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ABSTRACT 

Computer data bases require spatial data in digital 

format as input. There is also a requirement for temporal 

data accuracy, necessitating updating capabilities. 

sensing systems offer solutions to these problems. 

Remote 

Data are 

captured in digital form, allowing computer manipulation at 

all stages of data handling, and on a time sequencing basis. 

This research investigated several stages in the use of 

digital remotely sensed images for the collection of land 

information using, as test data, a segment of a Landsat 

image covering approximately 

Valley of southwestern Alberta. 

30 x 30 km of the Kananaskis 

The stages were: 

1) Image rectification and classification,

2) Data smoothing and generalization,

3) Data representation and storage,

4) Edge detection and polygonization, and

5) Terrain extraction.

This work showed that satellite data can be 

create surface cover maps in very difficult 

used 

types 

to 

of 

terrain. Final ground positional errors from image 

rectification of approximately 30 m were obtained using 

spatial resection techniques, and data classification 

accuracies of 94 percent were achieved using a principal 
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components analysis for enhancement and supervised 

classification methods. 

The objectives of the generalization stage, to develop 

filters that do not require thresholds, iteration cutoffs or 

smoothing factors, were met with local dynamic filters. 

Smoothed data sets were produced without introducing 

significant additional error, enabling the retention of 

information, while reducing storage requirements and 

increasing the data utility through vector representation. _ 

Concerning edge detection and polygonization of 

features, the results showed that a new definition of 

boundaries, 

orientations, 

as localized opposite maximum gradient 

can be implemented and produces results as 

good or better than the traditional multistage process, 

which utilizes different definitions at each stage. 

For terrain extraction, automatic digital stereo image 

matching was developed using a pseudo-stereo pair developed 

from the Landsat (50 m grid) image segment. A discrete 

minimum difference algorithm produced the most accurate 

results. The results showed that a final digital elevation 

model had overall RMS errors less than 20 m, or 0.4 grid 

units, suggesting that stereo imagery, such as SPOT ( 1 0 m 

grid), should be capable of producing digital elevation data 

with accuracies of approximately 4 m RMS. 
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CHAPTER 1 

INTRODUCTION 

1 .1 Remotely Sensed Data and LRISs 

Recent trends in spatial data management have been 

towards the computerization of the collection, analysis, 

storage, manipulation and retrieval of geographic data. As 

computers 

analogue 

converted 

require digital data, many of the existing 

data, 

into 

in the 

digital 

form of map sheets, are being 

form, and data collected with 

analogue techniques, such as air photos, also have need for 

a stage of conversion to digital format. 

The aim of this thesis research was to investigate the 

primary stage 

data as input 

of data acquisition, using remotely sensed 

for computerized land-related information 

systems (LRISs). As the major attraction of these systems 

is their speed, comprehensive data storage and the ability 

to correlate multiple data sets, data need to be available 

in a timely fashion to meet user demand. This requires 



rapid data collection and preprocessing of data that cover 

large areas. There is also a requirement for inexpensive 

temporal updating capabilities. Finally, there must be 

known accuracies for both the spatial and attribute aspects 

of the data, as human input involving interpretation is 

reduced or removed until the last stage of data usage. The 

combination of these criteria results in a convincing case 

for the utilization of digital remote sensing data 

collection systems mounted on satellite platforms. 

The collection of earth resources information by remote 

sensing systems is a well established technique. 

Landsat satellite system has been in operation since 

The 

1972 

and has proven that 

very high potential. 

this method of data collection has a 

The advantages of utilizing this type 

of system are: stable observation platforms, large area 

coverage, repetitive coverage and low acquisition cost. The 

major disadvantages of these systems, such as low spatial 

resolution and the lack of stereo imagery, are being removed 

by the commissioning of a new generation of systems, such as 

System Pour l'Observation de la Terre (SPOT). Thus, 

remotely sensed data are of particular interest as they are 

often collected in digital form suitable for entry into a 

data base system, with minimal format changes. If such data 

can be used for input into this type of system this would 

provide a very efficient means of data acquisition (Paine, 
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1986a). 

Table 1 • 1 shows the various data types that are 

suitable as input data for an LRIS. Remotely sensed data 

have already been used to derive much of this spatial 

information, which can be classed as surface-cover. 

Cadastral and terrain data have traditionally been collected 

with photogrammetric techniques and ground survey 

techniques. However, terrain information can now be derived 

from systems, such as the French SPOT satellite, which 

collect digital stereo imagery. The data classed as surface 

cover have all been derived from existing satellite remote 

sensing systems. Thus, satellite remotely sensed data offer 

great potential for LRIS input. 

