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and build scenarios of p ossible future co v erage of P hragimites australis in

the study area. The results demonstrate successful mo del functionalit y for
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mo del the expansion of in v asiv e sp ecies and pro vide useful managemen t

to ol.
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Chapter 1

In tro duction

1.1 Rationale

In v asiv e sp ecies are one of the top driv ers for global en vironmen t prob-

lem increasing as a consequence of tourism and globalization [Mo oney et al. ,

2005 ]. In v asiv e sp ecies can c hange the functions of ecosystems, in v asiv e plan ts

can alter the �re regime, n utrien t cycling and h ydrology in nativ e ecosys-

tems [Mac k et al. , 2000 ].As a widespread and aggressiv e in v asiv e sp ecies,

P hragmites australis (hereafter P hragmites or common reed), has increased

dramatically in distribution and abundance [Ric k ey and Anderson , 2004 ].

This in v asiv e sp ecies app ears to b e nearly global in distribution in fresh

and brac kish w aters, it a�ects the landscap e, h ydrology and drainage den-

sit y [W einstein and Balletto , 1999 ], th us causes serious threat to the lo cal

ecosystems.

In Europ e, during the 1990s, P hragmites attracted atten tion in sev eral Eu-

rop ean coun tries [v an der Putten , 1998 ]. In Finland, the common reed has

spread extensiv ely in the inner and middle arc hip elago areas in the Gulf of

Finland, no w co v ering up to 8% along the southern coastal area [Pitk anen,

2006 ]. This in v asiv e phenomenon of Phragmites australis is link ed to sev-

eral en vironmen tal concerns including in v asiv e sp ecies, habitat c hange and

bio div ersit y loss as w ell as n utrien t o v erloading [Gewin, 2005 ]. Therefore,

e�ectiv e con trol or ev en eradication is needed rep eatedly for suc h in v asiv e

sp ecies[Mac k and Lonsdale, 2002 ].

As in ma jor in v asiv e plan t con trol issue, a considerable return for limited

resources rests in prioritization of sites, monitoring, early disco v ery and re-

mo v al, as w ell as vigilance thereafter [Sta�en et al. , 2003 ]. One e�ectiv e mean

9



CHAPTER 1. INTR ODUCTION 10

for con trolling in v asiv e sp ecies is to monitor susceptible areas and destro y

the new plan ts b efore expansion [Sta�en et al. , 2003 ]. Monitoring suscep-

tible area w ould also allo w quan tifying the consequences resulting from the

expansion and de�ne more sensitiv e area for w ell-informed decision making

and e�ectiv e managemen t measures. Hence, there is a need for dev eloping a

sim ulation mo del whic h predicts the spread of P hragmites australis .

This researc h addresses the phenomenon of the P hragmites spread in the

Gulf of Finland. This phenomena of P hragmites spreading can b e �t in to

Geographic Information System (GIS) en vironmen t. Moreo v er, spatial anal-

ysis approac h, mo deling metho d and plan t expansion sim ulation can b e com-

bined and supp orted b y GIS. The gro wing sim ulation can pro vide adequate

result for further analysis and managemen t. Besides, visual sim ulation can

assist in building a En vironmen tal Decision Supp ort System (EDSS) whic h

can facilitate managemen t and decision making pro cess.

1.2 Aim and ob jectiv es

The aim of this researc h is to dev elop a sim ulation mo del of the expansion

of P hragmites australis in the Finnish coast of the Gulf of Finland. This

sim ulation mo del can pro vide visual and statistical results whic h represen t

P hragmites australis expansion area during a prede�ned p erio d of time.

In order to ac hiev e the aim, sev eral ob jectiv es m ust b e met:

� Mapping of the common reed co v erage b y pro cessing LiD AR data.

� In v estigation of the en vironmen tal factors asso ciated with the existence

and expansion of common reed. This includes comprehensiv e revision of

common reed ecology and statistical testing of these factors' relev ance

to the phenomenon.

� T esting the p oten tial aggregation metho ds b y whic h explanatory factors

can b e expressed in a succinct manner.

� Dev elopmen t of a cellular automata (CA) sim ulation mo del based on

w ell-de�ned plan t expansion rules.
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1.3 Researc h design

The researc h approac hes the ob jectiv es through four phases (see Figure 1.1).

In the �rst phase, literature review is conducted in order to understand deeply

the problems in question, i.e. nature of the reed expansion phenomenon,

metho ds to b e used, data to b e acquired. Then, the study mo v es to the

second phase where LiD AR data is analyzed and pro cessed, resulting in ex-

traction of the common reed co v erage. Mo ving to the third phase, where the

CA sim ulation mo del is dev elop ed. This phase consists of four steps: common

reed gro wing and expansion phenomenon analysis; determination of w eigh ted

factors concerned with the phenomenon; c ho ose a suitable metho d for aggre-

gating those factors; and dev elopmen t of CA sim ulation mo del. Finalized b y

sim ulation outcome analysis and mo del calibration, the results of the mo del

are discussed and conclusions are dra wn 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
se

 1

P
h

a
se

 2

Phase 3

Phase 4

Figure 1.1: Researc h design in 4 phrases
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1.4 Researc h con text

This researc h w as carried out within the frame of pro ject IBAM(In tegrated

Ba y esian risk Analysis of ecosystem Managemen t in Gulf of Finland). The

mo del in tegrates risk managemen t of �v e themes: �sheries, eutrophication,

oil spills, dio xin risks related to the consumption of herring, and climate

c hange. P hragmites existence and expansion status are link ed with �v e

themes in di�eren t scales.

1.5 Con ten ts of the thesis

This section describ es the abstracts of eac h c hapter in the pap er; it giv es

guidance for reading of di�eren t lev el of readers. This pap er is elab orated in

sev en c hapters:

Chapter 1 in tro duces researc h con text, ob jectiv es and researc h design.

Chapter 2 includes literature review, theory analysis and previous w ork

asso ciated with curren t researc h.

Chapter 3 describ es the study area and materials.

Chapter 4 explains the data pro cessing metho d and determines in�uen tial

factors concerned with plan t gro wing.

Chapter 5 studies cellular automata metho dology in Geoscience and ex-

plains the sim ulation mo del implemen tation.

Chapter 6 analyzes di�eren t scenario of the sim ulation mo del.

Chapter 7 concludes and �nalizes this researc h b y giv en further recommen-

dation for the sim ulation mo del.



Chapter 2

State of Art

This c hapter pro vides bac kground information for the common reed, explana-

tory factors of common reed expansion phenomenon, mapping metho ds for

common reed, and cellular automata sim ulation theory .

2.1 The common reed

P hragmites australis , the common reed, is a large p erennial grass found in

w etlands throughout temp erate and tropical regions of the w orld [Saltonstall ,

2006 ]. The plan t commonly forms extensiv e stands (kno wn as reed b eds usu-

ally 100-300 sho ots p er 1 m

2
), whic h can o ccup y as m uc h as a square kilome-

ter or more in exten t and b e capable of fast spreading when conditions are

fa v orable. As an aggressiv e sp ecies, common reed can spread b oth v egeta-

tiv ely with rhizomes and with seeds [Guc k er , 2010 ]. Repro duction b y seeds

is p o or, and most of the spreading happ ens with rhizomes [Haslam , 1972 ;

Bart and Hartman , 2003 ]. It requires neutral or alk aline w ater conditions

[Bart and Hartman , 2003 ], and do es not usually o ccur where the w ater is

acidic. It tolerates brac kish w ater, and is often found at the upp er edges of

estuaries and on other w etlands whic h are o ccasionally in undated b y the sea

[Ha v ens et al. , 2003 ].

The common reed in v asion ma y b e ha ving deleterious e�ects on �sh p opu-

lations and p ossibly on predators that prey up on them. The reed has b een

demonstrated to ha v e a negativ e e�ect on larv al and small juv enile �sh, but

less or no e�ect on larger �sh [Able and Hagan, 2000 , 2003 ]. Reed b eds ma y

b e inadequate larv al habitats and prey a v ailabilit y is decreased b ecause of

less div erse in v ertebrate taxa [Raic hel et al. , 2003 ]. In other w ords, common

13



CHAPTER 2. ST A TE OF AR T 14

reed b eds can b e imp ortan t habitats for aquatic in v ertebrates, insects and

sev eral bird sp ecies [Ik onen and Hagelb erg , 2007 ].

2.2 Explanatory factors of common reed ex-

pansion

The phenomenon of P hragmites australis expansion is dramatic and note-

w orth y in the Gulf of Finland. T o assess the determinan ts of the common reed

expansion, this researc h examines the spatial tolerance, ecological constrains

and comp etitiv e abilities of common reed. The determinan ts of the sp ecies

expansion consider the abilit y to establish new colonies and to increase ex-

isting colonies. Establishmen t and expansion can b e considered as propagate

disp ersal, establishmen t then gro wth, expansion and creation of new gener-

ations (see Figure 2.1). En vironmen tal factors concerned with plan t gro wth,

fecundit y , and surviv al v ary greatly across the range of habitan ts suitable for

P hragmites australis .

In a t ypical coastal area, explanatory factors con tributing to plan t expansion

include w ater depth, shading, sedimen t and wrac k dep osition, freezing p eroid,

w a v e and ice erosion, drough t, and n utrien t limitation [Burdic k and K onisky ,

2003 ].

Figure 2.1: Common reed expansion pro cess

Determination factors are categorized in to three classes: ecological factors

whic h explain the c hief en vironmen tal factors go v erning distribution of reed

expansion, including salinit y , w ater depth, sedimen t t yp e, n utrien t lev el, and
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in teraction with other organisms; spatial factors whic h study en tities of top o-

logical, geometric, and geographic prop erties, including elev ation, slop e, and

top ograph y; h uman factors whic h explains the w a y h umans relate to the

w orld, for instance constructions along coastal area, seashore conserv ation,

p ollution and activities related to common reed expansion. These group of

factors are discussed in follo wing paragraphs.

2.2.1 Ecological factors

The reed b eds ha v e sev eral comp etitiv e adv an tages against other plan ts,

whic h mak es the aggressiv e spreading p ossible. T all and dense reed b eds

prev en t ligh t p enetration and suppress other sp ecies. Decomp osing reed mat

also co v ers the ground and inhibits other sp ecies gro wth, so once the reed

stands app ear to a place, it is v ery di�cult for other sp ecies to comp ete with

reed. The global spread can b e explained with the high tolerance of reed to

di�eren t en vironmen tal conditions. The reed is a robust comp etitor in sev eral

w a ys [Burdic k and K onisky , 2003 ]. It prefers n utrien t-ric h habitats, and th us

eutrophication can b e one explanation for the reed expansion. The reed can

gro w in lak es and brac kish w ater, and tolerance to c hanges in salinit y is high.

The reed also stands a lot of v ariation in soil pH (3.6-8.6), and has a wide

tolerance to w ater lev el �uctuations [Lelong et al. , 2007 ; Ha yball and P earce ,

2004 ].

Occasionally reed b eds ma y diminish or collapse. F actors causing decrease in

reed b eds are extreme w ater lev els during win ter together with lo w temp era-

tures, strong ice activit y , strong w a v es and wind and serious drough t during

the v egetativ e p erio d [R.Bo densteiner and O.Gabriel , 2003 ; E. Minc hin ton,

2002 ]. Grazing used to b e a strong con trolling factor when agriculture

w as strong ev erywhere. This has b een sho wn in sim ulated grazing tests

[Ha yball and P earce , 2004 ], and the hea vy urbanization in last decades ma y

ha v e accelerated the spread of reed due to decreased grazing.

2.2.2 Spatial factors

Spatial explanatory factors co v er elev ation, slop e, asp ect, hill-shap e, arc hip elago

distribution, sea op enness (explained in Chapter 4), riv er mouths pro xim-

it y and the other p oten tial elemen ts a�ect common reed expansion. Elev a-

tion and slop e app ear to b e 2 in�uen tial factors. Common reed establish-

men t is restricted to m uddy sites (soft sea b ottom) with prop er w ater lev el

[Do o dy et al. , 2007 ]. P hragmites australis sp ecies gro wing across a range
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of elev ations: lo w, b elo w mean high w ater; mid, around mean high w ater;

high, ab o v e mean high w ater [Burdic k and K onisky, 2003 ].

