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Lacunarity analysis has been widely used in many fields. In this research,

a lacunarity analysis add-in for ArcGIS is developed using Microsoft C# and

ArcObjects. With this add-in, lacunarity for both binary and grey-scale raster

can be calculated. Users can define their areas of interest by four different

ways including using the whole raster as the area of interest, drawing a

rectangle on screen as the area of interest, drawing a polygon on screen as

the area of interest, and selecting a polygon in a shapefile as the area of

interest. Four binary rasters and four grey-scale rasters are used as the input

rasters to test the add-in. The binary rasters are converted from the grey-scale

rasters, the four grey-scale rasters are images of leather, raffia, handmade

paper, and beach sand. The results saved as text files, line charts created from

text files and float rasters are listed to show that the lacunarity analysis add-in

works properly. Meanwhile, a few potential improvements are discussed for

future study and research.
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CHAPTER 1

INTRODUCTION

Background and Significance of Lacunarity Analysis

Since the method behind geographical research rapidly changed from

regional geography into a spatial science when the quantitative revolution

happened during the 1950s and 1960s, the quantification of spatial patterns

has been realized very important for both being a goal and a method for

calculation (Berry, 1993). As a solution for analyzing complex spatial patterns,

fractal geometry has been widely used in geology, topography, Earth science,

etc (Barton and La Pointe, 1995). However, fractal geometry is restricted to

calculate fractal dimension and related parameters. For further research,

multiscale methods are needed because of the importance of spatial scale. As

a result, many multiscale methods have been proposed and used in many

different fields to analyze spatial patterns. For example, multifractals have

been developed to analyze landscape in ecology (Milne, 1988) and geography

( Lam and De Cola, 1993); a multiscale modeling of nanostructures has been

discussed by Vvedensky (2004); a multiscale segmentation/object-relationship

modeling has been used for the purpose of better understanding of landscapes

as hierarchies of patterns and processes by Lang et al. (2004); a multiscale

local binary pattern (LBP) operator has been used by Lucieer and Stein (2005)

to identify landform objects from a light detection and ranging (LiDAR) digital

surface model (DSM); multiscale textural features from satellite Synthetic
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Aperture Radar (SAR) images have been used by Dell’Acqua and Gamba

(2006) to differentiate urban environments; a multiscale object-specific

segmentation (MOSS) method has been proposed by Hay et al. (2005) to

represent image objects; evidence of the multiscale spectral and spatial

instabilities of the photoresponse in CdZnTe crystals has been found by Mygal

and Phomin (2006); multiscale modelings of the spread of diseases have been

respectively provided by Watts et al. (2005), Louie and Kolaczyk (2006),

Balcan et al. (2009), and Deisboeck et al. (2011); a multiscale morphological

method for identifying and extracting spatial patterns in the galaxy distribution

has been developed by Aragón-Calvo (2007); a multiscale, multimodel

approach has been provided for analyzing the future dynamics of European

land use by Verburg (2008); the urbanization pattern of the Phoenix

metropolitan landscape of USA has been multiscale analyzed by Buyantuyev

et al. (2010); a multiscale nonhydrostatic atmospheric model using centroidal

Voronoi tesselations and C-grid staggering has been developed by Skamarock

et al. (2012) ; a multiscale mapping method of burn area and severity using

multisensor satellite data and spatial autocorrelation analysis has been

introduced by Lanorte et al. (2013); a multiscale approach to monitor pest inset

was proposed by Petrovskii et al. (2014).

To quantify spatial patterns, the term “Lacunarity” is coined by Mandelbrot

(1977) from the Latin "Lacuna", which means "gap" or "lake". It is now a

specialized term to measure how different are patterns, including fractals,
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filling space. In the other word, it describes the heterogeneity of spatial

patterns. Heterogeneity exists in the nature widely and generally, As a very

important property of multiscale spatial pattern analysis, spatial heterogeneity

has been explored and proved to be useful in many different subjects, such as

ecology, environmental science, biology and chemistry, etc. For example,

spatial heterogeneity has been used in ecological studies to document species

diversity (Pianka 1966, Roth 1976); spatial heterogeneity can sensitively affect

many ecological phenomena and control ecological processes (Pickett, 1995);

spatial heterogeneity was proved to be capable of helping explain a number of

experimentally observed physical phenomena in Ionic liquids (Wang and Voth,

2005). As a scale-depend measure for heterogeneity of spatial patterns,

lacunarity is hence important. Generally speaking, in the same scale, where

spatial patterns are more heterogeneous or having more or larger gaps usually

have higher lacunarity values, where spatial patterns are less heterogeneous

or having less or smaller gaps usually have lower lacunarity values. Even

though when some space have same amount of gaps, different ways filling the

space result in different lacunarity values.

