy and travel through it, to reah the ground. In this ase, the sensorwill reord the return from the ground, i.e. the last return [Dikie, 2001;Webster et al., 2006℄. By removing the �rst or last returns, a digital terrainmodel of ground surfae topography or terrain an be generated respetively.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�etane inten-sity of the surfae (see Figure 4.2). The LiDAR intensity value refers to theorresponding spetral wavelength from the laser emits [Brennan and Webster,2006; Webster et al., 2006℄. Re�etane varies from material harateris-tis, as well as the light used; di�erent materials have di�erent re�etane.Consequently, intensity value provides useful information for the land-overlassi�ation. Nevertheless, LiDAR intensity images often appear to be het-erogeneous and ontain data noise due to the exessive e�et and artifatsaused by the sensor sanning [Antonarakis et al., 2008℄. There are severalmethods for �ltering LiDAR data noise, and here we introdue a tehniquefor dealing with laser sanning angle. By �ltering partiular sanning 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 soure.Charateristis in�uene LiDAR data lassi�ation in several perspetives:elevation values determine the plants height, for instane Phragmites australisaquires dissimilar height attribute from bushes and trees; slope and aspetdetermine the tidal regime and wave exposure, whih in turn in�uene theourrene of intertidal speies aording to their spei� eologial prefer-enes, most likely the Phragmites australis grows in a �at sea area withoutlarge vibration [Hayball and Peare, 2004℄; and relative position of the sunand the sensor as well as the slope and aspet of the surfae may produeresponses aording to topographi e�et [Ikonen and Hagelberg, 2007℄.4.1.2 Classi�ation proessThe auray of LiDAR lassi�ation depends on the ability to detet dif-ferenes in vegetations height, whih in turn depended on adequate heightseparation among ommunity types [Bork and Su, 2007℄. Aross the study



CHAPTER 4. DATA PROCESSING 35area, dominane of height begins with sea level (0 meter), and progressesthrough reed plant area. Vertial height division lines between the highervegetations suh as ommon reed, bush and arti�ial forest are determinedbased on measurements of average height ranges.

Figure 4.3: Analysis areaThe LiDAR lassi�ation proess requires aurate 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 typial 2D GIS interfae allows users to selet data, LDVontains the spatial-expliit data examination funtions [Mgaughey and Reutebuh,2009℄. With proper seletion from the LiDAR loud, the LiDAR height at-tribute an be measured in LDV (see Figure 4.3 and 4.4).Measurement on seleted sites indiates 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. DisreetLiDAR data samples indiate 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 inommon 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, whih 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 assistane of plant height an be used todistinguish Phragmites australis from other wetland features.
Phragmites australis in the study �eld is spread over plain sea surfae withthe slope vale less than 1◦. The distribution is determined using LiDAR-derived DSM(Digital Surfae Model). Slope gradient is alulated throughsurfae analysis with a �xed pixel size, for instane 9x9 ell pixel radiuses.Cells are lassi�ed as being �at (less than 1◦), gentle slope (1◦to 3◦), or steep(large than 3◦). Aspet is lassi�ed into another system: treated as 0◦fromthe sharp east diretion, given lokwise rotation, it returns to east again withvalue of 360◦. Aspet is then lassi�ed into 9 lasses, inluding �at lass whihhas the value of -1. From enter on East lokwise to South-east, South,



CHAPTER 4. DATA PROCESSING 38Soeuth-west, West, Northwest, North, and north-east, with an inrementalof 45◦. As a onsequene of its natural harateristi, Phragmites australishas a preferene of sunshine faing trend [Guker, 2010℄. The olletive aspetof South-east, South and South-west then are relassi�ed as slopes faingSouth.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 speies in wetland also have di�erent attributes omparedwith Phragmites �eld on the sea. However, in this researh, wetland and in-land area are beyond the range of analysis. Aordingly, ommon reed aspetpreferene beame less important as an indiator of plant growing. As a re-sult, this researh simply utilities the slope and aspet values, approximatelyin full range, to lassify Phragmites on sea surfae.With a ombination of height, intensity, slope and aspet values, Phragmites

australis an be extrated 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). Auray assessment an be onduted by over-lapping lassi�ed reed area with satellites images (see Figure 4.7). However,the validation proess and auray assessment are not inluded in this re-searh.
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Figure 4.7: Satellite image in study area4.2 DEM proessingSeveral topology attributes an be generated from the Digital ElevationModel (DEM) data, for instane slope, aspet, aumulation and streamnetwork. In this researh, open soure appliations and libraries are usedin data proessing. For instane, GRASS (Geographi Resoures AnalysisSupport System) and QGIS (Quantum GIS) are used for DEM proessing,modeling, and visualization.Slope and aspet an be generated by GRASS funtion r.slope.aspect. Thealgorithm used in this funtion alulated slope and aspet 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.
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Figure 4.8: DEM