Common reed establishmen t is restricted to m uddy sites and soft sea b ottom

with prop er w ater lev el [Do o dy et al. , 2007 ]. High w ater lev els can dro wn

the plan t, and lac k of w ater leads to desiccation. Field sites suitable for reed

emergence are t ypically un�o o ded and unshaded. The common reed habitat

t yp e o ccurs on seasonally �o o ded sites where w ater ranges from 20 cm to

1 m b elo w the soil surface. Fluctuating w ater lev els are also tolerated b y

common reed [Hall, James B.; Hansen, P aul L. 1997].

Distance to riv er mouths a�ects the expansion pro cess in the mean of or-

ganic sedimen ts. Organic matter in the shelf sedimen ts is mainly of marine

origin, with increasing terrigenous comp onen ts only close to riv ers and es-

tuaries [Alt-Eppinga et al. , 2007 ]. Common reed o ccupies a wide v ariet y of

substrates and tolerates a range of organic matter, n utrien ts and pH lev els

[Guc k er , 2010 ; Lee Ellis , 2005 ]. The establishmen t, expansion and ecosys-

tem e�ects of P hragmites australis describ ed it as an �ecosystem engineer�

after �nding that true elev ation, p eat accum ulation, and organic matter in-

creased while sedimen t bulk densit y decreased with increased common reed

dominance. Not consisten tly demonstrated o v er all sites, ho w ev er, sedimen t

prop erties ha v e impacts on common reed gro wth [Guc k er , 2010 ].

P hragmites australis is most common in full sun or nearly full sun con-

ditions [Jepson and Hic kman , 1993 ]. A review rep orts that common reed

heigh t and densit y are lo w er in partially shaded areas [Kiviat and Hamilton ,

2001 ]. As regards to the Finish coast of the Gulf of Finland, the hill-shade

attribute has a limited impact on the common reed gro wth due to the �at

nature of the area and, th us, can b e neglected.

2.2.3 Human factors

Human impacts pro vide a partial explanation of ho w P hragmites expands

and comp etes so w ell. Hydrological alterations, construction activities, and

lo w ered salinit y can explain the spread of reed [Bart and Hartman , 2003 ;

Burdic k and K onisky, 2003 ; Ha v ens et al. , 2003 ]. There is evidence that v ari-

ations in climatic conditions, particularly increased precipitation enhance the

p erformance of P hragmites [E. Minc hin ton, 2002 ]. The increasing CO 2 in at-

mosphere also fa v ours the reed o v er some other comp eting sp ecies [Burdic k and K onisky,

2003 ].

Di�eren t land-use ma y also cause a shift from nativ e dominating genot yp e

to another in v asiv e genot yp e [Lelong et al. , 2007 ]. There are di�erences in
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abilit y to expand with di�eren t genot yp es of the reed. Nativ e and in v asiv e

P hragmites sp ecies b oth resp ond p ositiv ely to increased n utrien ts, but h u-

man in tro duced plan ts clearly outp erform nativ es, gro wing taller, pro ducing

more stems, and ha ving higher biomass [Saltonstall and Stev ensona , 2007 ].

2.3 Mapping of common reed

As an in v asiv e sp ecies, previous w ork of mapping similar plan t utilizes re-

mote sensing tec hnologies. Remote sensing images ha v e gained success in

pro viding spatial information on land co v er c haracteristics to land man-

agers that increase e�ectiv e managemen t of in v asions in to nativ e habitats

[Underw o o d et al. , 2003 ]. In con trast to �eld-based surv eys, imagery can b e

acquired for all habitats, o v er a m uc h larger spatial area, and in a short p e-

rio d of time. The w ealth of sp ectral information pro vided b y h yp er-sp ectral

sensors allo ws for the sp ecies-lev el detection necessary to map in v asiv e herba-

ceous sp ecies [Clark a et al. , 2005 ].

Ho w ev er, most of the plan ts are sp ectrally similar b ecause they are com-

p osed of the same sp ectrally activ e materials: pigmen ts, w ater, cellulose,

etc. [Jacquemoud and Baret, 1990 ]. Similarities among di�eren t sp ecies in-

terfere the mapping and classi�cation for in v asiv e sp ecies. Moreo v er, the

accuracy of mapping results decreases, since the sp ectral uniqueness is requi-

site for h yp er-sp ectral detection [Andrew and Ustina, 2008 ]. Th us, there is

a need for new metho ds of mapping the common reed whic h o v ercomes the

problems asso ciated with the h yp er-sp ectral-based metho d.

Ligh t Detection and Ranging pro vides high resolution horizon tal and v erti-

cal spatial p oin t cloud data, and is increasingly b eing used in a n um b er of

applications and disciplines, whic h ha v e concen trated on the exploit and ma-

nipulation of the data using its three dimensional nature [An tonarakis et al. ,

2008 ]. In order to classify P hragmites australis , elev ation and in tensit y

LiD AR data are used in this study . Mapping and classi�cation recen tly ha v e

b een attempted with m ulti-sp ectral imagery [Duda et al., 1999; Sun et al.,

2003], as a new t yp e of remote sensing data LiD AR has the adv an tage of b eing

able to create elev ation surfaces suc h as digital elev ation mo del (DEM) and

digital surface mo del (DSM), while con tain information on LiD AR in tensit y

v alues, it is a spatial and sp ectral segmen tation com bined data source.

Classi�cations b y using LiD AR ha v e b een attempted to deriv e sev eral land

features. In the study of Brennan and W ebster [2006], they use attributes

including mean in tensit y , Normal Heigh t, Digital Surface Mo del, and Mul-
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tiple W a v eform LiD AR return to classify among 10 land features. LiD AR

based classi�cation ha v e also b een used b y Charaniy a et al. [2004], in their

study , p oin t cloud elev ation and in tensit y data w ere applied to classify ro ofs,

grass, trees, and roads. With assistance of sp ectral bands image, Bartels and

W ei [2006] extract land t yp es of buildings, v egetations, and ground in urban

area.

In this study , ho w ev er, the common reed is the only in teresting class to b e

extracted. The distribution c haracteristics of the common reed explained in

Section 2.2 need to b e understo o d b eforehand in order to dev elop appropriate

LiD AR classi�cation mo dels. Classi�cation mo dels can b e de�ned as the w a y

to deriv e desired feature classes, the common reed in this study . Preliminary ,

the heigh t and in tensit y attributes can b e used in the classi�cation of the

common reed from LiD AR p oin t cloud. The classi�cation results is a map of

the common reed in study area. The implemen tation of LiD AR classi�cation

metho ds of LiD AR will b e explained in Section 4.1.

2.4 Cellular automata sim ulation theory

A cellular automaton (CA) is a discrete mo del studied in computabilit y the-

ory , mathematics, ph ysics, theoretical biology and micro-structure mo deling.

It consists of a lattice of sites, eac h with a �nite set of p ossible v alues. The

v alues of the sites ev olv e sync hronously in discrete time steps according to

iden tical rules. The v alue of a particular site is determined b y the previous

v alues of a neigh b orho o d of sites around it [W olfram , 1984 ]. Although the

approac h of cellular automata is decades old, its widespread dev elopmen t

and acceptance across the natural sciences has b een relativ ely recen t and is

rapidly accelerating, and ma y b ecome the arc het ypal description for certain

kinds of systems [F onstad, 2006 ].

2.4.1 In tro duction to cellular automata

John Con w a y's �Game of Life� w as the �rst w ell kno wn application of cellular

automata [Gardner, 1970 ]. Range of spatio-temp oral dynamics allo w ed in the

simple CA mo dels is similar to range of allo w ed dynamics in the con tin uum

description of the univ erse [T o�olia , 1984 ].

CA b egan to b e used as a sim ulation w orld-view in Geosciences. The idea of

�cellular geograph y� w as in tro duced b y T obler[1979], he presen ts the idea that

sev eral distributed geographical concepts could b e sim ulated b y CA mo dels.



CHAPTER 2. ST A TE OF AR T 19

T obler [1980] in tro duced his idea to urban gro wth and land co v er c hange

based on CA. CA con tains imp ortan t capabilities in dev eloping sim ulation

mo dels, and cellular automata sim ulations are gaining increased atten tion

and b eing widely used in Geoscience.

Curren t researc h of CA in Geosciences fo cuses on sev eral disciplines: tran-

sition rules dev eloping; �nding suitable computing en vironmen t including

programming language, data structure, and hardw are implemen tation; in te-

gration of other �elds including statistical metho d, exp ert system and m ulti-

agen t system; sim ulation result v alidation. Those criteria are crucial in de-

v elopmen t of cellular automata mo dels in geosciences mo del, in our case the

mo del refers to common reed expanding sim ulation.

2.4.2 Comp onen ts of CA mo del

Although the application �elds v ary in great ranges, cellular automata mo d-

eling share certain similarities. Generally , cellular automata consist of �v e

ingredien ts: univ ersal en vironmen t, cell states, cell neigh b orho o ds, transition

rule and edge e�ect. These will b e discussed in the follo wing paragraphs.

Univ ersal en vironmen t

The univ ersal en vironmen t de�nes cellular automaton structure during the

computation pro cess. Structures with discrete b oundaries ma y b e formed

from con tin uous mo dels [W olfram , 1986 ]. CA mo del can b e computed in 1

dimension, 2 dimensions (2D) and 3 dimensions (3D) [Jarvis et al. , 2000 ],

illustrated resp ectiv ely 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 mo del

A widely used structure in the �eld of Geoscience is 2D, whic h consists of

a discrete lattice of cells formed b y triangle, rectangle, hexagon, or other
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A ten by ten one hunderud cell lattice space( )-

A nine cell
Moore

neighborhood
( )

An empty
cell

A five cell von
Neumann

neighborhood

(
)

Figure 2.3: T w o-dimensional CA mo del

A) Triangular 3D cell space B) Cubic 3D cell space

Figure 2.4: Three-dimensional CA mo del

top ology [Go o dc hild , 2006 ] (see Figure 2.5). The assumption of cellular au-

tomata mo dels is CA lattice is computed in a Euclidean space. Among

sev eral univ ersal en vironmen ts, the simplicit y of the square-lattice approac h

and its similarit y to the raster spatial data in Geoscience mak e it the basis

for further dev elopmen t [F onstad, 2006 ].
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A)Triangle cell B) Rectangle cell C) Hexagon cell

Figure 2.5: T riangular, rectangle, and hexagon lattices

Cell neigh b ourho o ds

T w o-dimensional lattice giv es sev eral p ossibilities for cell neigh b ourho o d for-

mation. F or instance, v on Neumann neigh b orho o d (Figure 2.6 A) de�nes a

cell with four neigh b oring cells in four directions: south, north, east, and

w est. Di�eren tly , Mo ore neigh b orho o d (Figure 2.6 B) de�nes eigh t neigh-

b oring cells around eac h cell with the extra directions including south-w est,

north-w est, south-east and north-east. T w o t yp es of neigh b orho o ds ab o v e

men tioned can b e treated as radius 1 neigh b orho o d, Figure 2.6 C illustrates

the neigh b orho o d t yp e with radius 2.

A) 4 neighborhoods(vonNeumann ) B) 8 neighborhoods (Moore) C) 8 neighborhoods with radius 2

Figure 2.6: v on Neumann and Mo ore neigh b orho o d

Cell states

Eac h cell in the CA mo del can ha v e �nite n um b er of states [Y acoubi and Jai ,

2002 ]. The simplest set of states a cell can ha v e is de�ned as �on� and �o� �,

resp ectiv ely computed as �1� and �0� in CA applications. F or example, in
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Figure 2.3, �activ e cells � (represen ted in blac k) can b e compared to state

�1� and �empt y cells� refer to state �0�. More sp eci�cally , in common reed

case, the cell state can b e simpli�ed as �reed-o ccupied� (denoted as �1�) and

�reed-free� (denoted as �0�).