1 .2 Information Extraction from Remotely Sensed Data 

The major requirement for any data being used in an 

LRIS is some form of referencing that allows comparison to 

other spatial data sets. This system need not be absolute, 

but usually is based on the cadastral range, township, 

section grid, or another geographic grid. Thus, the first 

processing of remotely sensed data involves the assignment 

of coordinates in a commonly used reference system. To 

accomplish this task any geometric and data quality 

distortions introduced during the collection phase must be 

corrected. 
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SPATIAL 

DATA 

Table 1.1 

CADASTRAL DATA 

TERRAIN 

LANDUSE 

HYDROGRAPHY 

VEGETATION 

SOILS 

GEOLOGY 

TABLES 

REPORTS 

-

Input data types for an LRIS 
(from Paine, 1986a) 

SURFACE 

COVER 

Satellite data are processed to correct the radiometric 

and geometric errors. These data sets are rectified to 

ground control points and resampled to produce a data set 

based, for example, on a 50 x 50 m Universal Transverse 

Mercator (UTM) coordinate grid. The original data sets are 

standardized to eliminate the problem of haze and to 

facilitate later processing. These data are then corrected 

for radiometric errors based on the individual sensor means 

and standard deviations. 

Another major difficulty with remotely sens e d data is 

the large volume of data. This can be reduced by employing 

data enhancement techniques. For example, principal 
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components analysis can be performed on the data and results 

in the production of a reduced number of data sets. This 

process reduces the data volume without any significant loss 

of information. A further reduction is possible with a 

classification of these data to produce a surface-cover map 

of an area. The classification map of surface cover can 

then be 

truthing. 

verified with airphotos, existing maps and ground 

This results in the production of a digital data 

set which represents the surface-cover of an area with a 

known positional accuracy and a quantifiable data quality. 

1 .3 Data Generalization 

All data contain "noise" and variance arising from 

natural variation. However, remotely sensed data have 

additional sources of error. There is often interference 

during data capture, or transmission, as well as handling 

and processing errors, making unwanted noise detection and 

selection of the "true" information difficult or impossible. 

Most remotely sensed data also have a high degree of detail 

compared to traditional 

results in a certain 

interpretation process. 

data sets, as human interaction 

level of generalization in the 

by This can be approximated 

applying some sort of smoothing/filtering technique to the 

digital data. Specific filters can be applied but it is 

often impossible to determine the nature of the noise or to 

- 5 -



isolate its effects. In this case the only option is to 

smooth the whole data set. 

The most common errors found in remote sensing data are 

random noise, which is best handled by a low pass filter 

that requires no special knowledge of the data. Thus, 

global thresholds, smoothing factors and iteration limits 

can be avoided. The objective is to find a filter that 

smooths the data while introducing minimal errors, which 

stops processing once it produces insignificant changes. 

Once the positioning, enhancement and generalization 

stages of processing are complete, the data are ready for 

entry into the LRIS. This stage involves decisions on the 

representation of these data within the system. These 

decisions are based on a balance between the information 

content of the data and the amount of space required to 

store it in the LRIS. Thus, an acceptable level of 

generalization must be reached to allow efficient storage 

and retrieval of the data. 

There are three types of positional data that can be 

stored in a land information data bank. These are point, 

line and areal data. This research is concerned with the 

capture, processing and storage of areal data represented by 

- 6 -



polygons, so points and lines will be used to describe the 

polygons but they will not specifically be discussed. 

Classified data stored as regular areas or grids, in 

pixel or raster form, require large amounts of space for 

storage. Run length encoding and bit packing can reduce the 

storage requirements, but they do not produce data in a form 

convenient for correlation with other data types. Thus 

storage techniques, using efficient algorithms 

conversion of data from raster representation 

polygon representation, are required. 

for the 

to vector 

Using vector format, only line or point data describing 

the boundary of a region of homogeneous values are stored. 

These polygons may easily be processed at a later stage to 

determine statistics, which could include the area of the 

polygon, what polygon a point lies in, changes in polygons 

over time, and whether two polygons are adjacent, overlap, 

or are completely separate. 