Figure 4.9: Slope derived from DEM



CHAPTER 4. DATA PROCESSING 42Aumulation is the pre-stage for stream network data analysis. Aumu-lation map an be generate by GRASS with Hydrolic Modeling module inraster proessing. The module generates a set of maps indiating the loationof watershed basins as well as aumulates value for pixels. With thresholddesribe the minimum size of an exterior watershed basin in ell, 4 map setsan be generated by this operation. The absolute aumulate value of eahell 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 indiate that those ells possibly have surfaerun-o� from outside of the urrent geographi region. Thus, any ells withnegative values annot have their surfae run-o� and sedimentation, herebyonsidering the few amount of negative values, for simpli�ation purposenegative number ells are exluded in this study.Stream network or rivers have the ability of in�uening ommon reed plantgrowing. River stream segments an bring nitrogen and other hemial in-�uening the ommon reed growing. With a proper input, stream segmentsan be extrating from the layer of aumulation by threshold values of eahpixel. 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 extrated in GRASS.4.3 Vetor data proessingProessing methods of shape�les inlude 2 major parts, methods for opennessdistane and open area alulation; the following 2 setions explain thesemethods respetively.4.3.1 Distane omputationWaves are reated by the frition between water and moving air over a ertainlength of open water surfae [Harri Tolvanen, 2005℄, referred to as the fethor openness vetor data. For the openness data, eah point has its ownopen distanes. Given feth lines were measured with a bearing of 7.5◦areasaround eah point. The length of the radiating lines is hosen to be at leastexpeted maximum distane. The openness distane lines are generated byutting the lines parts not onneted to the point at the shore. Therefore,open distanes are the remaining lines length assoiated with the site entre



CHAPTER 4. DATA PROCESSING 43points on the shore over water to nearest land. Figure 3.6 illustrates thefeth lines in one site.Several tehniques are applied on the vetor �le of feth lines to beome us-able by the analyses. The 48 lines around eah point are abstrated intothe regular 8 diretions, namely N, S, E, W, NE, NW, SE, and SW. Thisresearh simpli�es the openness distane data from 7.5◦per setor to approx-imately 45◦per setor. Original shape�le setors start from 3.75◦lok-wisediretion, inrease aross 360◦or 48 setors, and then return to the original3.75◦the origin setor. The setors degree positions are lak of 0◦(North),45◦(Northeast), 90◦(East), and et. Therefore, the solution is using approxi-mate degree position to represent the 8 diretions. Table 4.1 desribes the 8diretions and their orresponding setors in degree. Table 4.1 N representnorth, S represents south, E east and W west. Figure 4.10 illustrate thesituation before seletion (see Figure 4.10.A) and after seletion (see Figure4.10.B)

A. 48 sectors B. 8 sectors

7.5

45

Figure 4.10: Setors before and after seletionDegree 3.75◦ 48.75◦ 93.75◦ 138.75◦ 183.75◦ 228.75◦ 273.75◦ 318.75◦Diretion N NE E SE S SW W NWTable 4.1: Table for showing 8 diretions and degree setorsSimpli�ation of vetor data is the pre-stage of longest openness distanealulation. Amongst the 8 feth lines around eah point, the longest fethis determined and its diretion is assigned as the open side of the loation.The openness diretion alulation is done by the ode shown in Listing



CHAPTER 4. DATA PROCESSING 444.1. Openness diretions assign more in�uene on the deision of the siteopen attribute, for instane points near river mouth are less open than sitenear islands. The openness attribute is employed to failitate to analysislinkage of ommon reed overage loation and the orresponding site opennessattribute. Table 4.2 desribes the open distane alulation result.1 Sub OpenDistaneCal3 Dim A(8) As DoubleDim MaxEdge As Double5 Dim OpenDiretion 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 )OpenDiretion = i17 End I f19 Next21 End Sub Listing 4.1: Open distane alulationDiretion N NE E SE S SW W NW MaxDiretion0 0 24 46 411 111 0 0 SouthDistane(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 distane