An initial state is created con�gured b efore the program start, whic h can

b e seen as iteration 0, and cell generation 0. A new generation is created

(iteration=1), according to w ell de�ned rules that determine the new state of

eac h cell in terms of its curren t state and the curren t states of its neigh b ouring

cells [W olfram , 1984 ]. F or example, in this study , the rule migh t b e de�ned

suc h as a cell can b ecome �reed-o ccupied� (reed expands in to it) only if three

of its de�ned neigh b ours w ere �reed-o ccupied�, otherwise the cell do es not

c hange its state (i.e. reed do es not expand in to it). CA rules used for

up dating the cell states are �xed without c hanging as the program is running,

and are applied on the grid univ erse without an exception [T o�olia , 1984 ].

T ransition rules

T ransition rules, generally treated as mathematical functions, con trol the

c hange in the states of cells in discrete time steps (iterations) [W olfram ,

2002 ]. CA transition rules are applied in parallel on ev ery cell in the grid en-

vironmen t. The rules do not c hange as the discrete time, or iteration c hanges

while computing. Individually , rules applied on a cell can b e deterministic

or sto c hastic. Those t w o c haracteristics ha v e opp osite abilities: determinis-

tic rules applied on cell and require ev ery cell in one iteration presen t the

same probabilit y; sto c hastic allo w di�eren t probabilistic cell exist in the same

cellular automata iteration [Colasan ti et al. , 2007 ; F onstad, 2006 ].

CA mo dels v ary in the concept of deterministic and sto c hastic [F onstad,

2006 ]. Iterations are completed after applying the transition rules to all

cells in the univ ersal grid en vironmen t [W olfram , 1986 , 1984 ]. Normally ,

next iteration computing is based on the curren t generation. P articularly ,

cellular automata can run bac kw ards, if it is p ossible, this giv e it attribute

of rev ersible [F onstad, 2006 ]. Ho w ev er, if the cell states can not computed as

bac kw ards, CA mo del will b e treated as irrev ersible, and the sim ulation can

only b e forw arded [Bolliger et al. , 2003 ; Kronholm and Birk eland , 2004 ].

There is no �xed and clear answ er for de�ning the transition rules. T ransi-

tion rules migh t come from exp ert opinion in related �elds. Rules can also

b e generated from data analysis, but commonly rules are deriv ed from com-

bination of sources. F or instance, in the common reed expansion case, rules

are partly deriv ed from the analysis of the reed co v erage at sp eci�c y ears of
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the past decades.



Chapter 3

Study Area and Materials

3.1 Study area

This researc h is carried out on the Finnish coast of the Gulf of Finland,

(latitude of 60

�
00' N and longitude of 27

�
00' E). Ma jor part of the area is

lo cated in UTM (Univ ersal T ransv erse Mercator) zone 34v and 35v . The

study area is considered as an island-ric h arc hip elago. The coastline of the

area is complex, with a total shore length of ab out 8200 km. The mean w ater

depth of the Gulf of Finland is 38 meters [Zhang et al. , 2005 ] and shallo w er

in the study area. The lo cation of the researc h area is illustrated in Figure

3.1.

The metho ds and sim ulation mo del implemen ted in the study are are ap-

plied sp eci�cally on t w o sites within the study area. The �rst study site is

lo cated in Otaniemi promon tory (60

�
10'30" - 60

�
11'30" N latitude, 24

�
48'30"

- 24

�
50'30" E longitude). On this site, the metho d of extracting the common

reed co v erage out of the LiD AR data is applied.

The second site is lo cated near P orv o o cit y and Riv er P orv o o outlet in the

Gulf of Finland. On this site, the dev elop ed CA sim ulation mo del w as

exp erimen ted. The site w as c hosen due to the in�uence of Riv er P orv o o

(P orv o onjoki in Finnish); the riv er brings massiv e amoun t of substances to

the site whic h subsequen tly creates suitable conditions for the expansion of

P hragmites . Figure 3.2 illustrates the lo cation of b oth sites within the study

area.

24
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Figure 3.1: Lo cation of the study area

3.2 Datasets

Datasets used in this study are categorized in to three t yp es: Ligh t Detection

And Ranging (LiD AR)data, raster data, and v ector data. These datasets are

en umerated and discussed in the follo wing subheadings.
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Figure 3.2: Lo cation Otaniemi ba y and study site in P orv o o

3.2.1 LiD AR data

The airb orne laser scanning data, LiD AR, pro vides high-resolution p oin t

cloud (see Figure 3.3) and has b een applied recen tly in the c haracterization,

quan ti�cation and monitoring of coastal en vironmen ts. LAS view er is used

for displa ying the LID AR p oin t cloud data. Figure 3.3 illustrates a LiD AR
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p oin t cloud near Otaniemi area (60

�
11'21" N, 24

�
50'8" E), the cloud is dis-

pla y ed in LAS View er, a soft w are for displa ying LiD AR data.

Figure 3.3: LiD AR p oin t cloud displa y ed in LAS view er

This researc h emplo ys LiD AR data to delineate the coastal area dominated

b y the common reed in the �rst study site. Sev eral t yp es of data la y ers can

b e extracted from LiD AR, including DEM and digital surface mo del (DSM),

from whic h sev eral data la y ers can b e deriv ed, e.g. slop e, asp ect, and hill

shade. Di�eren t attributes of LiD AR data is used based on the study purp ose.

F or the purp ose of this study , heigh t and in tensit y of LiD AR p oin ts are used

(detailed discussion ab out the extraction metho d can b e found in Section

4.1).

3.2.2 Raster data

Raster data pro vide a digital represen tation of real w ord in form of grids

or squares. A v ailable raster datasets are a DEM, from whic h sev eral la y ers

w ere deriv ed (see Section 4.2), and a DDM. The DEM pro vides the elev ation

ab o v e the sea lev el of ev ery pixel represen ting the main land or the islands
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in the arc hip elago. On the other hand, the DDM pro vide a represen tation

of the seab ed with information on the depth of eac h pixel of it. The spatial

resolution of the a v ailable DEM is 25 x 25 m, while for the DDM is 100 x 100

m. The DEM and DDM w ere merged in to one raster la y er where the shoreline

(sea lev el) is assigned a v alue of zero, and higher (represen ting the land) and

lo w er (represen ting the seab ed) elev ations and assigned p ositiv e and negativ e

v alues, resp ectiv ely . Figure 3.4 illustrates the study area com bined from

DEM and DDM.

3.2.3 V ector data

V ector data t yp e is used in GIS to describ e geometry and represen t ob jects

in the form of p oin ts, lines, or p olygons [Harris et al., 2005]. V ector datasets

a v ailable include the co v erage of P hragmites along the Finnish coast of the

Gulf of Finland, as w ell as fetc h data along the shorelines in this area. The

common reed co v erage data is pro vided b y Univ ersit y of T urku. The reed co v-

erage �le illustrates common reed gro wing co v erage in the southern Finnish

coast. This reed shap e�le is generated from Landsat satellite images, it de-

scrib es the common reed gro wing situation in 2001. Common reed gro wing

areas are represen ted as p olygons in di�eren t shap es and sizes. Figure 3.7

illustrated part of the common reed co v erage.

The other v ector dataset is the fetc h giv en for along the shorelines of the

mainland and islands in the study area [Ek eb om et al. , 2003 ]. F etc h is de-

�ned as the distance from a studied p oin t to the nearest shoreline in a giv en

direction ([Ek eb om et al., 2003], [Hak ansson, 1981] and [T olv anen and Suomi-

nen, 2005]). It is used to indicate the op enness of di�eren t segmen ts of the

shoreline (see Figure 3.6), an imp ortan t factor whic h in�uences the pro cesses

and biota in the coastal areas [Ek eb om 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 fetc h data. Source: Ek eb om [2003]
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Figure 3.6: A sample of the common reed co v erage



Chapter 4

Data Pro cessing

In this c hapter, the pro cessing pro cedure of di�eren t datasets is describ ed.

Ra w datasets, describ ed in Chapter 3, had to b e pro cessed in order to pro vide

the needed input for the dev elop ed mo del. Di�eren t t yp es of data need

di�eren t pro cessing metho ds. The follo wing sections describ e the metho d

b y whic h reed co v erage is delineated from the LiD AR data, metho ds used

to prepare and deriv e needed la y ers from a v ailable raster as w ell as v ector

datasets.

4.1 Mapping of the common reed co v erage

The main ob jectiv e of LiD AR data pro cessing is to delineate the common

reed co v erage in the corresp onding area. Heigh t and in tensit y , whic h are

indicating the common reed, ha v e b een measured in a prede�ned reed gro wing

area near Otaniemi. Since plan t heigh t and in tensit y remain similar in the

same season, these t w o attributes can b e applied en tirely across the study

area for the purp ose of common reed co v erage delineation.

4.1.1 LiD AR attribute analysis

As a laser altimeter, LiD AR measures the data range from a platform with a

p osition and altitude determined from GPS and an inertial measuremen t unit

[K o etz et al. , 2008 ]. This inertial measuremen t unit determines �nal LiD AR

data resolution. Essen tially , they utilize a scanning device whic h de�nes the

distance from the sensor to the ground, of a series of p oin ts appro ximately

p erp endicular to the direction of �igh t. If a laser pulse or a part of the pulse is

32
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re�ected from a ro of top or the top of a canop y tree, the sensor will record the

�rst return. Mean while, part of the pulse migh t partially p enetrate the tree

canop y and tra v el through it, to reac h the ground. In this case, the sensor

will record the return from the ground, i.e. the last return [Dic kie, 2001 ;

W ebster et al. , 2006 ]. By remo ving the �rst or last returns, a digital terrain

mo del of ground surface top ograph y or terrain can b e generated resp ectiv ely .

Figure 4.1 illustrates the LiD AR cloud in study site.

Figure 4.1: LiD AR cloud in the study area

Besides heigh t v alue, LiD AR data con tains information of re�ectance in ten-

sit y of the surface (see Figure 4.2). The LiD AR in tensit y v alue refers to the

corresp onding sp ectral w a v elength from the laser emits [Brennan and W ebster ,

2006 ; W ebster et al. , 2006 ]. Re�ectance v aries from material c haracteris-

tics, as w ell as the ligh t used; di�eren t materials ha v e di�eren t re�ectance.

Consequen tly , in tensit y v alue pro vides useful information for the land-co v er

classi�cation. Nev ertheless, LiD AR in tensit y images often app ear to b e het-

erogeneous and con tain data noise due to the excessiv e e�ect and artifacts

caused b y the sensor scanning [An tonarakis et al. , 2008 ]. There are sev eral

metho ds for �ltering LiD AR data noise, and here w e in tro duce a tec hnique

for dealing with laser scanning angle. By �ltering particular scanning an-
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Figure 4.2: Represen tation of LiD AR in tensit y

gle of existing LiD AR data, and giv en certain heigh t and in tensit y v alues,

di�eren t classi�cations can b e obtained from LiD AR data source.

Characteristics in�uence LiD AR data classi�cation in sev eral p ersp ectiv es:

elev ation v alues determine the plan ts heigh t, for instance P hragmites australis
acquires dissimilar heigh t attribute from bushes and trees; slop e and asp ect

determine the tidal regime and w a v e exp osure, whic h in turn in�uence the

o ccurrence of in tertidal sp ecies according to their sp eci�c ecological prefer-

ences, most lik ely the P hragmites australis gro ws in a �at sea area without

large vibration [Ha yball and P earce , 2004 ]; and relativ e p osition of the sun

and the sensor as w ell as the slop e and asp ect of the surface ma y pro duce

resp onses according to top ographic e�ect [Ik onen and Hagelb erg , 2007 ].

4.1.2 Classi�cation pro cess

The accuracy of LiD AR classi�cation dep ends on the abilit y to detect dif-

ferences in v egetations heigh t, whic h in turn dep ended on adequate heigh t

separation among comm unit y t yp es [Bork and Su , 2007 ]. A cross the study
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area, dominance of heigh t b egins with sea lev el (0 meter), and progresses

through reed plan t area. V ertical heigh t division lines b et w een the higher

v egetations suc h as common reed, bush and arti�cial forest are determined

based on measuremen ts of a v erage heigh t ranges.