1.5 Formation of Polygons 

The present process for the formation of polygons from 

remotely sensed data involves a considerable amount of human 

input. The boundaries around the areas to be defined by the 

polygons have to be delineated. Then, the location of these 

boundaries is established and their final representation as 

- 7 -



an infinitely thin line is made . These lines are then 

joined together to form closed polygon entities that 

represent areas of constant attribute values. All of these 

stages require human interpretation skills and often need 

additional informational input, making it very difficult to 

program this process for computer implementation. However, 

it is possible to approximate these steps with a series of 

processes, if there is some kind of consistent logical 

between each stage. 

link 

The traditional digital image processing techniques of 

edge detection, thinning and linking can be used to parallel 

the human process of polygon formation. The traditional 

process for this type of work has five basic stages (Wheate 

and Lodwick, 1983): 

1 ) 

2) 

3) 

Smoothing, to reduce 

false edges, 

variation which causes 

Edge detection, to 

rates of change, 

identify areas of rapid 

Thresholding, to eliminate the unwanted 

value edges, 

- 8 -
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4) Thinning, to reduce the width of the detected 

edges, and 

5) Linking, to join the edge 

continuous features. 

All of these stages are precursors for 

with the exception of step three, 

essential for the completion of the 

segments into 

next one and, the 

they are absolutely 

process. They all 

require different algorithms to carry out their functions 

and, in the past, have all typically contained artificial 

limits set by users based on "experience". There was no 

single logical link between the various algorithms for all 

of these stages. Each one employed unrelated logic for its 

process. This approach produces results that are often not 

repeatable, where the data are generalized to the extent 

that the final product has an unreliable accuracy. This 

type of result was acceptable for edge enhancement using 

visual interpretation, where the interpreter could 

compensate for any errors, but it is not acceptable for 

modern machine implementation. 

1 .6 Extraction of Terrain 

One method of obtaining terrain information by computer 

processing is by the production of digital elevation models 

from digital stereo imagery. This process is already 

- 9 -



important today as many sources of image data are either 

collected directly in digital form or are subsequently 

converted to digital form after collection. Extraction of 

Digital Elevation Models (DEMs) from digital stereo data is 

a technique 

near future. 

that will be feasible on a large scale in the 

Systems capable of collecting digital stereo 

imagery covering large parts of the world are now 

operational, allowing extensive automated digital mapping. 

These systems collect data with a fixed resolution but do 

not allow operator intervention during sampling for 

collection of additional information, such as breaklines. 

With digital stereo information, it is possible to 

generate digital elevation models directly without 

analytical plotters and a minimum of human input. If this 

technique produces accurate elevation models, it opens the 

door for a myriad of applications, from digital terrain 

modelling for watershed evaluation and habitat mapping to 

derivation of contours for map production. Thus, the 

accuracy of image matching, or correlation of conjugate 

points for digital elevation model production, is an 

important consideration, and it is essential to establish 

the magnitude of the expected errors. 

- 10 -



1 .7 Aims of This Research 

This research investigated the various processes that 

are required if remotely sensed data are to be utilized as 

input into an LRIS. The traditional methods of processing 

remotely sensed data in either analogue or dig i tal form have 

involved human interpretation of imagery. This is more 

efficient than ground collection techniques but it does not 

take advantage of the digital nature of much of today's 

remotely sensed data. However, machine implementation of 

human processes is not an easy task as computers lack the 

ability to interpret information. Thus, the intent of this 

research was to try and mimic this 

consistent reliable results. 

process and produce 

A study area was chosen in the Kananaskis Valley, 

located in the south western corner of the province of 

Alberta ( Figure 1 .1). This region presents a number of 

particularly difficult problems for many of the traditional 

mapping techniques due 

segment of a Landsat 

to its 

image 

limited accessability. A 

remotely sensed test data set. 

(Figure 1.2) was used as the 

This image covers an area of 

the frontal ranges of the Rocky Mountains. It contains 

sections of extremely high variation in terms of surface 

cover conditions and image spectral reflectance. There are 

also areas of relatively homogeneous surface co n ditions and 
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f\) 

Calgary 
Landsat 

Scene 

A L B E R T A 

Scale 1:10 000 000 Scale 1:400 000 

Figure 1.1 Location of the study area in SW Alberta 
(from Paine, 1984) 
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image reflectance, making these data ideal for 

experimentation. 

Figure 1 .2 Segment of the 1976 Calgary Landsat scene 
showing the study area (from Paine, 1986a) 

The programs were developed on The University of 

Calgary Division of Surveying Engineering VAX 750 computer, 

with visual analysis performed on a Raster Technologies 

model 1 80 graphics system using a Conrac 7300 high 

resolution monitor . 