Chapter 5The Simulation ModelThis hapter presents the methodology study of this researh, whih an beexpressed as ommon reed growing ondition and ellular automata expan-sion modeling. These 2 separate theory parts are merged into expansionmodel, whih is used for simulating ommon reed growing in the Gulf ofFinland. This hapter explains the priniples in setion of model strutureand the following appliation implementation setion desribes the pratialsimulation model program.5.1 Model strutureCellular automata models are dynami and disrete in time, spae and state.Simple ellular automata is de�ned by funtion (f), states (S), and neighbors(N). Three fators 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 funtion,

t refers to transition disrete time or generation and N is the ell neighbor-hoods of urrent generation.Aording to Wolfram [1984℄, standard ellular automata ontains of a set ofidential ells, and disrete ell states, ell neighborhood funtion, transitionrules and disrete time steps whih refers to generations or year. One ellshould be in set of possible states, update in aordane with the interationrule. The update progress should be non-deterministi or stohasti, sinethe nature phenomenon ontains proper degree of unertainty.45



CHAPTER 5. THE SIMULATION MODEL 465.1.1 Universal environmentA disrete two-dimensional universe is adopted in this study as the maingoal is determining the expansion of the reed overage in the arhipelagorepresented in a 2D manner. The two-dimensional universe is a griddedsurfae, similar to hessboard (Figure 5.1). This representation is also similarto the raster data format in GIS in whih some datasets are given, e.g.digital elevation model (DEM). The CA model gains great bene�t for dataproessing beause of the similarities between grid and raster struture. TheCA approah allows fast and aurate simulations of repeated prede�nedrules based on digital elevation models (DEM) [R.Minko� et al., 1992℄ andother raster data layers whih provide information related to theeologialproesses in question [Fonstad, 2006℄.

Figure 5.1: Adopted 2D CA universal environmentSpae of CA universeAs a method for storing and displaying spatial data, raster format is dividedinto rows and olumns, whih form a regular grid struture (see Figure 5.2).Although ells of raster do not neessarily have to be squares, in the presentCA model, square ells are used to omply with the existing datasets. Eahell within a matrix or grid in Figure 5.2 ontains loation oordinates as wellas an attribute value. On the other hand, eah raster layer represents a fatorrelated to proess of reed expansion, inluding elevation, slope, nutrients, andland use. The top raster layer represents the overage of Phragmites. Foreah layer, di�erent olor represents the ell values, for instane, elevationlayer have higer value in red ell and low value in blue ells; reed overage



CHAPTER 5. THE SIMULATION MODEL 47green 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
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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 indiates more pixels per unit area. A ell size of 1x1 m washosen to represent the layer of reed overage and other fators. 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 alulations 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 muh larger than how muh 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�et 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 spae in di�erent ell sizes

Cell size 15m Cell size 15cmFigure 5.4: Cell size e�et on the spatial resolutionTime in CA universeTime is another essential element in the CA model. Disrete time in theCA model indiretly re�ets the atual 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 onerning CA time. The CA modelontains grid ell is 25x25 meters; CA priniple onstrains the ondition ofgrowing at the speed of 1 ell at 1 disrete time step (equals to 1 generation).During this proess, ommon reed spreading speed is 25 m per 1 disretetime step, assume 1 generation re�ets to 1 atual year time, and then thespeed would be 25 meters per 1 year. Obviously, the plant spreading speed is



CHAPTER 5. THE SIMULATION MODEL 49over estimated, therefore time needs to be alibrated to slow down ommonreed spreading speed.Various methods an be used in simulation alibration and eah methodause di�erent onsequenes. Consider CA model simulation is slower thanreal-time, in this ase, no alibration need to be set in CA model. Sinethe CA model gives slower simulation, then CA model an be treated in adi�erent way. For instane, the previous assumption of one CA model is 1generation per 1 year, if CA simulation is slower than expetation, previousassumption an be hanged into a smaller sale. Suppose the CA simulationis 4 times slower than real-time situation, then the solution is adjust CA timeassumption to 0.25 year. Arodingly, 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 desribed as follow. CA model have the origin attributes�NotGorow� or �Grow� minimum 1 ell per disrete 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 math the real plant growing situation.In reality, plant grows or shrinks gradually at an average speed in 1 year.To solve this problem, this researh introdues a method used in urrent CAmodel alled �probability aumulation�. Instead of assign ell probabilityvalue 0 (not grow) or 1(grow), a value in de�ning range [0, 1℄ is alulatedand assigned to eah ell (see Figure 5.5.b). �Probability aumulation� 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, whih gives thepossibility for plant to oupy �half ell� per generation. Thus, Figure 5.5.bwith �probability aumulation� method simulates a loser senario omparedwith Figure 5.5.a. While the probability aumulate, the ell beomes moresuitable for ommon reed growing, and onsequently have the value of reedoupation arodingly.5.1.2 Cell neighborhoodsFrequently used neighborhood templates for 2-dimensional square grids areMoore-neighborhood onsisting of entral ell and eight adjaent ells, andvon Neumann-neighborhood, whih ontains the entral ell and four adja-ent ells. The orresponding transition rules an be deterministi or stohas-ti; it an be desribed in following Equation 5.2:
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T=0 T=1 T=2 T=3
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Figure 5.5: Two methods in alulating growth probability
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As
t in Equation 5.2 represents the ell s at generation t, r is the radius ofell neighborhoods, funtion f represents the transition rules. In Conway'slife [Gardner, 1970℄, As