The concept of lacunarity was firstly introduced to differentiate texture

patterns that may have the same fractal dimension but appear strikingly

different (Mandelbrot, 1983). Then the use of lacunarity has been continuously

applied in many subjects. For example, Theiler (1988) introduced lacunarity as

a method in a best estimator of fractal dimension; Plotnick et al. (1993)
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presented lacunarity indices as measures of landscape texture; Smith Jr et al.

(1996) discussed lacunarity as a fractal method in cellular morphology; Xu and

Burton (1997) used lacunarity to analyze the temporal distribution of

earthquakes; Wu et al. (2000) used lacunarity to analyze the fragmentation

and changes in hydrologic function of landscapes; Rankey (2002) used

lacunarity to analyze spatial characterization of sedimentation; Dong and

Leblon (2004) used lacunarity analysis to map rock unit; Frazer et al. (2004)

and Malhi and Román-Cuesta (2008) used lacunarity analysis to simulate and

quantify forest canopy structure; Myint and Lam (2005) used lacunarity

analysis to classify urban areas; Wu et al. (2006) used lacunarity to analyze

spatial pattern of ecosystem; Miranda-Martinez et al. (2006) used lacunarity to

analyze porosity in naturally fractured media; Vigiak et al. (2006) used

lacunarity analysis for spatial modeling of water erosion; Pasher and King

(2006) used lacunarity to analyze landscape fragmentation and ice storm

damage; Chun et al. (2008) used lacunarity analysis to quantify soil structure;

Gilmore et al. (2009) used lacunarity analysis to assess melanocytic naevi and

melanoma; Valous et al. (2010) used lacunarity for visual texture

characterization of pre-sliced cooked pork ham surface intensities; Gould et al.

(2011) used lacunarity to analyze microvascular morphology and remodeling;

Căliman and Ivanovici (2012) used lacunarity to analyze psoriasis image;

Karperien et al. (2013) used lacunarity analysis to classify microglia in

neuroscience; Neves et al. (2014) used lacunarity as an alternative to quantify
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and diagnose the behavior of prostate cancer; Cordeiro et al. (2015) used

lacunarity analysis for Fibrous Dysplasia Characterization.

The methods of lacunarity analysis have been developed and improved

as well as the use of lacunarity has been applied. In the early time, lacunarity

was used to describe a property of fractals, and early methods of lacunarity

calculation have been provided (Mandelbrot, 1983; Gefen et al., 1983; Lin and

Yang, 1986; Voss, 1986; Allain and Cloitre, 1991). Plotnick et al. (1996) then

extended lacunarity to the description of spatial distribution of real data sets,

including, but not restricted to, those with fractal and multifractal distributions.

As some previous researches needed to convert grey-scale rasters such as

remotely sensed images into binary rasters (pixel values are 0 and 1) due to

the algorithm can only calculate lacunarity of binary rasters (Henebry and Kux,

1995; Ranson and Sun, 1997; Malhi and Román-Cuesta, 2008), a novel

lacunarity estimation approach for grey-scale rasters based on the gliding-box

algorithm of Allain and Cloitre (1991) and the differential box counting method

of Sarkar and Chaudhuri (1992) has been developed by Dong (2000). Dong

(2009) also extended lacunarity analysis to raster datasets and 1D, 2D and 3D

point patterns and developed an ArcGIS extension by using Microsoft Visual

Basic 6.0 and ESRI’s ArcObjects 9.2. This extension is the latest lacunarity

analysis tool.

However, the lacunarity analysis software extension developed by Dong

(2009) can be no longer downloaded from the official website of ESRI
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(Environment Systems Research Institute). The reason is that the version of

ArcGIS 9 (A GIS software package developed by ESRI) is no longer

technically supported by ESRI. The latest version is ArcGIS 10, and it is a very

important GIS software that are used by those want to analyze maps and all

kinds of spatial information. So it is very important for a lacunarity analysis tool

to be compatible with the latest version of ArcGIS. Moreover, there are

limitations for users who want to define their areas of interest (AOI) for

lacunarity calculation. A general solution is very strongly needed and useful,

which could enable users to define their areas of interest with the way they

want including using polygons in shapefile (a shapefile is a vector data storage

format for storing the location, shape, and attributes of geographic features).