The initial stage of data preparation, involving 

radiometric and geometric corrections, was assessed with 

programs based on existing algorithms. Th ese procedures 

include rectification and resampling of the data, as well as 

enhancement with a principal components analys is~ Th i. s was 

- . 1 3 -



followed by an investigation into the classification 

accuracy of the surface cover classes derived from this type 

of data. This includes both a supervised classification 

procedure, involving considerable human interaction, and an 

unsupervised classification procedure, which utilizes 

cluster analysis. The results from these two methods were 

assessed and 

accuracy. 

compared in terms of the final classification 

Next, 

developed, 

programs to carry out generalization were 

with visual analysis performed on a raster 

graphics system using a high resolution monitor. A smoothed 

classified data set was the objective of this process. 

can be produced by running low pass filters on the 

This 

data 

sets, resulting in data with considerably less noise and 

reduced high frequency information. These filters remove 

the effect 

which can be 

of classification error and produce a data set 

stored more efficiently by utilizing data 

compression techniques. However, the effects of these 

filters, in terms of their generalization and any possible 

damage done to the data, must be determined. 

Once a generalized data set is available it is possible 

to evaluate the various methods of data representation in 

terms of their storage requirements and utilization. 

Polygons for several test data sets need to be formed and 
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used to rebuild the images. These rebuilt images can then 

any be compared to the original images to detect 

differences. Image data can be stored in raw raster and run 

length formats. The vector representation of the data is 

stored as polygons in point form, with additional space 

savings attained by storing them in other formats, such as 

chain links or run length format. 

The methods of polygonization mentioned above, aimed at 

processing the classified generalized data sets, are usually 

generated with much human input. This requires considerable 

time and input from experts and often produces nonrepeatable 

Thus, the next stage of the research aimed to results. 

produce computer techniques for the extraction of polygons 

from the raw data. This process involves two stages, with 

edge detection to identify potential boundary areas and a 

thinning/linking process to form the final boundaries. The 

results from this process can be evaluated in terms of the 

formation of closed polygons, representing the surface cover 

classes in the study area and their accuracy. 

A final procedure of considerable 

extraction of terrain information 

importance 

from digital 

is the 

stereo 

imagery, which is an essential part of an LRIS for mapping 

purposes. There is considerable ongoing discussion about 

the most reliable technique for this type of processing. 
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Much research has been conducted on the use of correlation 

matching between digital stereo images, but recent work has 

concluded that more discrete measures of matching need to be 

used if the required levels are to be met. Thus, an 

evaluation of the various methods was performed to compare 

their relative accuracies with a standardized data set, in 

order to select an appropriate one for the purpose of this 

research. 

Thus, when the various stages of 

been completed new techniques will 

this 

be 

research have 

developed and 

integrated with existing techniques. The aim was to produce 

a system which takes raw digital Landsat data and processes 

it automatically to provide positionally and thematically 

accurate mapping data for a wide range of data types for 

input into an LRIS. The programs that were developed for 

this process are described in Appendix A. 
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CHAPTER 2 

IMAGE RECTIFICATION AND CLASSIFICATION 

2.1 Introduction 

The requirements that computerized LRISs place on data 

input schemes virtually eliminate many of the traditional 

data collection techniques. The approach that offers the 

greatest potential involves satellite-borne sensing systems. 

The oldest and most reliable of these systems is the Landsat 

satellite series which was specifically designed to collect 

earth resources and land information. Since the first 

satellite launch in 1972, it has been used for research in a 

diverse range of disciplines. Initial work by 

Sayn-Wittgenstein ( 1972) utilized standard satellite data 

colour composite photographic products for forest mapping. 

Later, Lee, Oswald and Harris (1974), Gimbarzevsky (1974) 

and Kalensky and Scherk (1975) all evaluated the use of 

Landsat data for forest mapping. They demonstrated that it 

was possible to distinguish between forested and nonforested 



areas, as well as differentiate between deciduous and 

coniferous tree types. 

Surface cover mapping was investigated by Beaubein 

(1979) utilizing principal components analysis (PCA) for 

enhancement. He also used an unsupervised classification 

technique to produce his surface cover classes. More 

accurate four - dimensional parallelepiped classification 

schemes were evaluated by Shimabukuro et al (1980) and Walsh 

(1980) . They produced results that could differentiate 

various species of trees with classification accuracies of 

approximately 90 percent. They also introduced the concept 

of sufficient numbers of training samples for maintenance of 

the accuracy. Bryant et al (1980) and May e r and Fox ( 1 9 8 1 ) 

produced results comparable to airphoto i nterpretation 

classifications using data clustering and training samples 

in a supervised classificat i on scheme. 