Figure 4.3: Analysis area

The LiD AR classi�cation pro cess requires accurate common reed attribute

v alues. FUSION/LD V visualization system, an analysis soft w are for mea-

suremen t purp ose, is used. The FUSION/LD V visualization system consists

of t w o main programs, FUSION and LD V (LiD AR data view er); while FU-

SION pro vides a t ypical 2D GIS in terface allo ws users to select data, LD V

con tains the spatial-explicit data examination functions [Mcgaughey and Reutebuc h ,

2009 ]. With prop er selection from the LiD AR cloud, the LiD AR heigh t at-

tribute can b e measured in LD V (see Figure 4.3 and 4.4).

Measuremen t on selected sites indicates heigh t v alue b et w een 20 and 190 cm.

This range is therefore considered as a criterion for common reed classi�cation

among v egetation.
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Figure 4.4: Measuremen t of common reed heigh t in LiD AR cloud

Elev ation b egins with plain sea lev el at 0 meter; the class ab o v e sea lev el

is sea w a v es. The P hragmites australis co v erage ab o v e the sea lev el and

w a v es is classi�ed from the study area b y di�eren tiating b et w een LiD AR

data �rst and in terp olated last return in the v alue of elev ation. Discreet

LiD AR data samples indicate that LiD AR p oin ts with a heigh t less than 1.9

meters de�nes the upp er b oundary of the P hragmites australis class (see

Figure 4.5). Mean while, the prop ortion of LiD AR p oin ts ab o v e 0.4 meter

w as the lo w er b oundary determination for P hragmites . As a result, those

range v alues are used as a division to separate op en sea area and common

reed co v erage.

In tensit y v alue of P hragmites australis from LiD AR data can b e used as

w ell to separate common reed area from the other classes similar in heigh t

to the reed. Figure 4.5 illustrates the image of in tensit y measuremen t in

common reed area.

W etland plan ts area distributes along the sea coast, their in tensit y v alue
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Figure 4.5: In tensit y measuremen t of common reed in LiD AR cloud

v arious in a large range. P hragmites australis in tensit y has its o wn at-

tributes, whic h drops in a certain range from 30 to 80 in tensit y v alues (see

Figure 4.5). This measuremen t is p erformed under the LiD AR image in ten-

sit y ranging from 0 to 255 in R GB. As a result, LiD AR deriv ed in tensit y

range information together with assistance of plan t heigh t can b e used to

distinguish P hragmites australis from other w etland features.

P hragmites australis in the study �eld is spread o v er plain sea surface with

the slop e v ale less than 1

�
. The distribution is determined using LiD AR-

deriv ed DSM(Digital Surface Mo del). Slop e gradien t is calculated through

surface analysis with a �xed pixel size, for instance 9x9 cell pixel radiuses.

Cells are classi�ed as b eing �at (less than 1

�
), gen tle slop e (1

�
to 3

�
), or steep

(large than 3

�
). Asp ect is classi�ed in to another system: treated as 0

�
from

the sharp east direction, giv en clo c kwise rotation, it returns to east again with

v alue of 360

�
. Asp ect is then classi�ed in to 9 classes, including �at class whic h

has the v alue of -1. F rom cen ter on East clo c kwise to South-east, South,
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So euth-w est, W est, North w est, North, and north-east, with an incremen tal

of 45

�
. As a consequence of its natural c haracteristic, P hragmites australis

has a preference of sunshine facing trend [Guc k er , 2010 ]. The collectiv e asp ect

of South-east, South and South-w est then are reclassi�ed as slop es facing

South.

Determinations for common reed �at area are ab o v e or b elo w certain range

of slop e. P hragmites australis slop e attribute near the land v arious in a

larger range. The sp ecies in w etland also ha v e di�eren t attributes compared

with P hragmites �eld on the sea. Ho w ev er, in this researc h, w etland and in-

land area are b ey ond the range of analysis. A ccordingly , common reed asp ect

preference b ecame less imp ortan t as an indicator of plan t gro wing. As a re-

sult, this researc h simply utilities the slop e and asp ect v alues, appro ximately

in full range, to classify P hragmites on sea surface.

With a com bination of heigh t, in tensit y , slop e and asp ect v alues, P hragmites
australis can b e extracted from LiD AR cloud as an in v alidated classi�cation.

Figure 4.6 illustrates the classi�cation �o w c hart.

P hragmites classi�cation from LiD AR is v alidated against satellite images

(pro vided b y Go ogle serv er). A ccuracy assessmen t can b e conducted b y o v er-

lapping classi�ed reed area with satellites images (see Figure 4.7). Ho w ev er,

the v alidation pro cess and accuracy assessmen t are not included in this re-

searc h.
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LiDAR file with
satellite Image
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in LiDAR file and
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Figure 4.6: LiD AR classi�cation �o w c hart
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Figure 4.7: Satellite image in study area

4.2 DEM pro cessing

Sev eral top ology attributes can b e generated from the Digital Elev ation

Mo del (DEM) data, for instance slop e, asp ect, accum ulation and stream

net w ork. In this researc h, op en source applications and libraries are used

in data pro cessing. F or instance, GRASS (Geographic Resources Analysis

Supp ort System) and QGIS (Quan tum GIS) are used for DEM pro cessing,

mo deling, and visualization.

Slop e and asp ect can b e generated b y GRASS function r:slope:aspect. The

algorithm used in this function calculated slop e and asp ect using 3x3 neigh-

b orho o d cell radius. Figure 4.8 and Figure 4.9 illustrate sample DEM data

as w ell as the corresp onding slop e displa y ed in GRASS.
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Figure 4.8: DEM

Figure 4.9: Slop e deriv ed from DEM
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A ccum ulation is the pre-stage for stream net w ork data analysis. A ccum u-

lation map can b e generate b y GRASS with Hydrolic Modeling mo dule in

raster pro cessing. The mo dule generates a set of maps indicating the lo cation

of w atershed basins as w ell as accum ulates v alue for pixels. With threshold

describ e the minim um size of an exterior w atershed basin in cell, 4 map sets

can b e generated b y this op eration. The absolute accum ulate v alue of eac h

cell in the output map la y er is the amoun t of o v erland �o w that tra v erses

the cell. This v alue is the n um b er of upland cells plus one if no o v erland �o w

map is giv en. If the o v erland �o w map is giv en, the v alue will b e in o v erland

�o w units. Negativ e n um b ers indicate that those cells p ossibly ha v e surface

run-o� from outside of the curren t geographic region. Th us, an y cells with

negativ e v alues cannot ha v e their surface run-o� and sedimen tation, hereb y

considering the few amoun t of negativ e v alues, for simpli�cation purp ose

negativ e n um b er cells are excluded in this study .

Stream net w ork or riv ers ha v e the abilit y of in�uencing common reed plan t

gro wing. Riv er stream segmen ts can bring nitrogen and other c hemical in-

�uencing the common reed gro wing. With a prop er input, stream segmen ts

can b e extracting from the la y er of accum ulation b y threshold v alues of eac h

pixel. Small threshold v alues can generate a detailed stream net w ork, and

large v alues illustrate more generalized stream net w ork. By giv en a suitable

threshold v alue, riv er net w ork can b e extracted in GRASS.

4.3 V ector data pro cessing

Pro cessing metho ds of shap e�les include 2 ma jor parts, metho ds for op enness

distance and op en area calculation; the follo wing 2 sections explain these

metho ds resp ectiv ely .

4.3.1 Distance computation

W a v es are created b y the friction b et w een w ater and mo ving air o v er a certain

length of op en w ater surface [Harri T olv anen, 2005 ], referred to as the fetc h

or op enness v ector data. F or the op enness data, eac h p oin t has its o wn

op en distances. Giv en fetc h lines w ere measured with a b earing of 7.5

�
areas

around eac h p oin t. The length of the radiating lines is c hosen to b e at least

exp ected maxim um distance. The op enness distance lines are generated b y

cutting the lines parts not connected to the p oin t at the shore. Therefore,

op en distances are the remaining lines length asso ciated with the site cen tre
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p oin ts on the shore o v er w ater to nearest land. Figure 3.6 illustrates the

fetc h lines in one site.

Sev eral tec hniques are applied on the v ector �le of fetc h lines to b ecome us-

able b y the analyses. The 48 lines around eac h p oin t are abstracted in to

the regular 8 directions, namely N, S, E, W, NE, NW, SE, and SW. This

researc h simpli�es the op enness distance data from 7.5

�
p er sector to appro x-

imately 45

�
p er sector. Original shap e�le sectors start from 3.75

�
clo c k-wise

direction, increase across 360

�
or 48 sectors, and then return to the original

3.75

�
the origin sector. The sectors degree p ositions are lac k of 0

�
(North),

45

�
(Northeast), 90

�
(East), and etc. Therefore, the solution is using appro xi-

mate degree p osition to represen t the 8 directions. T able 4.1 describ es the 8

directions and their corresp onding sectors in degree. T able 4.1 N represen t

north, S represen ts south, E east and W w est. Figure 4.10 illustrate the

situation b efore selection (see Figure 4.10.A) and after selection (see Figure

4.10.B)

A. 48 sectors B. 8 sectors

7.5

45

Figure 4.10: Sectors b efore and after selection

Degree 3.75

�
48.75

�
93.75

�
138.75

�
183.75

�
228.75

�
273.75

�
318.75

�

Direction N NE E SE S SW W NW

T able 4.1: T able for sho wing 8 directions and degree sectors

Simpli�cation of v ector data is the pre-stage of longest op enness distance

calculation. Amongst the 8 fetc h lines around eac h p oin t, the longest fetc h

is determined and its direction is assigned as the op en side of the lo cation.

The op enness direction calculation is done b y the co de sho wn in Listing
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4.1. Op enness directions assign more in�uence on the decision of the site

op en attribute, for instance p oin ts near riv er mouth are less op en than site

near islands. The op enness attribute is emplo y ed to facilitate to analysis

link age of common reed co v erage lo cation and the corresp onding site op enness

attribute. T able 4.2 describ es the op en distance calculation result.

1 S u b O p e n D i s t a n c e C a l

3 D i m A ( 8 ) A s D o u b l e

D i m M a x E d g e A s D o u b l e

5 D i m O p e n D i r e c t i o n A s I n t e g e r

7 A ( 1 ) = [ F E T C H _ 3 7 5 ] : A ( 2 ) = [ F E T C H _ 4 8 7 5 ] :

A ( 3 ) = [ F E T C H _ 9 3 7 5 ] : A ( 4 ) = [ F E T C H _ 1 3 8 7 ] :

9 A ( 5 ) = [ F E T C H _ 1 8 3 7 ] : A ( 6 ) = [ F E T C H _ 2 2 8 7 ] :

A ( 7 ) = [ F E T C H _ 2 7 3 7 ] : A ( 8 ) = [ F E T C H _ 3 1 8 7 ]

11

F o r i = 1 T o 8

13

I f A ( i ) > M a x E d g e T h e n

15 M a x E d g e = A ( i )

O p e n D i r e c t i o n = i

17 End I f

19 N e x t

21 End S u b

Listing 4.1: Op en distance calculation

Direction N NE E SE S SW W NW MaxDirection

0 0 24 46 411 111 0 0 South

Distance(m) 0 18 80 1428 591 0 0 0 Southeast

0 0 181 87 590 3499 0 0 South w est

T able 4.2: Example result for op enness longest distance



Chapter 5

The Sim ulation Mo del

This c hapter presen ts the metho dology study of this researc h, whic h can b e

expressed as common reed gro wing condition and cellular automata expan-

sion mo deling. These 2 separate theory parts are merged in to expansion

mo del, whic h is used for sim ulating common reed gro wing in the Gulf of

Finland. This c hapter explains the principles in section of mo del structure

and the follo wing application implemen tation section describ es the practical

sim ulation mo del program.

5.1 Mo del structure

Cellular automata mo dels are dynamic and discrete in time, space and state.