By defining zones as the areas of interest using polygons in shapefile, users

can concentrate more on the area of interest because area of interest may not

be the whole datasets. It is usually just a part of the whole datasets, and it

needs to be focused to ensure calculation accuracy. Comparing with users

defining the areas of interest using the whole datasets or a rectangle which is

the shape of all input rasters, users defining the areas of interest using

polygons don’t need to take the data outside their study areas into calculation

because the data outside their study areas may have negative effect on the

calculation results. In addition, the capability of defining zones as the areas of

interest with polygons in shapefile for lacunarity calculation is required by

many researchers since it has been noticed that areas of interest in many
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researches usually have irregular boundaries. For example, natural reserves

and national parks studied by geographers, habitats and wetlands researched

by ecologists, census tracks and city blocks used by urban planners, etc. With

this capability, the process of lacunarity calculation will be simplified as well as

the results of lacunarity calculation will be more reasonable and acceptable

because only valid data within the study area are calculated. Therefore, a

generic, compatible, and user-friendly lacunarity analysis tool is still highly

needed,which could enable users to define zones as the areas of interest with

selected polygons in shapefile for lacunarity analysis.

Research Objectives

This thesis introduces the development of a new tool of lacunarity analysis

to provide a generic, compatible, and user-friendly solution for lacunarity

analysis. The new tool must fit the following requirements: (1) it can calculate

lacunarity of raster datasets including both binary raster and grey-scale raster;

(2) it is compatible with ArcGIS 10 which is the latest version of ArcGIS; and (3)

it has the capability that users can define areas of interest with the way they

want including defining zones as the areas of interest with selected polygons in

shapefile for lacunarity calculation.



8

CHAPTER 2

METHODOLOGYAND DATA

Methodology

Figure 1 shows the flowchart for the lacunarity analysis tool introduced in

this thesis.

Figure 1. Flowchart for the lacunarity analysis tool.

In this lacunarity analysis tool, a gliding-box algorithm developed by Allain

and Cloitre (1991) is used for lacunarity calculation of binary raster, and a
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lacunarity estimation method proposed by Dong (2000) is used for lacunarity

calculation of grey-scale raster. The method defining a zone using a polygon in

shapefile is proposed as well.

Binary Raster

A binary raster is a raster that only has 0 and 1 as the pixel values. Allian

and Cloitre (1991) developed a gliding-box algorithm to calculate lacunarity of

binary raster. This algorithm is briefly presented with the aid of a 10 x 10

random binary raster (Figure 1).

Figure 2. (A) An example 10 x 10 random binary raster with black pixels are

occupied sites; (B) a binary representation of the same raster with (A).

Initially put an r x r gliding-box (r is the size of the gliding box, r=1) on the

upper left corner. In the case of Figure 2, the number of occupied sites which

are displayed with black pixels is 0. Then the gliding-box glides to the right by

one pixel, and the number of occupied sites is counted again, which is 1 in this

case. The procedure is then repeated by gliding the gliding-box over the raster.

Generally, if the size of the raster is W, the total number of gliding-boxes of
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size r when the raster is squared is N(r):

N(r) = (W - r + 1)2 (1)

The number of gliding-boxes of size r containing M occupied sites is

N(M,r), M is also defined as the mass the the gliding-box of size r, and the

probability distribution is known as Q(M,r):

Q(M,r) = N(M,r)/N(r) (2)

The lacunarity  depends on the gliding-box size r is defined by the

mean-square deviation of the fluctuations of mass distribution probility Q(M,r)

divided by its square mean:

 2
2

),(

),(
)(



rMMQ

rMQM
r

M

M (3)

It is clearly noticed that lacunarity depends on two factors, the gliding-box

size r and the mass M of the gliding-box. The mass M which is the number of

occupied sites within the r x r gliding-box can be calculated, and the lacunarity

 is then calculated.