Investigations of the accuracy of Landsat derived 

surface cover classes were carried out by Stow and Estes 

(1981) and Strahler (1981), specifically as input for 

geographic information systems. Their final conclusions 

were that Landsat processing was a useful technique for 

surface cover mapping but that it was best suited for change 

detection. The errors involved in this type of process were 

also investigated by Robinove (1981), who concluded that 
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digital data have the highest potential for this type of 

et al (1982) work. Lodwick (1979; 1981b) and Schreier 

extended the change detection mapping technique by utilizing 

PCA of multitemporal imagery. They concluded that Landsat 

data processed with these techniques presented a flexible 

method for the monitoring and updating of surface cover 

changes. 

2.2 Preprocessing 

A 600 x 600 pixel subscene from the 1976 Landsat image 

of Calgary was extracted from a magnetic tape supplied by 

the Canada Centre for Remote Sensing. This subscene 

covering the study area in the Kananask i s Valley did not 

contain any errors due to hardware malfunctions and did not 

require any corrections for sixth line dropouts or scan line 

offsets. 

required 

Radiometric corrections for haze shifts were not 

as 

enhancement. 

differences 

the data were standardized for later 

The process of standardization eliminates the 

between the four data sets, as each band data 

set is transformed to a mean of zero and a standard 

deviation of one. This results in consideration of only 

relative differences between the data sets, not absolute 

differences, such as haze shifts. Sixth line banding was 

the only radiometric correction carried out on the data. It 

is corrected by using the statistics of the entire data set. 
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Standardization involves calculating the means and 

standard deviations of the response values for each of the 

four bands and for each of the six sensors in the bands. 

Thus, 24 means and standard deviations are required for the 

corrections. In theory, if the data set is large enough and 

there is no miscalibration, the means and standard 

deviations for the six sensors in each band should be the 

same. Thus, if there are differences, they can be corrected 

based on all the sensor statistics. The maximum correction 

for this image segment to the mean sensor response values 

was approximately 0.33 and for the standard deviation 

approximately 0.15. The mean response corrections are added 

to the pixel value while the standard deviation 

are multiplied. 

2.3 Enhancement 

corrections 

The MSS system on the Landsat satellite collects data 

in four different wavelengths producing four simultaneous 

images. 

quarters 

If a univariate enhancement is carried out three 

of the data are not utilized. Even if all four 

data sets are used, the analysis still does not take the 

cross correlation between the data sets into account. This 

is a serious problem, as Landsat data do have a strong 

linear correlation between them due to the close proximity 

of the sensed wavelengths in the electromagnetic spectrum. 
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Therefore, if this correlation is not accounted for, there 

will be considerable redundancy in the data. The method of 

principal components analysis can eliminate this redundancy 

and reduce the the amount of data that needs to be stored. 

Previous research has shown that, if a principal components 

enhancement is performed on the four band Landsat data set, 

it typically produces two data sets that contain almost all 

of the original information (Lodwick, 1979). 

The principal components (eigenvectors) and the 

contribution to each one from the original four data sets 

(eigenvalues) for this image segment are given in Table 2.1. 

It is evident from this data that, whether standardized or 

non-standardized data are used, it is possible to reduce the 

number of data sets from four bands to the single variable 

first principal component with a loss of less than five 

percent of the original information. If all of the 

information is required then the first two principal 

components 

variance. 

contain more than 99 percent of the original 

The choice of standardized or non-standardized data for 

the principal components analysis is relatively 

straightforward. If the data being utilized have different 

units of measurement or different dynamic ranges, they can 

only be compared meaningfully after standardization. As the 
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four 

PC1 
PC2 
PC3 
PC4 

PC1 
PC2 
PC3 
PC4 

Band 4 

-0.5502 
0.4915 

-0.5962 
-0.3909 

Band 4 

-0.4944 
0.4238 

-0.6883 
-0 . 3198 

Table 2 . 1 

Standardized Data 
Band 5 Band 6 Band 7 Variance 

-0.5040 
0.4142 
0.3113 
0.6910 

-0.5099 
-0.1833 

0.6365 
-0.5488 

-0.4855 
-0 . 7438 
-0.3775 
0.2617 

Non-standardized Data 

94.7 
4.7 
0. 4 
0.2 

Band 5 Band 6 Band 7 Variance 

-0.5901 
0.4078 

-0.4148 
0.5599 

-0.5026 
- 0.3112 
-0.4730 
-0.6533 

-0.3935 
-0.7465 

0.3613 
0.3967 

95.4 
4.0 
0. 4 
0.2 

Principal components and variances 
(from Paine, 1984) 