Simple cellular automata is de�ned b y function ( f ), states ( S), and neigh b ors

( N ). Three factors ha v e the relationship in Equation 5.1:

St+1 = f (St ; N ) (5.1)

In the ab o v e equation, S de�nes the �nite set, f is transition rule function,

t refers to transition discrete time or generation and N is the cell neigh b or-

ho o ds of curren t generation.

A ccording to W olfram [1984], standard cellular automata con tains of a set of

iden tical cells, and discrete cell states, cell neigh b orho o d function, transition

rules and discrete time steps whic h refers to generations or y ear. One cell

should b e in set of p ossible states, up date in accordance with the in teraction

rule. The up date progress should b e non-deterministic or sto c hastic, since

the nature phenomenon con tains prop er degree of uncertain t y .

45
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5.1.1 Univ ersal en vironmen t

A discrete t w o-dimensional univ erse is adopted in this study as the main

goal is determining the expansion of the reed co v erage in the arc hip elago

represen ted in a 2D manner. The t w o-dimensional univ erse is a gridded

surface, similar to c hessb oard (Figure 5.1). This represen tation is also similar

to the raster data format in GIS in whic h some datasets are giv en, e.g.

digital elev ation mo del (DEM). The CA mo del gains great b ene�t for data

pro cessing b ecause of the similarities b et w een grid and raster structure. The

CA approac h allo ws fast and accurate sim ulations of rep eated prede�ned

rules based on digital elev ation mo dels (DEM) [R.Mink o� et al. , 1992 ] and

other raster data la y ers whic h pro vide information related to theecological

pro cesses in question [F onstad, 2006 ].

Figure 5.1: A dopted 2D CA univ ersal en vironmen t

Space of CA univ erse

As a metho d for storing and displa ying spatial data, raster format is divided

in to ro ws and columns, whic h form a regular grid structure (see Figure 5.2).

Although cells of raster do not necessarily ha v e to b e squares, in the presen t

CA mo del, square cells are used to comply with the existing datasets. Eac h

cell within a matrix or grid in Figure 5.2 con tains lo cation co ordinates as w ell

as an attribute v alue. On the other hand, eac h raster la y er represen ts a factor

related to pro cess of reed expansion, including elev ation, slop e, n utrien ts, and

land use. The top raster la y er represen ts the co v erage of P hragmites . F or

eac h la y er, di�eren t color represen ts the cell v alues, for instance, elev ation

la y er ha v e higer v alue in red cell and lo w v alue in blue cells; reed co v erage
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green color represen ts the reed existing area, and blue is the p oten tial area

that reed can expand (Figure 5.2).

Slope

Nutrient

Reed
Coverage

Elevation

Land Usage

Real World

Figure 5.2: Represen tation of the real w orld in raster format

The spatial resolution in raster represen tation is con trolled b y the cell (pixel).

A single cell represen ts an area co v ered on the ground, and higher spatial

resolution indicates more pixels p er unit area. A cell size of 1x1 m w as

c hosen to represen t the la y er of reed co v erage and other factors. The cell

size c hosen w as relativ ely small in order to comply with the nature of the

phenomenon b eing analyzed, namely the reed expansion. In order to mak e

all la y ers compatible for the calculations within the mo del, raster la y ers with

di�eren t cell sizes w ere resampled in to a spatial resolution of 1x1 m. An

example of the resampled la y ers is the DEM; a v ailable DEM w as originally

of 25x25-m-cell meaning that a single cell co v ers an area of 625 m

2
on the

ground, an area m uc h larger than ho w m uc h reed can propagate in one time

step (a y ear). Illustration of the cell size in relation to the spatial resolution

is pro vided in Figure 5.3. The e�ect of resolution on the raster represen tation
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is illustrated in Figure 5.4.

16x16 cell size 1m 8x8 cell size 2m 4x4 cell size 4m

Figure 5.3: Represen tation of the space in di�eren t cell sizes

Cell size 15m Cell size 15cm

Figure 5.4: Cell size e�ect on the spatial resolution

Time in CA univ erse

Time is another essen tial elemen t in the CA mo del. Discrete time in the

CA mo del indirectly re�ects the actual time. In that sense, there are t w o

p ossibilities: expansion is faster than real situation, or slo w er. Therefore,

in order to build a realistic sim ulation mo del, expansion sp eed in the CA

mo del needs to b e calibrated prop erly . Instead of c haning the raster map

resolution, sev eral metho ds can b e used concerning CA time. The CA mo del

con tains grid cell is 25x25 meters; CA principle constrains the condition of

gro wing at the sp eed of 1 cell at 1 discrete time step (equals to 1 generation).

During this pro cess, common reed spreading sp eed is 25 m p er 1 discrete

time step, assume 1 generation re�ects to 1 actual y ear time, and then the

sp eed w ould b e 25 meters p er 1 y ear. Ob viously , the plan t spreading sp eed is
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o v er estimated, therefore time needs to b e calibrated to slo w do wn common

reed spreading sp eed.

V arious metho ds can b e used in sim ulation calibration and eac h metho d

cause di�eren t consequences. Consider CA mo del sim ulation is slo w er than

real-time, in this case, no calibration need to b e set in CA mo del. Since

the CA mo del giv es slo w er sim ulation, then CA mo del can b e treated in a

di�eren t w a y . F or instance, the previous assumption of one CA mo del is 1

generation p er 1 y ear, if CA sim ulation is slo w er than exp ectation, previous

assumption can b e c hanged in to a smaller scale. Supp ose the CA sim ulation

is 4 times slo w er than real-time situation, then the solution is adjust CA time

assumption to 0.25 y ear. A ccro dingly , 4 generations need to b e op erated in

order to sim ulate 1 y ear reed expansion.

In case CA mo del expresses sim ulation faster compared with real situation,

the solution can b e describ ed as follo w. CA mo del ha v e the origin attributes

�NotGoro w� or �Gro w� minim um 1 cell p er discrete time step. Figure 5.5.a

illustrates the normal CA sim ulation, from time �T=0�, �T=1� and �T=2� the

plan t is �NotGro w�. The cell starts to expands suddenly in the 3th generation

�T=3�. Ho w ev er, this case do es not matc h the real plan t gro wing situation.

In realit y , plan t gro ws or shrinks gradually at an a v erage sp eed in 1 y ear.

T o solv e this problem, this researc h in tro duces a metho d used in curren t CA

mo del called �probabilit y accum ulation�. Instead of assign cell probabilit y

v alue 0 (not gro w) or 1(gro w), a v alue in de�ning range [0, 1] is calculated

and assigned to eac h cell (see Figure 5.5.b). �Probabilit y accum ulation� giv es

the p ossibilit y to cells to gro w from 0 to 1 in sev eral steps compared with

previous 1 step. In Figure 5.5.b, the cell expands a v eragely , whic h giv es the

p ossibilit y for plan t to o ccup y �half cell� p er generation. Th us, Figure 5.5.b

with �probabilit y accum ulation� metho d sim ulates a closer scenario compared

with Figure 5.5.a. While the probabilit y accum ulate, the cell b ecomes more

suitable for common reed gro wing, and consequen tly ha v e the v alue of reed

o ccupation accro dingly .

5.1.2 Cell neigh b orho o ds

F requen tly used neigh b orho o d templates for 2-dimensional square grids are

Mo ore-neigh b orho o d consisting of cen tral cell and eigh t adjacen t cells, and

v on Neumann-neigh b orho o d, whic h con tains the cen tral cell and four adja-

cen t cells. The corresp onding transition rules can b e deterministic or sto c has-

tic; it can b e describ ed in follo wing Equation 5.2:
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T=0 T=1 T=2 T=3

a.

b.

Figure 5.5: T w o metho ds in calculating gro wth probabilit y

As
t+1 = f (As� r

t ; As� r +1
t ; :::; As

t ; :::; As+ r � 1
t ; As+ r

t ) (5.2)

As
t in Equation 5.2 represen ts the cell s at generation t , r is the radius of

cell neigh b orho o ds, function f represen ts the transition rules. In Con w a y's

life [Gardner, 1970 ], As
t also refers to the cellular automata con�gurations at

discrete time step t .

5.1.3 Cell status

Cell status in normal cellular automata are simple. F or instance, in Con w a y's

Game of Life [Gardner, 1970 ], cell status are in tegers set as 0, 1, 2 and etc.

Those cell status mak e the computation simple and e�ectiv e. No w ada ys,

as computer b ecomes p o w erful, it allo ws �oating p oin t cell status v alues to

b e calculated e�cien tly . Since �oating n um b ers are not in�nite, cell status

de�ned b y �oating n um b ers is still discrete.

In the protot yp e of common reed spreading CA mo del sets, cell states are

in tegers. V alue 0 denotes that reed do es not exist, and v alue 1 denotes that

reed exists or the cell satis�es plan t spreading conditions (in the future gen-

erations). The disadv an tage of the in teger cell status in CA mo del con tains

the disadv an tages is that it constrains the cell spreading b y a minim um of 1

cell p er generation. This means that the common reed expands b y 25 meters

in 1 discrete time step, whic h is o v erestimated.
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Primary status

The aforemen tioned �probabilit y accum ulation� metho d in v olv es �oat p oin t

instead of in teger v alues while calculating cell status. Cell v alue represen ts

the probabilit y of common reed existence, ranging from giv en domain [0, 1].

In this domain, cell ha v e a in�nite n um b er of status, whic h ranges b et w een

0 to 1 and including v alue 0 , 1 themselv es. Assume the initial v alue of

one cell is 0, it has the p ossibilit y to gro w reed plan t in unkno wn future

generations. This means the cell v alue c hange from 0 to 1 in sev eral discrete

time steps, mean while cells with the v alue 1 c hange to 0 also can tak e more

than 1 discrete time step.

F our h yp otheses can b e made from the cell states c hanging pro cedure: a:
cell v alue 0 b ecome cell v alue 1; b: cell v alue 0 sta y unc hanged; c: cell v alue

1 b ecomes cell v alue 0; d: cell v alue 1 status sta y unc hanged. Figure 5.6

illustrates these four h yp otheses, Figure 5.6 also giv es an example for selected

cell c 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 b

Figure 5.6: Change in cell status

Status threshold

The criteria to decide whether common reed gro wing , not gro wing, or dying

is the cell v alue. Simple metho d of calculating the gro wing and dying status

is set cell v alue of 0 to �NotGro w� and set cell v alue of 1 to �Gro w�, but

this migh t encoun ter problems. T ak e a gro wing cell with initial v alue 0 for

example, this cell will b ecome o ccupied b y common reed in sev eral discrete

time steps, th us its cell v alue need to b ecome 1 at the �nal stage. Ho w ev er,

the calculation functions in our CA mo del giv e a �oat n um b er less than 1

instead of in teger 1. T o solv e this problem, a threshold need to b e set in

CA mo del (see Figure 5.7), if the calculated v alue is larger or equal to this

threshold the cell will b ecome o ccupied b y reed, otherwise the cell is partially

o ccupied b y common reed. Instead of p ossibilit y distributes a v eragely in [0,

1], the threshold allo ws the �nal la y er to ha v e only 2 v alues �0� and �1�.

Mean while, the other threshold is set for common reed exist to absen t, the

corresp onding cell v alue c hanges from 1 to the threshold. During this pro cess,

if the cell v alue b ecomes smaller than threshold the cell b ecome absen t for

common reed, if larger or equals to the threshold cell is partially o ccupied

b y reed plan t and the cell v alue represen ts reed densit y in cell itself.

By in v olving status threshold, previous cell status pro cessing can b e com-

pleted in a di�eren t mean. Cell v alue calculated b y transitional function

mostly drops b et w een the de�ne range (0, 1). Suc h a lo w p ercen tage �Not-
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0 1

0 1

threshold

a
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Figure 5.7: Threshold decides cell status

Gro w� and �Gro w� cell cannot satisfy curren tly CA sim ulation mo del in the

actual situation for common reed spreading. Unlik e previous explicit cell

status where 0 represen ts �NotGro w� and 1 represen ts �Gro w�, threshold can

b e set to prop er v alue in CA sim ulation. Threshold v alue has an impact on

common reed spreading sp eed, tak e the maxim um threshold as an example,

the closer it is set to v alue 1 the slo w er spreading sp eed will b e; the closer it

is set to v alue 0 the faster spreading sp eed will b e. Therefore, threshold can

b e adjusted to a prop er v alue to giv e an optimal spreading sp eed. Prop er

threshold in CA sim ulation has k ey impact on the degree b y whic h the CA

mo del matc hes the actual situation of common reed gro wing.