t also refers to the ellular automata on�gurations atdisrete time step t.5.1.3 Cell statusCell status in normal ellular automata are simple. For instane, 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�etive. Nowadays,as omputer beomes powerful, it allows �oating point ell status values tobe alulated e�iently. Sine �oating numbers are not in�nite, ell statusde�ned by �oating numbers is still disrete.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 1ell per generation. This means that the ommon reed expands by 25 metersin 1 disrete time step, whih is overestimated.



CHAPTER 5. THE SIMULATION MODEL 51Primary statusThe aforementioned �probability aumulation� method involves �oat pointinstead of integer values while alulating ell status. Cell value representsthe probability of ommon reed existene, ranging from given domain [0, 1℄.In this domain, ell have a in�nite number of status, whih ranges between0 to 1 and inluding 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 disretetime steps, meanwhile ells with the value 1 hange to 0 also an take morethan 1 disrete time step.Four hypotheses an be made from the ell states hanging proedure: a.ell value 0 beome ell value 1; b. ell value 0 stay unhanged; c. ell value1 beomes ell value 0; d. ell value 1 status stay unhanged. Figure 5.6illustrates these four hypotheses, Figure 5.6 also gives an example for seletedell 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 deide whether ommon reed growing , not growing, or dyingis the ell value. Simple method of alulating the growing and dying statusis set ell value of 0 to �NotGrow� and set ell value of 1 to �Grow�, butthis might enounter problems. Take a growing ell with initial value 0 forexample, this ell will beome oupied by ommon reed in several disretetime steps, thus its ell value need to beome 1 at the �nal stage. However,the alulation funtions 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 alulated value is larger or equal to thisthreshold the ell will beome oupied by reed, otherwise the ell is partiallyoupied 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, theorresponding ell value hanges from 1 to the threshold. During this proess,if the ell value beomes smaller than threshold the ell beome absent forommon reed, if larger or equals to the threshold ell is partially oupiedby reed plant and the ell value represents reed density in ell itself.By involving status threshold, previous ell status proessing an be om-pleted in a di�erent mean. Cell value alulated by transitional funtionmostly drops between the de�ne range (0, 1). Suh a low perentage �Not-
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0 1

0 1

threshold

a

bFigure 5.7: Threshold deides ell statusGrow� and �Grow� ell annot satisfy urrently CA simulation model in theatual situation for ommon reed spreading. Unlike previous expliit ellstatus where 0 represents �NotGrow� and 1 represents �Grow�, threshold anbe set to proper value in CA simulation. Threshold value has an impat onommon 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 impat on the degree by whih the CAmodel mathes the atual situation of ommon reed growing.5.1.4 Transitional rulesTransitional rules meet the top-down 1approah harateristis, by breakingdown a system to gain insight into its ompositional in�uential fators. Anoverview of CA model is �rst formulated, whih gives the phenomenon ofommon reed spreading. Then the in�uential fators (nature phenomenon)re�ne more details, sometimes fator ontains sub-level elements. The CAmodel is not omplete until the entire spei� in�uential fators are dividedinto basi elements. With eah element is orresponding to 1 transitionalrule, the CA model is formulated by ompiling transitional rule elements.In�uential fators related to the ommon reed expansion vary in large at-egories. Fators an be divided into di�erent perspetives; they are year-independent, year-dependent and the in�uential neighborhoods fators. Yearlyindependent implies that fators are not a�eted by the year hanging; forinstane elevation and slope remain unhanged from time to time. Year de-pendent fators inlude ie ondition, winter temperature, oean urrents,et. Besides the two types of in�uential fators, neighborhood ondition,whih diretly linked to the surrounding ommon reed growing situation, is1The oneptual understanding of environmental dynamis an be desribed as top-down proess.