data sets collected by the Landsat system have 

different response ranges and are considered of equal 

importance 

general, 

they require standardization. In fact, in 

the results from a standardized principal 

components analysis are easier to interpret as they can be 

more simply related to the physical characteristics of the 

target (Lodwick, 1979). These relationships have been 

characterized as 'brightness' ( PC 1), 'green stuff' (PC2), 

'yellow stuff' (PC3) and 'nonsuch' (PC4) (Kauth and Thomas, 

1976; Malila et al, 1977). The first PC represents the 

total surface reflectance of the target, the second PC is 

the difference between the visible and infrared wavelengths, 

the third PC is the internal difference in the visible and 

infrared bands and the fourth PC is a mathematical artifact. 
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These relationships can be used to interpret the data 

in each PC. The first PC, which is responsible for most of 

the discrimination, is simply the total reflectance and can 

be used for classification of the surface cover on its 

reflective differences. It also has applications for 

digital stereo image correlation, where the images are 

correlated on the basis of their reflectance. The second PC 

it has a high enhances the vegetation in the image as 

contrast between the visible and infrared wavelengths. The 

third PC is useful for the discrimination of rock and soil 

types in the image due to their colour shift, mainly in the 

visible bands. The last PC is usually treated as the noise 

component of the data. 

For this research, the first and second PC's derived 

from standardized data sets were utilized for the analysis. 

The second PC, which had less than five percent of the 

original variance, was included as the image contained large 

areas of vegetation cover. This resulted in the production 

of the two data sets PC1 (Figure 2.1) and PC2 (Figure 2.2) 

which were used for all the following research. Note the 

higher level of discrimination in the PC1 image, due to its 

much greater information content. 
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Figure 2.1 

Figure 2.2 

Image of first principal component scores 
(from Paine and Mepham, 1986) 

Image of second principal component scores 
(from Paine and Mepham, 1986) 
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2.4 Georeferencing 

If the data are to be compared to other data, it is 

necessary to reference them to a common system. The sources 

of error in this type of process were initially evaluated by 

Forrest (1970), Colvocoresses (1970) and Konecny (1972). 

These authors concluded that under certain circumstances the 

imagery represents a true orthogonal view of the earth. The 

models for image rectification were developed based on this 

assumption by Kratky (1974), Forrest (1974) and Wong (1975). 

Their results indicate that without any external orientation 

parameters a general polynomial model produces the best 

results. This line of research was pursued by Trinder 

(1975) and Trinder and Smith (1979) who concluded that 

affine transformations with 15 to 20 accurate control points 

was the best method. It was also refined by McCloy (1977) 

who removed the scanning system errors before the 

transformation to increase the final accuracy. 

The next stage involves the resampling of the image to 

a regular grid using one of three possible techniques: 

1) Nearest-neighbour assignment, 

2) Bilinear interpolation, 

3) Cubic convolution. 

Bernstein and Ferneyhough (1975) assessed these techniques 

and concluded that nearest-neighbour assignment is the most 
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efficient technique in terms of computing time and has the 

additional advantage of retaining the original data values. 

Lodwick (1978; 1 9 7 9) investigated the accuracy 

images. 

of 

He nearest-neighbour resampling for overlaying 

calculated image rectification errors ranging from 24 to 47 

m giving total overlay errors between various image pairs of 

44 to 94 m with the use of nearest-neighbour resampling. 

A rectification scheme that utilizes ground control 

points with image and mapping coordinates was selected as 

the most suitable approach for this research. This spatial 

resection requires the UTM coordinates and heights for each 

control point to be recorded from the base map and the image 

coordinates to be selected from a digital display of the 

image. Corrections for relief displacement are carried out 

to the image coordinates before rectification. 

of coordinates are then used to rectify the 

The two sets 

image to the 

map, or the map to the image, using a polynomial model and a 

least squares technique to solve for the coefficients. The 

initial rectification was based on an algorithm that 

utilized a full least squares adjustment with all of the 

statistical testing for the adjustment results. The degree 

of the polynomial could vary from a first to third order, 

with the second order polynomial producing the most 

consistent results for a subimage of this size. Thus, the 

coefficients for the polynomial that transformed the image 
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coordinates to a map projection plane were 

the formul a e : 

calcu l ated 

E 

N 

where 

E and N ar e East and North coordinates 

x and y are pixel column and row coordinates 

and a and bare the transformation param e ter s. 

with 

( 2 • 1 ) 

( 2 . 2 ) 

This transformation was used to assess the accuracy of 

the a priori and a posteriori errors. However, to calculate 

coordinates of ground control points it the image 

required the use of 

the 

the Newton-Raphson technique of 

successive approximations as 

This utilizes the equations : 

where 
I o 

1 

I o 
2 

E -

N -

( a o + a 1 X o 

+ a 3 Yo 

( b o + b 1 X 0 

+ b 3 Yo 

outlined in Lodwi c k (1982). 