5.1.4 T ransitional rules

T ransitional rules meet the top-do wn

1

approac h c haracteristics, b y breaking

do wn a system to gain insigh t in to its comp ositional in�uen tial factors. An

o v erview of CA mo del is �rst form ulated, whic h giv es the phenomenon of

common reed spreading. Then the in�uen tial factors (nature phenomenon)

re�ne more details, sometimes factor con tains sub-lev el elemen ts. The CA

mo del is not complete un til the en tire sp eci�c in�uen tial factors are divided

in to basic elemen ts. With eac h elemen t is corresp onding to 1 transitional

rule, the CA mo del is form ulated b y compiling transitional rule elemen ts.

In�uen tial factors related to the common reed expansion v ary in large cat-

egories. F actors can b e divided in to di�eren t p ersp ectiv es; they are y ear-

indep enden t, y ear-dep enden t and the in�uen tial neigh b orho o ds factors. Y early

indep enden t implies that factors are not a�ected b y the y ear c hanging; for

instance elev ation and slop e remain unc hanged from time to time. Y ear de-

p enden t factors include ice condition, win ter temp erature, o cean curren ts,

etc. Besides the t w o t yp es of in�uen tial factors, neigh b orho o d condition,

whic h directly link ed to the surrounding common reed gro wing situation, is

1

The conceptual understanding of en vironmen tal dynamics can b e describ ed as top-

do wn pro cess.
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another imp ortan t factor in common reed expansion.

Pij = f (W1 � F1; W2 � F2; W3 � F3; :::; Wn � Fn ) (5.3)

The dev elop ed cellular automata mo del is probabilistic; the transition rules

calculate the v alues for represen ting status c hange. The v alue of eac h cell

corresp onds to the p ossibilit y of gro wing common reed. The Equation 5.3

ab o v e illustrates the transition calculation function for common reed exis-

tence p ossibilit y . Pij refers to the probabilit y v alue for certain cell in the grid

to b e reed-o ccupied, and in Pij i and j is cell lo cation in de�ned the co ordi-

nates system. Curren t raster CA mo del use grid and ij represen ts for column

and ro w resp ectiv ely . f is the calculation function or com bined functions;

to �nd prop er transition form ular, CA mo del needs to b e run sev eral times

and Model V alidation (see Figure 5.9) can b e also used to de�ne suitable

transition calculation form ulae. Moreo v er, Model V alidation requires suc-

cessiv e m ulti-temp oral common reed co v erage data, in order to compare the

CA sim ulation results and actual reed co v erage data, so that the accuracy

can b e assessed.

Fn in Equation 5.3 represen ts factors, whic h a�ect the common reed gro w-

ing. Hereb y , the factors can b e divided in to the follo wing t yp es: spatial

factors, ecological factors, h uman factors and neigh b orho o d states. In order

to calculate factors in transition functions, factors need to b e brok en do wn

in to elemen ts: elemen ts presen t spatial factors including elev ation, slop e,

hill-shade; ecological factors including salinit y , n utrien t lev el, as w ell as the

other plan t sp ecies, animals, micro-organisms; h uman factors include w ork

related to construction, seashore conserv ation, p ollution and other activities

that a�ect reed spreading.

F actors con tain di�eren t in�uen tial imp ortance for common reed spreading

in CA mo del. Therefore, the imp ortance of eac h factors ha v e to b e directly

re�ected in transition functions, whic h is wh y w eigh t Wn is assigned to eac h

factor. Assume the n um b er of in�uen tial factors is n , and eac h factor has

di�eren t w eigh t in determining the probabilit y . Since factors a�ect common

reed gro wing are excessiv e, instead of including all actual factors inside CA

mo del, p oten tial factors are c hosen in transition form ula. P oten tial factors

ha v e adequate w eigh ts to in�uence the �nal probabilit y .
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5.1.5 Edge e�ect

Instead of no-b oundary condition, CA mo dels usually con tains solutions for

b oundaries. An simple metho d to a v oid the edge e�ects of b oundary is to

mak e CA mo dels univ ersal en vironmen t large than the giv en area, and assign

those extra pixel a suitable single v alue [Janssens , 2009 ]. But this increases

the use of computing resource. Solution in the common reed expansion case

is di�eren t, b y generate an rule using IF-THEN in transition, the b order cells

rules can b e di�eren t. F or instance, in Figure 5.8 A, the corner pixel has 3

neigh b ors instead of 8, mid-edge pixel in Figure 5.8 B con tains 5 neigh b ors

other then its original Mo ore neigh b orho o d.

A) Corner cells B) Mid-edge cells

Figure 5.8: Edge e�ect solution

5.1.6 Mon te Carlo metho d in cellular automata

Mon te Carlo metho ds are useful for mo deling phenomena with uncertain t y

inputs, whic h is the case the common reed expansion. Common reed expan-

sion situation con tains signi�can t uncertain t y . It is infeasible or imp ossible

to compute an exact result with a deterministic algorithm for P hragmites
australis expansion. P hragmites australis is able to a v oid ph ysical and bi-

ological stresses b y a accessing distan t resources and ameliorating lo cal con-

ditions, [Burdic k and K onisky, 2003 ]. This dev otes P hragmites australis
c haracteristic of sharing materials o v er distances measured in meters rather

than decimeters. Consequen tly , this also creates uncertain t y in common reed

expansion pro cess.

Besides the aforemen tioned c haracteristic, other factors bring uncertain t y to

common reed expansion as w ell. Elev ation or w ater depth has a ma jor in-

�uence on P hragmites australis expansion. The w ater depth v arious in
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di�eren t time in certain coastal land area in�uenced b y tidew ater. The phe-

nomenon cause abnormal distribution of common reed, some plan t migh t

gro w in deep w ater while there is no common reed spring up in shallo w area.

Moreo v er, the other in�uen tial factors include area, slop e, win ter ice area,

h uman construction along the coast, and almost most of the other factors

con tribute to the uncertain t y in CA sim ulation mo del.

Implemen tation with Mon te Carlo metho d in CA is represen ted mainly in

the transition rules. The decision of b ecoming o ccupied b y common reed or

not is e�ected b y uncertain t y , therefore in the pro cess of making decision in

CA generation, of eac h time step, the mo del require random n um b er. F or

instance, one sub v ersion transition rule can b e written as IF the curren t

calculated cell probabilit y dropp ed in the range of 0.6 to 0.7 , THEN cell

ha v e 75% c hance to b ecome o ccupied b y common reed in next discrete time

step. This transition rule requires random n um b er b et w een 0.6 to 0.7, ad-

ditionally the c hance of b ecoming common reed should b e set as 75% with

randomness. This can b e ac hiev ed b y setting a prede�ned random n um b er

range from (0,1) and assign the random n um b er to b e true with condition

less than 0.75. As a consequence of the randomness, the CA mo del needs to

b e run sev eral times, then �nalized with a probabilit y distribution mo del.

5.2 Cellular automata pro cess diagram

The previous section describ ed all elemen ts utilized b y cellular automata sim-

ulation pro cess. The en tire cellular automata sim ulation mo del is illustrated

as a �o w diagram in Figure 5.9. It starts with the Initial Reed Coverage,

whic h refers to the curren t common reed co v erage, whic h con�gures the state

for eac h cell ( St ) mo del at the discrete time t . Then, in the follo wing step

(namely , Compute P ossible T ransition P robability V ectors), the p ossibilit y

of cell St to b ecome o ccupied b y the common reed is calculated. This calcu-

lation consists of 2 comp onen ts, Cell Suitability and Neighborhood State.

Cell suitabilit y decides ho w suitable the lo cation is for reed, while neigh-

b orho o d state v eri�es the cell neigh b orho o d condition. Those 2 comp onen ts

con tribute to the calculation of the probabilit y of a cell to b e o ccupied b y

the common reed.

The pro cess pro ceeds to Monte Carlo Selection for S t+1 , whic h is describ ed

in Section 5.1.6. Then, St+1 represen ts the cell state in discrete time step

t+1 , whic h is the predicted state of the cell in question in the next generation.

The resultan t reed generation needs to b e v alidated in order to ev aluate the

accuracy of CA mo del output. Model V alidation can pro vide calibration for
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CA mo del itself. In order to calibrate the parameters of transitional rules,

the mo del needs to b e run sev eral times.

Initial

Reed

Co v erage

Cell

state St

Compute P ossible

T ransition

Probabilit y

Mon te Carlo

selection for St+1

Cell state

St+1

New Reed

Generation

Mo del V alidation

Cell Suitabilit y

Neigh b orho o d

State

Figure 5.9: Flo w diagram for the cellular automata mo del
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5.3 Mo del implemen tation

The programming language used in this computational CA mo del is JA V A.

The sim ulation is done in a raster 2D space. Sev eral raster maps represen t

di�eren t conditions, suc h as common reed co v erage, elev ation, and slop e.

Based on the v alues in eac h cell, the probabilit y of cell to b ecome o ccupied b y

the common reed in the next discrete time step can b e calculated according

to the prede�ned rules. Eac h cell v alue is calculated during the iteration

through the 2-dimensional space, and results are stored in an arra y de�ned

according to the original raster maps.

5.3.1 Neigh b orho o d algorithm

The algorithm in Listing 5.1 describ es the neigh b orho o d n um b er coun ting

for inner cells without b oundaries. Algorithm is initialized b y reading the

common co v erage la y er, 2 functions are used to acquire total n um b er of

ro ws and columns separately . Then the algorithm assigns a 2-dimensional

arra y cellNeighbours with cellCols , cellRows as column and ro w n um b er.

Iteration starts from x = 1 , y = 1 and end at x < cellCols � 1 , y <
cellRows� 1, the lo op iterates through all non-b oundary cells. During the

iterations if the cell ful�ls the requiremen t of reedLayer:getAttribute(x; y) >
0, since common reed exist in this cell, and neigh b orho o d n um b er starts

coun ting in 8 conditions.
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1 / � g e n e r a l n e i g h b o r h o o d n u m b e r c o u n t w i t h o u t e d g e s o l u t i o n � /

3 / � g e t t o t a l n u m b e r o f r e e d l a y e r r o w s � /

c e l l R o w s = r e e d L a y e r . g e t N u m R o w s ( ) ;

5

/ � g e t t o t a l n u m b e r o f r e e d l a y e r c o l u m n � /

7 c e l l C o l s = r e e d L a y e r . g e t N u m C o l s ( ) ;

9 / � c r e a t e new a r r a y w i t h a c c r o d i n g t o r a s t e r r o w a n d c o l u m n n u m b e r s � /

c e l l N e i g h b o u r s = n e w i n t [ c e l l C o l s ] [ c e l l R o w s ] ;

11

/ � i t e r a t i o n t h r o u g h w h o l e r a s t e r m a p � /

13 f o r ( i n t x = 1 ; x < c e l l C o l s � 1 ; x ++){

f o r ( i n t y = 1 ; y < c e l l R o w s � 1 ; y ++){

15

/ � g e t a t t r i b u t e o f t h e c u r r e n t c e l l d e c i d e w h e t h e r r e e d e x i s t o r n o t � /

17 i f ( r e e d L a y e r . g e t A t t r i b u t e ( y , x ) > 0 ) {

19 / � i n c r e a s e i t s n e i g h b o r s c e l l s B u f f e r w i t h v a l u e 1 i f c o n d i t i o n i s t r u e � /

c e l l N e i g h b o u r s [ x � 1 ] [ y � 1 ] + + ;

21 c e l l N e i g h b o u r s [ x ] [ y � 1 ] + + ;

c e l l N e i g h b o u r s [ x + 1 ] [ y � 1 ] + + ;

23 c e l l N e i g h b o u r s [ x � 1 ] [ y ] + + ;

c e l l N e i g h b o u r s [ x + 1 ] [ y ] + + ;

25 c e l l N e i g h b o u r s [ x � 1 ] [ y + 1 ] + + ;

c e l l N e i g h b o u r s [ x ] [ y + 1 ] + + ;

27 c e l l N e i g h b o u r s [ x + 1 ] [ y + 1 ] + + ;

29 } / � e n d i f � /

} / � e n d f o r � /

31 } / � e n d f o r � /

Listing 5.1: Algorithm for general neigh b orho o d withoutb oundary cells

The algorithm in Listing 5.2 illustrates neigh b orho o d coun ting for edge cells

in raster grids. 8 di�eren t conditions represen ts 8 neigh b ors, eac h of them

has in�uence on the cell neigh b orho o ds' n um b er. By c hanging incremen tal

v alue dx and dy, the algorithm calculates the n um b er of neigh b ors for the

edge cells on the raster map. Since incremen tal v alues on x y directions are

1 and 0 resp ectiv ely , and the calculation starts with cell in co ordinate (1; 0).