Grey-scale Raster

A grey-scale raster is a raster in which the value of each pixel is a single

sample, which means it represents only intensity information. It is composed

exclusively of shades of gray, varying from black at the weakest intensity to

white at the strongest. Comparing with a binary raster which only has 0 and 1

as the pixel values, a grey-scale raster has multiple pixels values depends on

the number of its pixels. Hence, lacunarity calculation of a grey-scale raster is

much complex than a binary raster.
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Based on the gliding-box algorithm created by Allain and Cloitre (1991),

and a box counting method in fractal dimension estimation introduced by

Sarkar and Chaudhuri (1992), a lacunarity method for grey-scale raster

analysis was proposed by Dong (2000). The algorithm is described below:

Based on the differential box counting method by Sarkar and Chaudhuri

(1992), the mass M in equation (3) can be calculated in the way below. On the

left corner of an image window with a size of W x W (W is an odd number), a

cubic with a size of r x r x r (r=2,3,4,5,6,...) is placed. r<W. Depending on the

pixel values in the r x r gliding-box, in order to cover the image intensity surface,

a column which is stacked with more than one cubic may be needed ( Figure

2). Assign numbers 1,2,3,... to the cubic boxes from bottom to top. For each r x

r gliding-box, assign the maximum and minimum pixel values to the gliding-box

number v and u respectively. Then the relative height of the column is

known as:

),( jinr = 1uv (4)

In the equation (4), i and j are coordinates of the W x W image window.

When the process begins, the r x r gliding-box moves throughout the W x W

image window, the Mass of the r x r gliding-boxing can be calculated.

rM = 
ji

r jin
,

),( (5)

Then replace the mass M in equation (3) with Mr to get the lacunarity value

Λ(r) in the W x W image window. The lacunarity value then is assigned to the

centre pixel of the window, and the W x W image window moves throughout
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the whole image.

Figure 3. Differential box counting method (in this figure, the moving window

size is 9 x 9, the gliding box size r is 3). (From Dong, 2000)

Defining Zones as Area of Interest

The essential point to define a zone is to define the boundary properly.

The way define a zone is described in Figure 4 with the aid of the binary raster

in Figure 2.

Figure 4. (A) A 10 x 10 binary raster with an area of interest; (B) pixels within

the area of interest in (A).
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Once a polygon in a shapefile is used to define a zone as the area of

interest, pixels in this 10 x 10 binary raster are separated into three parts:

pixels outside the boundary of the polygon, pixels within the boundary of the

polygon, and pixels on the boundary of the polygon. In order to make sure all

data in the calculation is valid, only pixels within the boundary of the polygon

are chosen to be calculated. Figure 3B shows the data selected to be

calculated. This method is used for grey-scale raster as well.

Data

Four binary rasters and four texture image mosaic derived from Brodatz

(1966) textures are used in this thesis to test lacunarity calculation of both

binary raster and grey-scale raster.

Figure 5. Data of this thesis. (A) Four binary rasters; (B) four grey-scale

rasters.

For both figure 5A and 5B, upper left is Leather; upper right is raffia; lower

left is handmade paper; lower right is beach sand.
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CHAPTER 3

IMPLEMENTATION

Development Tool

The lacunarity analysis tool introduced in this thesis is developed using

and ArcObjects10.2 and Microsoft Visual Studio 2012. The programming

language is C#.

ArcGIS Customization

ArcGIS is a geographic information system (GIS) for working with maps

and geographic information. It is used to creating and using maps, analyzing

information of maps, managing geographic information in database, etc.

ArcGIS includes several Windows desktop software such as ArcMap,

ArcCatalog, ArcGlobe, and ArcScene. ArcMap is the essential application in

ArcGIS because it is used for all map-based tasks including cartography, map

analysis, and editing. It also offers different ways to view data, attributes, and

other kinds of map information. In addition, when users are performing a broad

range of advanced GIS tasks, it allows external solutions to be embedded. For

example, users can build desktop add-ins, extending ArcObjects, and server

object extensions by their own to fit their requirements.

The lacunarity analysis tool introduced in this thesis is an ArcMap add-in.