0 ( 2 • 3 ) 

0 ( 2 . 4 ) 

+ a 2 x~ 

+ a4y~ + asXoYo) ( 2 . 5 ) 

+ b 2 x~ 

+ b4y~ + bsXoYo) ( 2 . 6 ) 

and 6X and 6y are corrections to the ap p r oximate 

X0 and Yo· 
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This reverse computation is often useful for checking 

control point locations and for the selection of training 

samples for later processes, such as classification. Both 

the full least squares adjustment and the Newton-Raphson 

approximation are computationally expensive and would only 

be used for research applications. Thus, a simplified 

algorithm, which did not include all the statistical tests 

was developed that calculated the coefficients for the 

transformation in both directions. This program formed the 

normal equations directly, making it feasible to perform 

both transformations. The ground to image formulae were: 

X 

y 

a 0 + a 1 E + a 2 E 2 + a 3 N + a 4 N2 + a 5 EN 

b 0 + b 1 E + b 2 E 2 + b 3 N + b 4 N2 + b 5 EN 

where 

E and N are East and North coordinates 

( 2 • 7 ) 

( 2 • 8 ) 

x and y are pixel column and row coordinates 

and a and bare the transformation parameters. 

For this research, a highly redundant number of control 

points was used to . ensure high accuracy and to allow 

sufficient control for 

All together, 56 easily 

checking the 

identifiable 

positional 

control 

accuracy. 

points were 

selected in the image and on the 1 :50,000 base map. These 

points were spread evenly over the entire image area to 

obtain a strong adjustment solution and reduce positional 

errors, caused by interpolation or extrapolation by the 
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polynomials. 

2. 4. 1 Rectification Accuracy 

In order to establish the accuracy of the rectification 

process, relative accuracy estimates were set for the 

coordinates. These a priori positional standard errors were 

50 m for the map ( RMS error for a 1 : 50,000 B grade map) and 

0.5 pixels for the image (the estimated pointing accuracy). 

This produces an a priori total RMS e rror of 70 m, using 

nominal p ixel dimensions of 57 and 79 m. The rectification 

program was iterated, with corrections to the control points 

made between each iteration, until no further mistakes could 

be detected. This resulted in RMS adjustment errors in 

image coordinates of approximately 0.4 pixels in both column 

and row, which corresponds to 22 min the column and 31 min 

the row. The RMS adjustment errors in the ground positions 

were 67 m for the eastings and 49 m for the northings. 

A check point accuracy assessment was then carried out 

to evaluate the overall accuracy of the rectification. The 

the coefficients of the polynomial were used to predict 

positions of nine well established check points. These 

known predicted coordinates were then compared to their 

coordinates with relief displacement. The differences 

between these two sets of coordinates can be used to 

calculate the overall positional accuracy of the rectified 
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data set. The root mean square error was calculated with 

the formula: 

Jo ( 0 i - E . ) 2 ) RMS l 
n ( 2. 9) 

where 

0 is the observed coordinate 

and E is the expected coordinate. 

This process was carried out using, as the check 

points, control points omitted from successive adjustments 

and predicting their coordinates, based on the coefficients 

calculated from modelling onto the other control points. 

Table 2.2 summarizes the check point differences. These 

differences include all the image and control point error. 

Thus, the vector RMS difference of 99 m can be compared to 

the a priori RMS error of 70 m. This larger value is to be 

expected because, due to the approximately homogeneous 

distribution of control, the check points will be around 

twice as far from the nearest control points as the most 

distant data points in the full adjustment. In addition, 

part of the 99 m difference was also determined to be caused 

by an inappropriate choice of datum. Thus, these difference 

values confirm the overall a priori accuracy estimates, so 

that the a posteriori RMS image adjustment error of 0.4 

pixels can be taken as a good measure of the rectified image 

accuracy. 
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Point Differences 
number E N 

3302 4 72 
3400 1 40 
3401 54 54 
3502 73 80 
4200 36 1 9 
4300 87 23 
4301 1 1 5 26 
4401 1 3 6 89 
4500 84 85 

RMS error 79 60 

Table 2.2 Check point differences (m) 
(from Paine, 1984) 

2.4.2 Resampling 

With the rectification model coefficients, it is 

possible to compare the image data with other data 

referenced to the UTM system on a point by point basis. It 

is much more useful if the entire image can be compared as a 

whole to another data set. This can be accomplished if the 

image is resampled onto a regular UTM grid to produce an 

image free of geometric distortion. 