CHAPTER 5. THE SIMULATION MODEL 54another important fator 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 rulesalulate the values for representing status hange. The value of eah ellorresponds to the possibility of growing ommon reed. The Equation 5.3above illustrates the transition alulation funtion for ommon reed exis-tene possibility. Pij refers to the probability value for ertain ell in the gridto be reed-oupied, and in Pij i and j is ell loation in de�ned the oordi-nates system. Current raster CA model use grid and ij represents for olumnand row respetively. f is the alulation funtion or ombined funtions;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 alulation formulae. Moreover, Model V alidation requires su-essive multi-temporal ommon reed overage data, in order to ompare theCA simulation results and atual reed overage data, so that the aurayan be assessed.

Fn in Equation 5.3 represents fators, whih a�et the ommon reed grow-ing. Hereby, the fators an be divided into the following types: spatialfators, eologial fators, human fators and neighborhood states. In orderto alulate fators in transition funtions, fators need to be broken downinto elements: elements present spatial fators inluding elevation, slope,hill-shade; eologial fators inluding salinity, nutrient level, as well as theother plant speies, animals, miro-organisms; human fators inlude workrelated to onstrution, seashore onservation, pollution and other ativitiesthat a�et reed spreading.Fators ontain di�erent in�uential importane for ommon reed spreadingin CA model. Therefore, the importane of eah fators have to be diretlyre�eted in transition funtions, whih is why weight Wn is assigned to eahfator. Assume the number of in�uential fators is n, and eah fator hasdi�erent weight in determining the probability. Sine fators a�et ommonreed growing are exessive, instead of inluding all atual fators inside CAmodel, potential fators are hosen in transition formula. Potential fatorshave adequate weights to in�uene the �nal probability.



CHAPTER 5. THE SIMULATION MODEL 555.1.5 Edge e�etInstead of no-boundary ondition, CA models usually ontains solutions forboundaries. An simple method to avoid the edge e�ets 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 inreasesthe use of omputing resoure. 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 instane, 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�et solution5.1.6 Monte Carlo method in ellular automataMonte Carlo methods are useful for modeling phenomena with unertaintyinputs, whih is the ase the ommon reed expansion. Common reed expan-sion situation ontains signi�ant unertainty. It is infeasible or impossibleto ompute an exat result with a deterministi algorithm for Phragmites

australis expansion. Phragmites australis is able to avoid physial and bi-ologial stresses by a aessing distant resoures and ameliorating loal on-ditions, [Burdik and Konisky, 2003℄. This devotes Phragmites australisharateristi of sharing materials over distanes measured in meters ratherthan deimeters. Consequently, this also reates unertainty in ommon reedexpansion proess.Besides the aforementioned harateristi, other fators bring unertainty toommon reed expansion as well. Elevation or water depth has a major in-�uene on Phragmites australis expansion. The water depth various in



CHAPTER 5. THE SIMULATION MODEL 56di�erent time in ertain oastal land area in�uened 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 fators inlude area, slope, winter ie area,human onstrution along the oast, and almost most of the other fatorsontribute to the unertainty in CA simulation model.Implementation with Monte Carlo method in CA is represented mainly inthe transition rules. The deision of beoming oupied by ommon reed ornot is e�eted by unertainty, therefore in the proess of making deision inCA generation, of eah time step, the model require random number. Forinstane, one subversion transition rule an be written as IF the urrentalulated ell probability dropped in the range of 0.6 to 0.7 , THEN ellhave 75% hane to beome oupied by ommon reed in next disrete timestep. This transition rule requires random number between 0.6 to 0.7, ad-ditionally the hane of beoming ommon reed should be set as 75% withrandomness. This an be ahieved 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 onsequene of the randomness, the CA model needs tobe run several times, then �nalized with a probability distribution model.5.2 Cellular automata proess diagramThe previous setion desribed all elements utilized by ellular automata sim-ulation proess. The entire ellular automata simulation model is illustratedas a �ow diagram in Figure 5.9. It starts with the Initial Reed Coverage,whih refers to the urrent ommon reed overage, whih on�gures the statefor eah ell (St) model at the disrete time t. Then, in the following step(namely, Compute Possible Transition Probability V ectors), the possibilityof ell St to beome oupied by the ommon reed is alulated. This alu-lation onsists of 2 omponents, Cell Suitability and Neighborhood State.Cell suitability deides how suitable the loation is for reed, while neigh-borhood state veri�es the ell neighborhood ondition. Those 2 omponentsontribute to the alulation of the probability of a ell to be oupied bythe ommon reed.The proess proeeds to Monte Carlo Selection for St+1, whih is desribedin Setion 5.1.6. Then, St+1 represents the ell state in disrete time step
t+1, whih is the predited state of the ell in question in the next generation.The resultant reed generation needs to be validated in order to evaluate theauray of CA model output. Model V alidation an provide alibration for