An ArcMap add-in is a customization, and it can be plugged into ArcMap as

supplemental functionality to accomplish custom tasks. Add-ins are authored

using .NET or Java along with Extensible Markup Language(XML). The XML
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describes the customization, while the .NET or Java classes provide the

custom behavior. The ArcObjects software development kit (SDK) includes an

Add-ins Wizard that integrates with development environments-such as

Eclipse, Microsoft Visual Studio, and the free Express Editions of Visual Studio

to simplify development. ArcGIS Desktop applications support a fixed set of

add-in types, including: buttons and tools, combo boxes, menus and context

menus, multi-items, toolbars, tool palettes, dockable windows, application

extensions, and editor extensions. Add-ins are easily shared between users

because they do not need to be installation programs or Component Object

Model (COM) registration, and can be shared from a variety of sources like

web-based repositories, email, and browsing the file system or network.

Simply copy them to a specific folder and double click on the add-in file are all

the steps for installing add-ins (ESRI, 2010). As a result, an ArcGIS add-in

makes it easy to build and share ArcGIS desktop customization. The lacunarity

analysis ArcMap add-in introduced in this thesis works in Microsoft Windows

operating system and was built using the ArcGIS template in Microsoft Visual

Studio.

Microsoft Visual Studio

Microsoft Visual Studio is an integrated development environment (IDE). It

is used for the development of computer programs for Microsoft Windows, web

sites, web applications, and web services. A variety of Microsoft software

development platforms are used by Visual Studio, for example, Windows API,
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Windows Forms, Windows Presentation Foundation, Windows Store, and

Microsoft Silverlight. The lacunarity analysis ArcMap add-in was designed

using the platform of Windows Forms, which makes it user-friendly because

windows forms are familiar for computer users. Microsoft Visual Studio

supports different programming languages, for example, C, C++, VB.NET, C#,

F#, etc. C# is used to develop the lacunarity analysis ArcMap add-in because

C# is a programming language that is designed for building a variety of

applications that run on the .NET Framework. C# is simple, powerful, type-safe,

and object-oriented. The many innovations in C# enable rapid application

development while retaining the expressiveness and elegance of C-style

languages (Microsoft, 2015). Figure 6 shows how to build an ArcMap add-in

using Microsoft Visual Studio.

Figure 6. Wizard of building an ArcMap add-in using Microsoft Visual Studio.
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After being built in Visual Studio, the lacunarity analysis ArcMap add-in

then can be installed to user's computer with other relevant files. Due to the

development environment of the add-in, the solution platform should be set to

x86 to make sure it can work properly on 64-bit machines.

Installation

An ArcGIS add-in is compatible and easy to install. With all necessary files

(a dll file, an esriAddIn file, and a pdb file) being copied to a well-known folder,

simply double click on the add-in file and it will automatically be installed into

users' computers which ArcGIS software installed. Figure 7 shows the wizard

for installing the lacunarity analysis add-in.

Figure 7. Wizard for installing the lacunarity analysis add-in.

There is only one button in one toolbar designed for starting the lacunarity
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analysis add-in, which is very friendly to users. Users can easily get familiar to

this add-in and start to process lacunarity analysis. Figure 8 is the add-in

manager showing the components of the lacunarity analysis add-in.

Figure 8. Add-in manager of the lacunarity analysis add-in.

Graphic User Interface

The GUI of this lacunarity analysis add-in includes two taps: Raster

(Global) (Figure 9), and Raster (Local) (Figure 10).
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Figure 9. Graphical user interface for global lacunarity analysis of raster.

Figure 10. Graphical user interface for local lacunarity analysis of raster.
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Figure 9 is the panel of global lacunarity analysis of raster. For a global

lacunarity analysis, the output of the calculation is a text file. In this panel,

users can select either a binary raster or a grey-scale raster as the input raster.

In the options of area of interest, users can define an area of interest in four

ways: (1) rectangular subset, which is also the default option, it takes the

whole input raster as the area of interest; (2) draw rectangle on screen; (3)

draw polygon on screen; and (4) use selected polygon in shapefile. Users can

also determine the maximum gliding-box size in this panel. The maximum

gliding-box size is the maximum scale for lacunarity calculation, 15 is set as

the default values of the maximum gliding-box size. However, users can select

some other specific values due to their needs. Taking 15 as an example, when

the maximum gliding-box size is 15 x 15, for binary rasters, the lacunarity will

be calculated at r = 1, 2, 3, ..., 15. For grey-scale rasters, the lacunarity will be

calculated at r = 2, 3, 4, ..., 15. The output text files of the results are saved to

the folder specified by users. In the text files, there are four columns listing,

they are box size (which is the scale), lacunarity, ln(box size), and

ln(lacunarity).