Default incremen tal v alue dx equals to 1 and dy equals to 0, the calculation

b egins with the b ottom edge cells. These to w v alue ensure the algorithm

calculation through the b ottom edge from left to righ t. Then righ t edge

cells are preparaed, b y applying similar principles, dx = 0 , dy = 1 op erates

calculation through righ t edge cells. dx = � 1, dy = 0 op erates top edge

cells, incremen tal v alues dx = 0 , dy = � 1 op erates on left edge, the edge

cells calculation �nalize with x = 0 , y = 0 in the co ordinate origin.
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1 / � n e i g h b o r h o o d c o u n t a l g o r i t h m w i t h e d g e s o l u t i o n � /

3 / � i n i t i a l i z e w i t h c o o r d i n a t e s a t ( 1 , 0 ) , down e d g e c o u n t e r � c l o c k w i s e d i r e c t i o n � /

i n t x = 1 ; i n t y = 0 ;

5

/ � i n c r e m e n t a l o n x d i r e c t i o n w i t h v a l u e 1 a n d y d i r e c t i o n 0 � /

7 i n t d x = 1 ; i n t d y = 0 ;

9 / � s t a r t i n g t h e i t e r a t i o n � /

w h i l e ( t r u e ) {

11

/ � i f r e e d e x i s t i n c u r r e n t c e l l � /

13 i f ( c e l l s [ x ] [ y ] ) {

15 / � n e i g h b o r h o o d e d g e i n 8 d i f f e r e n t c o n d i t i o n s , r e p r e s e n t 8 n e i g h b o r s � /

i f ( x > 0 ) {

17 i f ( y > 0 )

c e l l N e i g h b o u r s [ x � 1 ] [ y � 1 ] + + ;

19 i f ( y < c e l l R o w s � 1 )

c e l l N e i g h b o u r s [ x � 1 ] [ y + 1 ] + + ;

21 c e l l N e i g h b o u r s [ x � 1 ] [ y ] + + ;

}

23 i f ( x < c e l l C o l s � 1 ) {

i f ( y < c e l l R o w s � 1 )

25 c e l l N e i g h b o u r s [ x + 1 ] [ y + 1 ] + + ;

i f ( y > 0 )

27 c e l l N e i g h b o u r s [ x + 1 ] [ y � 1 ] + + ;

c e l l N e i g h b o u r s [ x + 1 ] [ y ] + + ;

29 }

i f ( y > 0 )

31 c e l l N e i g h b o u r s [ x ] [ y � 1 ] + + ;

i f ( y < c e l l R o w s � 1 )

33 c e l l N e i g h b o u r s [ x ] [ y + 1 ] + + ;

}

35

/ � e d g e c e l l s n e i g h b o r h o o d � /

37

/ � i n c r e m e n t a l v a l u e t h r o u g h r i g h t e d g e � /

39 i f ( x = = c e l l C o l s � 1 & & y = = 0 ) {

d x = 0 ;

41 d y = 1 ;

43 / � i n c r e m e n t a l v a l u e o n u p p e r e d g e � /

} e l s e i f ( x = = c e l l C o l s � 1 & & y = = c e l l R o w s � 1 ) {

45 d x = � 1 ;

d y = 0 ;

47

/ � d e a l i n g w i t h l e f t e d g e � /

49 } e l s e i f ( x = = 0 & & y = = c e l l R o w s � 1 ) {

d x = 0 ;

51 d y = � 1 ;

53 / � w h e n i t e r a t i o n g o e s t o o r i g i n a l p o i n t ( 0 , 0 ) j u m p o u t l o o p � /

} e l s e i f ( x = = 0 & & y = = 0 ) {

55

/ � d e f a u l t i n c r e m e n t a l v a l u e d x = = 1 d y = = 0 o p e r a t e s o n down e d g e � /

57 / � a l l e d g e c e l l s d o n e � /

59 b r e a k ;

}

61

/ � g i v e new x a n d y v a l u e w i t h c o r r e s p o n d i n g i n c r e m e n t a l v a l u e d x a n d d y � /

63 x = x + d x ;

y = y + d y ;

65

} / � e n d w h i l e � /

Listing 5.2: Neigh b orho o d solution for edge cells

5.3.2 Gro wth probabilit y calculation

The calculation of gro wth probabilit y can b e divided in to 2 parts (see co de

in Listing 5.3). The algorithm starts with c hec king the status of factors.

The CA mo del in this mo del is constructed using Mo ore neigh b orho o d with
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neigh b ours. The neigh b or cells ha v e a large in�uence within CA mo del struc-

ture. The calculation starts with m ultiplying the n um b er of neigb ors v alue

with corresp onding w eigh t v alue. F actor w eigh t is calculated according to

transition rules to ensure �nal probabilit y ranges from 0 to 1 (see Equation

5.4), consequen tly the �nal probabilit y can b e obtained from factor prob-

abilit y and their w eigh ts. W eigh ts are assigned to the explanatory factors

with resp ect to their in�uence on determining the suitabilit y of a cell for

reed. Therefore, factors deemed strongly in�uen tial for the phenomenon are

assigned higher w eigh ts compared to those considered less imp ortan t. Pij

represen ts one cell in the raster map in ro w i , coloumn j . f is the functions

for calculating the probabilities. While Fn represen ts the explanatory factor,

Wn is the w eigh t assigned to the explanatory factor.

Pij = f (W1 � F1; W2 � F2; W3 � F3; :::; Wn � Fn ) (5.4)

The follo wing Listing (5.3) presen ts the algorithm for calculating gro wth

probabilit y . It b egins with reading data for factor la y ers and common reed

co v erage, then calculating the probabilit y of common reed expansion in to

the cell in question. Afterw ards, the algorithm applies the neigh b orho o d

condition. A new raster la y er is resulted whic h represen t the predicted reed

co v erage in the next y ear or discrete time step.

1

/ � c o m m o n r e a d f a c t o r s a n d c o m m o n r e e d c o v e r d a t a � /

3 I N I T I A L I S E C A a p p l i c a t i o n ( i n c l u d e s e d g e c e l l s )

5 B E G I N C A s i m u l a t i o n i t e r a t i o n

7 F o r e a c h c e l l M

M . s l o p e = s l o p e v a l u e o f c e l l M

9 M . e l e v a t i o n = e l e v a t i o n v a l u e o f c e l l M

M . f a c t o r X = v a l u e o f f a c t o r X o f c e l l M

11 .

.

13 .

I F c e l l M i s e d g e d c e l l

15 T H E N M . n e i g h b o r = n u m b e r o f e d g e n e i g h b o r s

E L S E

17 M . n e i g h b o r = n u m b e r o f n e i g h b o r s

19 / � c a l c u l a t e t h e p r o b a b i l i t y o f c e l l M � /

21 P = W . s l o p e � M . s l o p e + W . e l e v a t i o n � M . e l e v a t i o n + W . f a c t o r X � M . f a c t o r X

+ . . . + W . n e i g h b o r � M. n e i g h b o r

23 / � P r o d u c e new g e n e r a t i o n b a s e d o n P r o b a b i l i t y v a l u e P � /

25 E N D o f C A s i m u l a t i o n i t e r a t i o n

Listing 5.3: Implemen tation of idealistic gro wth calculation function

Ho w ev er, the general probabilit y calculation function requires su�cien t data,

and prop er w eigh ts assigned to eac h in�uen tial factor. Since curren tly a v ail-

able datasets are limited, an alternativ e probabilit y calculation function is

constructed di�eren tly (the results sho wn and discussed in the follo wing

Chapter are generated using the CA mo del based on this alternativ e func-
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tion). F or eac h cell within the grid, the elev ation and slop e are acquired and

compared with the prede�ned common reed gro wing condition . The function

is as follo ws: IF the elev ation and slop e are suitable for reed, the applica-

tion pro ceeds to c hec k the neigh b orho o d condition as follo ws: �IF there is

more than 3 , 4 or 5 P hragmites cells surrounded , THEN the probabilit y

of gro wing reed is higher�. In this researc h, the common reed gro ws in cell

with 3 to 5 neigh b ors surrounded.

The follo wing pseudo-co de describ es the alternativ e simpli�ed function . List-

ing co de 5.4 b elo w initializes CA application in the b eginning, then the al-

gorithm reads data sources in to system memory . Slop e and elev ation v alue

are compared with those prede�ned v alues for common reed expansion, and

n um b er of reed-o ccupied cells are compared to the aforemen tioned neigh b or-

ho o d rule. By iterating this condition c hec k for ev ery cell within thee grid,

the common reed co v erage in the next generation or discrete time step is

resulting.

1

2 I N I T I A L I S E C A a p p l i c a t i o n

4 B E G I N C A s i m u l a t i o n i t e r a t i o n

6 I t e r a t e t h r o u g h e v e r y c e l l F R O M i n p u t r a s t e r l a y e r s

/ � S t a n d a r d d e v i a t i o n ( S D ) � /

8

C h o o s e a s i n g l e c e l l N

10

I F N . s l o p e < M e a n S l o p e + S l o p e S D A N D N . s l o p e > M e a n S l o p e � S l o p e S D

12

I F N . e l e v a t i o n < M e a n E l e v a t i o n + E l e v a t i o n S D A N D

14 N . e l e v a t i o n > M e a n E l e v a t i o n � E l e v a t i o n S D

16 I F N . r e e d . n e i g h b o u r s > T h r e s h o l d n u m b e r o f n e i g h b o r h o o d

18 T H E N N g r o w common r e e d i n n e x t t i m e s t e p

20 E L S E c e l l N d o e s N O T g r o w r e e d i n n e x t t i m e s t e p

22 E N D o f C A s i m u l a t i o n i t e r a t i o n

24 P r o d u c e r e e d c o v e r a g e m a p f o r n e x t g e n e r a t i o n

Listing 5.4: Pseudo co de for CA initialization subroutine



Chapter 6

Results and Discussion

This c hapter demonstrates the results of the CA sim ulation mo del. The

�rst scenario represen ts sim ulation result without condition constrain ts for

P hragmites spreading. The second scenario de�nes a di�eren t t yp e of neigh-

b orho o d condition that enables P hragmites shrinking. The third sim ulation

is dev elop ed from the previous 2 sim ulations; based on the comparison of

sim ulation results, calibration can b e made to facilitate the curren t CA sim-

ulation mo del.

6.1 Scenario of scratc h

The sim ulation site is lo cated in the Southern coastal area of Finland, near

P orv o o area (see Figure 3.6).

6.1.1 Expanding

Scenario of scratc h is the �rst scenario to demonstrate cellular automata

sim ulation mo del. Scratc h scenario op erates without an y constrain condition

for plan t gro wing, for instance no constrain is set to elev ation, slop e, n utrien t

or other factors. Ho w ev er, the neigh b orho o d condition has to b e de�ned

to pro ceed with the sim ulation. The neigh b orho o d condition is set as the

follo wing: IF there is more than 1 cell among 8 neigh b ors where common

reed exists, THEN the reed will expand to the cell in question in the next

discrete time step.