CHAPTER 5. THE SIMULATION MODEL 57CA model itself. In order to alibrate the parameters of transitional rules,the model needs to be run several times.InitialReedCoverage
Cellstate St

Compute PossibleTransitionProbability
Monte Carloseletion 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 spae. Several raster maps representdi�erent onditions, suh as ommon reed overage, elevation, and slope.Based on the values in eah ell, the probability of ell to beome oupied bythe ommon reed in the next disrete time step an be alulated aordingto the prede�ned rules. Eah ell value is alulated during the iterationthrough the 2-dimensional spae, and results are stored in an array de�nedaording to the original raster maps.5.3.1 Neighborhood algorithmThe algorithm in Listing 5.1 desribes the neighborhood number ountingfor inner ells without boundaries. Algorithm is initialized by reading theommon overage layer, 2 funtions are used to aquire 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, sine ommon reed exist in this ell, and neighborhood number startsounting 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 aroding 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 deide whether reed ex i s t or not∗/17 i f ( reedLayer . g e tAtt r ibute (y , x ) > 0 ) {19 /∗ inrease 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, eah of themhas in�uene on the ell neighborhoods' number. By hanging inrementalvalue dx and dy, the algorithm alulates the number of neighbors for theedge ells on the raster map. Sine inremental values on x y diretions are1 and 0 respetively, and the alulation starts with ell in oordinate (1, 0).Default inremental value dx equals to 1 and dy equals to 0, the alulationbegins with the bottom edge ells. These tow value ensure the algorithmalulation through the bottom edge from left to right. Then right edgeells are preparaed, by applying similar priniples, dx = 0 , dy = 1 operatesalulation through right edge ells. dx = −1, dy = 0 operates top edgeells, inremental values dx = 0 , dy = −1 operates on left edge, the edgeells alulation �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−lokwise diret ion ∗/int x=1; int y=0;5 /∗ inremental on x diret ion with value 1 and y diretion 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 /∗ inremental value through r igh t edge∗/39 i f ( x==e l lCo l s −1 && y==0 ) {dx = 0 ;41 dy = 1 ;43 /∗ inremental 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 inremental 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 inremental 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 alulationThe alulation of growth probability an be divided into 2 parts (see odein Listing 5.3). The algorithm starts with heking the status of fators.The CA model in this model is onstruted using Moore neighborhood with



CHAPTER 5. THE SIMULATION MODEL 61neighbours. The neighbor ells have a large in�uene within CA model stru-ture. The alulation starts with multiplying the number of neigbors valuewith orresponding weight value. Fator weight is alulated aording totransition rules to ensure �nal probability ranges from 0 to 1 (see Equation5.4), onsequently the �nal probability an be obtained from fator prob-ability and their weights. Weights are assigned to the explanatory fatorswith respet to their in�uene on determining the suitability of a ell forreed. Therefore, fators 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 funtionsfor alulating the probabilities. While Fn represents the explanatory fator,
Wn is the weight assigned to the explanatory fator.

Pij = f(W1 × F1, W2 × F2, W3 × F3, ..., Wn × Fn) (5.4)The following Listing (5.3) presents the algorithm for alulating growthprobability. It begins with reading data for fator layers and ommon reedoverage, then alulating the probability of ommon reed expansion intothe ell in question. Afterwards, the algorithm applies the neighborhoodondition. A new raster layer is resulted whih represent the predited reedoverage in the next year or disrete 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 eah  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. fatorX = 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 lu 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. fatorX ∗ M. fatorX+ . . . + W. neighbor ∗ M. neighbor23 /∗ Produe 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 alulation funtionHowever, the general probability alulation funtion requires su�ient data,and proper weights assigned to eah in�uential fator. Sine urrently avail-able datasets are limited, an alternative probability alulation funtion isonstruted di�erently (the results shown and disussed in the followingChapter are generated using the CA model based on this alternative fun-