Figure 10 is the panel of local lacunarity analysis of raster. For a local

lacunarity analysis, the output is a float raster with the same size and spatial

reference as the input raster. Users can choose either a binary raster or a

grey-scale raster as the input raster. In the input parameters area, users can

specify the moving-window size and the gliding-box size. For different
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purposes of different users, there are directional options available while none

directionality is the default option. 0 degree means east-west direction, 45

degrees means northeast-southwest direction, 90 degrees means north-south

direction, and 135 degrees means northwest-southeast direction (Dong, 2000).

The output raster can be automatically added to ArcMap once the process of

lacunarity calculation is completed when this function has been checked.

As mentioned before, there is only one button in one toolbar appearing in

ArcMap to initiate the lacunarity analysis program. So the help option has been

put on the operation graphical user interface. Users can access to help option

through each panel of the lacunarity analysis add-in. It is user friendly because

users can instantly click on the help button to find information when they meet

problems for the operations of this lacunarity analysis add-in, rather than going

back to the initiative toolbar.
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CHAPTER 4

RESULTS AND DISCUSSIONS

The results of lacunarity calculation of a global raster is saved as a text file.

In this section, the lacunarity of both input raster types (binary raster and

grey-scale raster), with all kinds of area of interest (rectangular subset, drawn

rectangle on screen, drawn polygon on screen, and selected polygon in

shapefile), will be calculated. For the purpose of discussion, the rasters with

the whole datasets, drawn rectangle, drawn polygon, and selected polygon in

shapefile and their results of lacunarity analysis are listed. Charts of lacunarity

curves (Figure 15 and Figure 19) are created from the results text files to show

lacunarity changes as well as scale changes.

The result of the lacunarity analysis of a local raster is a float raster with

the same size and reference as input. The rasters shows the results of the

lacunarity analysis of both binary raster and grey-scale raster are presented.

For the purpose of comparing, the four binary rasters will be combined as one,

and so will the four grey-scale rasters.

Results of Global Raster Analysis

Binary Raster
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1. The whole datasets is the area of interest.

Figure 11. Four binary rasters with the whole datasets as the areas of interest.
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Table 1 Results of lacunarity analysis of the binary raster A in figure 11.

Table 2 Results of lacunarity analysis of the binary raster B in figure 11.

Table 3 Results of lacunarity analysis of the binary raster C in figure 11.

Table 4 Results of lacunarity analysis of the binary raster D in figure 11.
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2. A drawn rectangle is the area of interest.

Figure 12. Four binary rasters have drawn rectangles as the areas of interest.
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Table 5 Results of lacunarity analysis of the binary raster A in figure 12.

Table 6 Results of lacunarity analysis of the binary raster B in figure 12.

Table 7 Results of lacunarity analysis of the binary raster C in figure 12.

Table 8 Results of lacunarity analysis of the binary raster D in figure 12.
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3. A drawn polygon is the area of interest.

Figure 13. Four binary rasters have drawn polygons as the areas of interest.
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Table 9 Results of lacunarity analysis of the binary raster A in figure 13.

Table 10 Results of lacunarity analysis of the binary raster B in figure 13.

Table 11 Results of lacunarity analysis of the binary raster C in figure 13.

Table 12 Results of lacunarity analysis of the binary raster D in figure 13.
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4. A selected polygon in shapefile is the area of interest.

Figure 14. Four binary rasters have selected polygons in a shapefile as the

areas of interest.
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Table 13 Results of lacunarity analysis of the binary raster A in figure 14.

Table 14 Results of lacunarity analysis of the binary raster B in figure 14.

Table 15 Results of lacunarity analysis of the binary raster C in figure 14.

Table 16 Results of lacunarity analysis of the binary raster D in figure 14.
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Four line charts are created to describe changes of lacunarity using

Microsoft Office Excel. Each line chart is based on the lacunarity of the four

binary rasters using the same way to define their areas of interest.

Figure 15. (1) Lacunarity curves for the four binary rasters in figure 11; (2)

lacunarity curves for areas of interest in figure 12; (3) lacunarity curves for

areas of interest in figure 13; (4) lacunarity curves for areas of interest in figure

14.
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Grey-scale Raster

1. The whole datasets is the area of interest.

Figure 16. Four texture image mosaic have the whole datasets as the areas of

interest.
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Table 17 Results of lacunarity analysis of the grey-scale raster A in figure 16.