The expanding scratc h scenario starts from the common reed co v erage in

2001(see Section 3.2.3). Y ear 2001 corresp onds to generation �1� in the sim-

63
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ulation mo del. T en discrete time steps are generated to giv e the sim ulation

results from 2001 to 2010. Figure 6.1 illustrates the results generated from

this CA mo del:
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Figure 6.2: Expanding sp eed graph

As a consequence of op erating without constrained condition, Figure 6.1

illustrates a �ction sim ulation result: the common reed expands all o v er the

area. The plan t co v ers most of the coastal areas and heading to w ards the

middle of the sea.

P hragmites australis cell n um b ers increase rapidly in expanding scenario

(see Figure 6.2), empt y cells are con tin uously o ccupied b y the plan t. Genera-

tion 1 is corresp onding to y ear 2001 in expanding gro wing graph, generation

2 is corresp onding to y ear 2002, and so forth. The co ordinates origin rep-

resen ts n um b er of cell o ccupied b y plan t in generation 1, whic h corresp onds

to 67748 cells. F rom generation 1 to 10 (y ear 2010), the cell n um b er gro ws

b y 2517251. A v erage incremen t in cell n um b er is 287222 p er generation.

Regression analysis rev eals the cell gro wing trend is giv en b y the equation

y =ax

2
+ b x + c. The equation is describing an accelerating expansion. The

explanation is that the larger the plan t co v erage area con tains more cells in
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the edges, th us P hragmites expands faster in next generation.

6.1.2 Shrinking

Compared to the expansion sim ulation, shrinking is based on the fact that

P hragmites has certain mortalit y rate whic h causes the shrink age of common

reed co v erage. T o sim ulate this shrinking pro cess, the transition rule should

b e con�gured sligh tly di�eren t from the expansion sim ulation. While no rule

is set to elev ation, slop e, n utrien t and etc, the neigh b orho o d con trol condition

is set as: IF cell in question is not fully surrounded b y reed, THEN the

common reed in that cell will diminish in next discrete time step. This cab

expressed as �cell on edges of the reed co v erage will disp erse in ev ery new

generation�.

The shrinking scratc h scenario starts from the original common reed co v erage,

y ear 2001, corresp onding to discrete time step �1�. It op erates 10 generations,

till y ear 2010; Figure 6.3 illustrates the results of this op eration. Figure 6.3

also describ es the shrinking sim ulation result: the plan t shrinks con tin uously

10 y ears, and the co v erage area decreases accordingly .

The common reed shrinking phenomenon demonstrates a trend of decrease

in cell n um b ers (Figure 6.4). The raster map con tains 67748 cells o ccupied

b y P hragmites in y ear 2001 (generation 1), this n um b er decreases sharply

in y ear 2002 to 59921 cells and gradually decline to 50422 in y ear 2010. The

decline trend slo wdo wn steadily in the next y ears, mean while the absolute

decreased cell o ccupied b y reed is decelerating. F or instance from generation

1 to 2 the cell n um b er drops do wn sharply b y 7827, but this n um b er is merely

3331 from generation 2 to 3. The cell n um b er o ccupied b y reed con tin ues to

fall till y ear 2010 and �nally reac hes 50422. Regression analysis of the shrink

sp eed graph rev eals the decline trend (see Figure 6.4) can b e describ ed b y

equation y = ax

� b
+ c . This equation rev eals the shrinking is decelerating as

n um b er of generations gro ws. This the reed co v erage area b ecomes smaller

and less cells are therefore satisfying the mortalit y condition.

6.2 Scenario of optimal appro ximation

Unlik e the scenario of scratc h, optimal appro ximation scenario pro vides prop er

v alues and condition constrain ts for the common reed expanding phenomenon.

The common reed is supp osed to spread reasonably under these con trol con-

ditions. Based on the a v ailable data sets and analysis results, the follo wing
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Figure 6.4: Shrinking sp eed graph
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rules for CA sim ulation mo del are con�gured: elev ation drops in the range of

2 standard deviation from the mean elev ation v alue (see Figure 5.13), slop e

v alue drops in the range of 2 slop e standard deviation from the slop e mean

(see Figure 5.13).

Besides the 2 condition constrain ts ab o v emen tioned, another in�uen tial con-

strain tho o d is the neigh b or. In this optimal appro ximate op eration, neigh-

b orho o d threshold n um b er is set to 4, that is, IF there are 4 cells o ccupied

b y reed around the curren t cell, THEN common reed will expand to the cell

in question in the next generation, ELSE plan t in the curren t cell shrink IF
reed existed.

In addition, Mon te Carlo metho d is included in the optimal sim ulation. Since

uncertain t y is asso ciated with the common reed expansion phenomenon, b y

in tro ducing Mon te Carlo metho d, the sim ulation mo del can accoun t for the

randomness of the phenomenon. Mon te Carlo metho d requires the sim ulation

to run sev eral times, th us sim ulation mo del can giv e ev en tually an optimal

outcome. Figure 6.6 illustrates the sim ulation results after applying Mon te

Carlo metho d.
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Figure 6.6: Optimal scenario graph

The sim ulation result of the optimal sim ulation is illustrated in Figure 6.5,

the scenario is op erated under prop er con�gured conditions: the common

reed gro w in suitable w ater depth, shallo w w ater areas with gen tle slop e

seab ed , and su�cien t plan t surroundings. This op eration starts from gen-

eration 0 (y ear 2001) to generation 10 (y ear 2011). Compared with previous

scratc h scenarios, the expansion phenomenon b ecomes reasonable b y prede-

�ned condition constrain ts. The common reed co v erage expands in certain

area; while the appro ximation also illustrates the plan t can also shrink.
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As sho wn in Figure 6.6, the expansion curv e illustrates that the plan t co v er-

age area starts to shrink in the �rst few generations, and expand till steady

afterw ards. The cell n um b er drops dramatically from 1st to 2nd genera-

tions, decreased b y 1257 cells. Afterw ards, it rises steadily during 2nd to 3rd

generations, and increases smo othly from 4th to 8th generations. The cell

n um b ers are fairly steady from generation 8th to 10th. Regression analysis

concludes the curv e can hardly b e represen ts b y a form ula, since the gro wing

curv e represen ts duel decremen t and incremen tal attributes. The optimal

appro ximated gro wing curv e represen ts b est matc h phenomenon compared

to plan t expansion in realit y .
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Conclusions and Limitations

7.1 Conclusions

The use of mo del factors and condition constrain ts in�uenced the mo del out-

comes. Outcomes of scenario of scratc h demonstrate abnormal and irregular

results: P hragmites gro ws without an y condition constrain t, th us plan t ex-

pands to co v er most of the Finnish coast of the Gulf of Finland. The cause of

this c haotic phenomenon is the scratc h scenario do es not include an y factor

and constrain condition, except the neigh b orho o d condition.

The patterns acquired from the CA sim ulation results indicate the impact

of spatial resolution. Changing of spatial resolution in tro duces signi�can t

v ariation in the sim ulation outcomes. The area o ccupied b y reed decreases as

data resolution increases. On the other hand, increasing the spatial resolution

results in lo w ering the expansion sp eed.

Sim ulation outcomes v ary signi�can tly with di�eren t neigh b orho o d condi-

tions. Neigh b orho o d conditions con tribute to all sim ulation scenarios. The

neigh b orho o d rules are de�ned as: when the CA sim ulation mo del is expand-

ing, the cell require less reed surrounding neigh b ors; when mo del is shrinking,

it requires larger n um b ers of the reed surrounding; to satisfy b oth actions,

neigh b orho o d condition m ust b e calibrated in a di�eren t mean.

Mon te Carlo sim ulation metho d is in tro duced to solv e the randomness of

the phenomenon . Mon te Carlo metho d turns the CA sim ulation mo del

in to an irrev ersible system, while originally CA mo delse are rev ersible. The

sim ulation mo del generates the same outcomes when Mon te Carlo metho d

is not applied. When applying Mon te Carlo metho d, the CA mo del m ust

b e run sev eral times to generate prop er outcomes. Outcomes can b e used

74
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to construct a probabilit y distribution graph, whic h re�ects uncertain t y and

randomness.

T o sum up, the follo wing comp onen ts ha v e signi�can t impact on the CA

sim ulation mo del:

� Expansion suitabilit y factors

� Spatial resolution (cell size)

� Neigh b orho o d t yp e and size

� Mon te Carlo metho d

7.2 Limitations

Limitations in the CA sim ulation mo del cause certain imp erfections in the

sim ulation outcomes. Limited data sources as w ell as accuracy and uncer-

tain t y issues a�ect the CA sim ulation results. Limitations in data sources

lead to further restriction in the analysis, whic h directly impact the determi-

nation of constrain factors. Data accuracy and uncertain t y bring di�culties

to the mo del v alidation, whic h is considered as a crucial stage to build the

CA sim ulation framew ork. Moreo v er, instead of actual con tin uous time, dis-

crete time step is applied in sim ulation mo del, whic h limits the mo del abilit y

to sim ulate the phenomenon in realit y .

Large amoun t of GIS data is required for realistic sim ulation. Data used

in the curren t mo del w ere originated and acquired from sev eral sources.

F or instance, the common reed co v erage is obtained from a source di�er-

en t from some la y ers represen ting ecological factors, whic h w ere deriv ed from

the DEM. The accuracy of common reed co v erage �le is not de�ned and the

data acquisition season is not certain. The common reed co v erage v aries in

di�eren t seasons; plan t co v erage shrinks in the win ter and expands in the

summer as the temp erature rises. Without enough kno wledge ab out data

acquisition time (season), the sim ulation time in CA mo del cannot b e con-

�rmed precisely . Similar problem exists in LiD AR data, whic h has less in-

�uence in sim ulation. DEM data for sim ulation mo del is com bined from t w o

sources with originally di�eren t spatial resolution. The coarse sea DDM had

to b e re-sampled to matc h the spatial resolution of the DEM on land. The

re-sample pro cess raises uncertain t y issues in the sim ulation mo del. F urther-

more, the analysis requires more detailed spatial resolution of DEM data, as
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the resolution of the curren t DEM (25 X 25 meters) is considered coarse for

suc h an application.

In addition, the lac k of data regarding the ecological factors of the phe-

nomenon has in�uenced the sim ulation results. Also, since the asso ciated

factors need to b e analyzed b oth spatially and temp orally , the lac k of tem-

p oral data has negativ ely in�uenced the CA sim ulation mo del.

Unlik e the actual con tin uous time, discrete time step is applied in CA sim ula-

tion mo del. F or P hragimtes expansion, one discrete time step equals to one

y ear. Since common reed gro wing situation v aries in di�eren t y ears, uncer-

tain t y of sim ulation rises as the discrete time or generations increases. F or

instance, b ecause of the unexp ected natural randomness, mo del outcomes

can illustrate a realistic sim ulation in �v e discrete time steps but not in �ft y

steps. Therefore, discrete time in CA sim ulation mo del needs to b e assessed

accordingly .

Due to time limitation, the results from the sim ulation mo del w ere not v al-

idated. V alidation can b e used to determine the degree of correctness in

represen ting the real w orld from the p ersp ectiv e of uses of mo del. Therefore

the in v alidated mo del has limited capabilit y of predicting degree of accuracy

and correctness for the real plan t gro wing situation. Hence, further v alidation

step can enhance the mo del credibilit y .

7.3 Recommendations

The curren t CA mo del establishes an acceptable sim ulation of P hragimites
expansion. Ho w ev er, the mo del can b e impro v ed in sev eral asp ects. F rom

the user p oin t of view, it is preferable to ha v e a Graphic User In terface

(GUI). GUI can facilitate the usage of sim ulation program b y easy means

of con�guration whic h mak es it easier for end users. Moreo v er, in order to

calibrate the probabilit y calculation of the common reed expansion, Ba y es

theory can b e in tro duced to the future mo del. Finally , further studies on

mo del v alidation can b e conducted in order to compare the mo del outcomes

with the actual common reed co v erage.
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