CHAPTER 5. THE SIMULATION MODEL 62tion). For eah ell within the grid, the elevation and slope are aquired andompared with the prede�ned ommon reed growing ondition . The funtionis as follows: IF the elevation and slope are suitable for reed, the applia-tion proeeds to hek 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 researh, the ommon reed grows in ellwith 3 to 5 neighbors surrounded.The following pseudo-ode desribes the alternative simpli�ed funtion . List-ing ode 5.4 below initializes CA appliation in the beginning, then the al-gorithm reads data soures into system memory. Slope and elevation valueare ompared with those prede�ned values for ommon reed expansion, andnumber of reed-oupied ells are ompared to the aforementioned neighbor-hood rule. By iterating this ondition hek for every ell within thee grid,the ommon reed overage in the next generation or disrete 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 Produe reed overage map for next gene ra t i onListing 5.4: Pseudo ode for CA initialization subroutine



Chapter 6Results and DisussionThis hapter demonstrates the results of the CA simulation model. The�rst senario represents simulation result without ondition onstraints for
Phragmites spreading. The seond senario 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 failitate the urrent CA sim-ulation model.6.1 Senario of srathThe simulation site is loated in the Southern oastal area of Finland, nearPorvoo area (see Figure 3.6).6.1.1 ExpandingSenario of srath is the �rst senario to demonstrate ellular automatasimulation model. Srath senario operates without any onstrain onditionfor plant growing, for instane no onstrain is set to elevation, slope, nutrientor other fators. However, the neighborhood ondition has to be de�nedto proeed 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 nextdisrete time step.The expanding srath senario starts from the ommon reed overage in2001(see Setion 3.2.3). Year 2001 orresponds to generation �1� in the sim-63



CHAPTER 6. RESULTS AND DISCUSSION 64ulation model. Ten disrete 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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Figure6.1:Reedexpandingfrom2001to2010



CHAPTER 6. RESULTS AND DISCUSSION 66

Figure 6.2: Expanding speed graphAs a onsequene 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 inrease rapidly in expanding senario(see Figure 6.2), empty ells are ontinuously oupied 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 oupied by plant in generation 1, whih orrespondsto 67748 ells. From generation 1 to 10 (year 2010), the ell number growsby 2517251. Average inrement 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 desribing an aelerating 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 fat that
Phragmites has ertain mortality rate whih auses the shrinkage of ommonreed overage. To simulate this shrinking proess, 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 theommon reed in that ell will diminish in next disrete time step. This abexpressed as �ell on edges of the reed overage will disperse in every newgeneration�.The shrinking srath senario starts from the original ommon reed overage,year 2001, orresponding to disrete time step �1�. It operates 10 generations,till year 2010; Figure 6.3 illustrates the results of this operation. Figure 6.3also desribes the shrinking simulation result: the plant shrinks ontinuously10 years, and the overage area dereases aordingly.The ommon reed shrinking phenomenon demonstrates a trend of dereasein ell numbers (Figure 6.4). The raster map ontains 67748 ells oupiedby Phragmites in year 2001 (generation 1), this number dereases sharplyin year 2002 to 59921 ells and gradually deline to 50422 in year 2010. Thedeline trend slowdown steadily in the next years, meanwhile the absolutedereased ell oupied by reed is deelerating. For instane 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 oupied by reed ontinues tofall till year 2010 and �nally reahes 50422. Regression analysis of the shrinkspeed graph reveals the deline trend (see Figure 6.4) an be desribed byequation y = ax−b +  . This equation reveals the shrinking is deelerating asnumber of generations grows. This the reed overage area beomes smallerand less ells are therefore satisfying the mortality ondition.6.2 Senario of optimal approximationUnlike the senario of srath, optimal approximation senario 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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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 oupiedby 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 inluded in the optimal simulation. Sineunertainty is assoiated with the ommon reed expansion phenomenon, byintroduing Monte Carlo method, the simulation model an aount for therandomness of the phenomenon. Monte Carlo method requires the simulationto run several times, thus simulation model an give eventually an optimaloutome. Figure 6.6 illustrates the simulation results after applying MonteCarlo method.
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Figure6.5:Optimalsenarioofreedexpandingfrom2001to2010
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Figure 6.6: Optimal senario graphThe simulation result of the optimal simulation is illustrated in Figure 6.5,the senario 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 previoussrath senarios, the expansion phenomenon beomes 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 dramatially from 1st to 2nd genera-tions, dereased by 1257 ells. Afterwards, it rises steadily during 2nd to 3rdgenerations, and inreases smoothly from 4th to 8th generations. The ellnumbers are fairly steady from generation 8th to 10th. Regression analysisonludes the urve an hardly be represents by a formula, sine the growingurve represents duel derement and inremental attributes. The optimalapproximated growing urve represents best math phenomenon omparedto plant expansion in reality.