Table 18 Results of lacunarity analysis of the grey-scale raster B in figure 16.

Table 19 Results of lacunarity analysis of the grey-scale raster C in figure 16.

Table 20 Results of lacunarity analysis of the grey-scale raster D in figure 16.
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2. A drawn rectangle is the area of interest.

Figure 17. Four grey-scale rasters have drawn rectangles as the areas of

interest.
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Table 21 Results of lacunarity analysis of the grey-scale raster A in figure 17.

Table 22 Results of lacunarity analysis of the grey-scale raster B in figure 17.

Table 23 Results of lacunarity analysis of the grey-scale raster C in figure 17.

Table 24 Results of lacunarity analysis of the grey-scale raster D in figure 17.
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3. A drawn polygon is the area of interest.

Figure 18. Four grey-scale rasters have drawn polygons as the areas of

interest.
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Table 25 Results of lacunarity analysis of the grey-scale raster A in figure 18.

Table 26 Results of lacunarity analysis of the grey-scale raster B in figure 18.

Table 27 Results of lacunarity analysis of the grey-scale raster C in figure 18.

Table 28 Results of lacunarity analysis of the grey-scale raster D in figure 18.
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4. A selected polygon in shapefile is the area of interest.

Figure 19. Four grey-scale rasters have selected polygons in shapefiles as the

areas of interest.
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Table 29 Results of lacunarity analysis of the grey-scale raster A in figure 19.

Table 30 Results of lacunarity analysis of the grey-scale raster B in figure 19.

Table 31 Results of lacunarity analysis of the grey-scale raster C in figure 19.

Table 32 Results of lacunarity analysis of the grey-scale raster D in figure 19.
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Four line charts are created to describe changes of lacunarity using

Microsoft Office Excel. Each line chart is based on the lacunarity of the four

grey-scale rasters using the same way to define their areas of interest.

Figure 20. (1) Lacunarity curves for the four grey-scale rasters in figure 16; (2)

lacunarity curves for areas of interest in figure 17; (3) lacunarity curves for

areas of interest in figure 18; (4) lacunarity curves for areas of interest in figure

19.
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Results of Local Raster Analysis

For all the test in this section, the moving-window size is set as 15, the

gliding-box size is set as 3.

Binary Raster

Figure 21. (A) Input binary raster; (B) output raster of the local lacunarity

analysis of the input binary raster.

Grey-scale Raster
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Figure 22. (A) Input grey-scale raster; (B) output raster of the local lacunarity

analysis of the input grey-scale raster.

Figure 23. Output raster with different directionality options. (A) 0 degree, (B)

45 degrees, (C) 90 degrees, and (D) 135 degrees.

Discussions

1. Figure 15 shows the lacunarity curves for the four binary rasters with

areas of interest defined in four ways (the whole datasets, drawn rectangles,
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drawn polygons, and selected polygons in shapefile). It has been noticed that

with any area of interest, binary raster C has obviously higher lacunarity than

the others. When the gliding-box size is small, in the other word, at small

scales, binary raster C has highest heterogeneity compared with the other

binary rasters. Binary raster B has second highest heterogeneity, then binary

raster D, and binary raster A is less heterogeneous than the other binary

rasters. Moreover, chart A, B, C, and D in Figure 15 are similar to each other,

so as a result, it can be seen that lacunarity is rarely affected by the way

defining area of interest, which also means lacunarity of small area of interest

can represent lacunarity of larger areas, or the whole raster datasets. It is very

useful for users who want to simplify calculations when they need to analyze

spatial patterns of very large areas.

2. Figure 20 shows the lacunarity curves for the four grey-scale rasters

with areas of interest defined in four ways (the whole datasets, drawn

rectangles, drawn polygons, and selected polygons in shapefile). Basically it

can be seen that the order from higher lacunarity to lower lacunarity in small

scales is grey-scale raster C, grey-scale raster B, grey-scale raster D, and

grey-scale raster A. However, the difference among the lacunarity curves of

grey-scale rasters is not as obvious as of binary rasters. When the scale is

very small (less than 3), grey-scale raster B even has higher lacunarity than

grey-scale raster C. Probably it is because the pixel values changes slowly

from black to white rather than being either black or white. As a result, it seems
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that lacunarity changes in a grey-scale raster is more complex than in a binary

raster, and it is hard to be predicted. Hence it costs much time to calculate

lacunarity of a grey-scale raster comparing with calculating lacunarity of a

binary raster.

3. The tendency of lacunarity change for both figure 15 and figure 20 is

the same. Lacunarity is higher as scale is smaller. At small scale, lacunarity of

different rasters are very different, and vary rapidly when scale changes. With

the increasing of scale, lacunarity changes slower than before when scale is

smaller. All lacunarity values are tending to the same. This describes the

importance of scale very clearly: only in small scales, difference can be

differentiated. Difference in small scales are disappearing in larger scales. All

the rasters are technically tending to have the same heterogeneity in an

extremely large scale according to the results of lacunarity analysis.

4. Figure 21 and 22 show lacunarity images obtained respectively from

the combined binary raster and the combined grey-scale raster. Since the

binary rasters and the grey-scale rasters are derived from same sources

(Brodatz, 1966), the results lacunarity rasters are very different. From the

lacunarity raster showed in Figure 21B we can see that binary raster C

obviously has higher lacunarity than other binary rasters because the

distribution of gaps changes a lot. Even though Figure 22B also shows the

difference, it is not as clear as it shows in Figure 21B. If just according to the

combined binary raster displayed in Figure 21A or the combined grey-scale
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raster showed in Figure 22A, it is very difficult to tell the heterogeneity of the

four binary rasters or the four grey-scale rasters. After the lacunarity

calculation, the result rasters provide much more clear data showing the

difference. Therefore, it shows that local lacunarity analysis can be used to

analyze spatial patterns composed of a huge amount of similar objects, like

forest (Malhi and Román-Cuesta), tectonics (Guo et al., 1997), ocean, prairie,

desert, and so on.

5. Figure 23 shows four lacunarity rasters with different directionality

options. These options are very useful for differentiating images. For images

that can hardly be differentiated by human eyes, these options in this

lacunarity analysis add-in make it easy to tell the difference. For example, the

upper right image of figure 23A is emphasized with 0 degree directionality. So

is the upper left image in figure 23B with 45 degrees directionality and the

lower left image in figure 23D with 135 degrees directionality.

6. Overall, all the results including text files and float rasters reflect that

this ArcMap add-in for lacunarity analysis works. Excepted results are

exported successfully. This ArcMap add-in for lacunarity analysis fits the needs

of users who want to calculate lacunarity of either binary raster or grey-scale

raster for their study and research.
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CHAPTER 5

CONCLUSION

The ArcGIS add-in for lacunarity analysis introduced in this thesis is

developed using ESRI's ArcGIS 10.2 and Microsoft Visual Studio, and the

programming language is Microsoft C#. It provides a generic lacunarity

analysis solution for both binary and grey-scale raster. It enables users to use

four ways to determine the area of interest: the whole raster datasets, a drawn

rectangle, a drawn polygon, and a selected polygon in shapefile. With these

four ways, users can calculate lacunarity for their studies and works much

advantageously because accurate area of interest can be defined.

However, more improvements are still needed for further study and

research. Firstly, a more efficient algorithm is still needed for the lacunarity

calculation of grey-scale rasters because lacunarity calculation of grey-scale

rasters cost much time than binary rasters. It is possibly because of limitations

of the lacunarity calculation algorithm. Second, this add-in can only define one

zone with a selected polygon in shapefile as the area of interest. As a result,

when there are more than one zone needed to be calculated, zones are

needed to be calculated one by one. So the progress will be long and

redundant. For the convenience of users, a new function is still needed, which

could enable users to define the area of interest composed of multiple zones

with multiple polygons selected in shapefile for lacunarity analysis. This

function is very useful because it may save much time and make the work
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much more easy. Third, this lacunarity analysis add-in works only for raster

datasets, a solution for lacunarity analysis of point patterns is still lacking. Due

to the widely use of LiDAR point data, it should be very useful and meaningful

if lacunarity analysis of point patterns can be developed and embedded.

Lacunarity analysis for points including 1D points, 2D points, and 3D points is

the next problem that need to be solved as well as taking multiple selected

polygons in shapefile as area of interest.
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