Chapter 7Conlusions and Limitations
7.1 ConlusionsThe use of model fators and ondition onstraints in�uened the model out-omes. Outomes of senario of srath 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 srath senario does not inlude any fatorand onstrain ondition, exept the neighborhood ondition.The patterns aquired from the CA simulation results indiate the impatof spatial resolution. Changing of spatial resolution introdues signi�antvariation in the simulation outomes. The area oupied by reed dereases asdata resolution inreases. On the other hand, inreasing the spatial resolutionresults in lowering the expansion speed.Simulation outomes vary signi�antly with di�erent neighborhood ondi-tions. Neighborhood onditions ontribute to all simulation senarios. 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 ations,neighborhood ondition must be alibrated in a di�erent mean.Monte Carlo simulation method is introdued 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 outomes when Monte Carlo methodis not applied. When applying Monte Carlo method, the CA model mustbe run several times to generate proper outomes. Outomes an be used74



CHAPTER 7. CONCLUSIONS AND LIMITATIONS 75to onstrut a probability distribution graph, whih re�ets unertainty andrandomness.To sum up, the following omponents have signi�ant impat on the CAsimulation model:
• Expansion suitability fators
• Spatial resolution (ell size)
• Neighborhood type and size
• Monte Carlo method7.2 LimitationsLimitations in the CA simulation model ause ertain imperfetions in thesimulation outomes. Limited data soures as well as auray and uner-tainty issues a�et the CA simulation results. Limitations in data soureslead to further restrition in the analysis, whih diretly impat the determi-nation of onstrain fators. Data auray and unertainty bring di�ultiesto the model validation, whih is onsidered as a ruial stage to build theCA simulation framework. Moreover, instead of atual ontinuous time, dis-rete time step is applied in simulation model, whih 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 aquired from several soures.For instane, the ommon reed overage is obtained from a soure di�er-ent from some layers representing eologial fators, whih were derived fromthe DEM. The auray of ommon reed overage �le is not de�ned and thedata aquisition 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 dataaquisition time (season), the simulation time in CA model annot be on-�rmed preisely. Similar problem exists in LiDAR data, whih has less in-�uene in simulation. DEM data for simulation model is ombined from twosoures with originally di�erent spatial resolution. The oarse sea DDM hadto be re-sampled to math the spatial resolution of the DEM on land. There-sample proess raises unertainty 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 forsuh an appliation.In addition, the lak of data regarding the eologial fators of the phe-nomenon has in�uened the simulation results. Also, sine the assoiatedfators need to be analyzed both spatially and temporally, the lak of tem-poral data has negatively in�uened the CA simulation model.Unlike the atual ontinuous time, disrete time step is applied in CA simula-tion model. For Phragimtes expansion, one disrete time step equals to oneyear. Sine ommon reed growing situation varies in di�erent years, uner-tainty of simulation rises as the disrete time or generations inreases. Forinstane, beause of the unexpeted natural randomness, model outomesan illustrate a realisti simulation in �ve disrete time steps but not in �ftysteps. Therefore, disrete time in CA simulation model needs to be assessedaordingly.Due to time limitation, the results from the simulation model were not val-idated. Validation an be used to determine the degree of orretness inrepresenting the real world from the perspetive of uses of model. Thereforethe invalidated model has limited apability of prediting degree of aurayand orretness for the real plant growing situation. Hene, further validationstep an enhane the model redibility.7.3 ReommendationsThe urrent CA model establishes an aeptable simulation of Phragimitesexpansion. However, the model an be improved in several aspets. Fromthe user point of view, it is preferable to have a Graphi User Interfae(GUI). GUI an failitate the usage of simulation program by easy meansof on�guration whih makes it easier for end users. Moreover, in order toalibrate the probability alulation of the ommon reed expansion, Bayestheory an be introdued to the future model. Finally, further studies onmodel validation an be onduted in order to ompare the model outomeswith the atual ommon reed overage.
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