The image was resampled onto a 50 m UTM grid using the 

nearest neighbour resampling technique. This resampling 

scheme was used as it retains the original data values and 

does not require large amounts of compute r processing time. 

A 50 x 50 m grid spacing was used so that every raw data 

pixel is represented by at least one UTM grid point. 
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2.5 Supervised Classification 

Data interpretation and classification were performed 

once the data had been enhanced and rectified. The 

principal components and their relation to surface cover 

characteristics can be used in the interpretation of the 

data. 

steps: 

The production of a surface cover map involves 

1) Correlation with supervisory data, 

2) Classification, and 

3) Verification of the results. 

2.5.1 Correlation with Supervisory Data 

three 

The rectified and enhanced PC1 and PC2 data sets were 

displayed on the colour screen with their value ranges 

shifted and scaled to give a wide range of colours. These 

images were correlated with a variety of maps, and the 

Alberta Government Phase III 1 :50,000 forestry map (Figure 

2. 3) was selected as the best available supervisory data 

set. 

easily 

The gross details, and many of the fine details, were 

identified and if difficulties arose they were 

resolved with the use of air photos of the area. 

2.5.2 Classification 

A supervised classification scheme similar to that of 
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Bryant et al (1980) and Shimabukuro (1980) was used. This 

method utilizes a two-dimensional parallelepiped class range 

assignment. The training sites were selected in the digital 

image to correspond to specific areas on the forestry map. 

The values from these training samples were used to define 

the parallelepiped classification boxes. If the boxes 

overlap it is not possible to discriminate between the 

classes and, if they do not enclose all the data, there are 

some data that remain unclassified. These problems arise 

because of linear correlations between the training data 

sets (Lillesand and Kiefer, 1979). However, the data used 

for training in this case are principal components, which 

should not have linear correlations. This approach allowed 

some initial tuning of the classification without the need 

to display a classifed image for visual verification. 

was accomplished by plotting the class ranges for 

This 

both 

principal components together to identify potential problems 

(Figure 2.4). 

Once the class parameters were defined, a 

classification image was produced by scanning the data in 

the two principal components. Each pixel value was tested 

against the selected ranges in the two data sets and 

assigned to the appropriate class. The resultant 

classification produced six major 

classes that required a sequential 
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Figure 2.3 Alberta Government Phase III Forestry Map 
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with the order of t he classes as shown in Table 2.3. Th i s 

sequence is necessary as there are some classes, such as 

water, that are entirely contained within other classes, 

such as shadow. Thus, if a sequential class assignment were 

not employed, the subset classes would be assigned to one of 

the larger classes, reducing the classification accuracy. 

Feature 
rock 
shadow 
wet ground 
grass 
bush 
skree 
pine/spruce 
spruce/pine 
spruce 
pine 
water 

PC 1 Range 
all 

144-149 
138-145 
124-133 
128-135 
121-133 
134-139 
136-141 
140-147 
136-139 
146-147 

PC2 Range 
all 

134-136 
129-133 
124-140 
122-127 

1 - 1 2 4 
122-127 
125-129 
129-133 
125-127 
134-135 

Table 2.3 Final classification ranges in PC1 and PC2 
(from Paine, 1984) 

The classified image (Figure 2.5) was produced and 

checked against the forestry map used for the supervision. 

This resulted in some fine tuning of the class ranges to 

correct some minor mis-classifications. Overall the final 

classified image classes correspond well with the forestry 

map classes. The major differences were due to 

generalization of the forestry map that occurred at the air 

photo interpretation stage of the map production. This is 

most noticeable in the areas classed as mixed coniferous, 

which are homogeneous on the forestry map but contain stands 

- 35 -



of pure spruce or pine 

classification map also 

in the classified image. The 

contains large areas of bush and 

grass that were not indicated on the forestry map, as they 

are not important themes for forestry. It is evident, 

though, that the classification map is an equally accurate 

representation of the surface cover in terms of the class 

definitions and positional accuracy. 

Figure 2.5 Classified surface cover map from Landsat 
(from Paine and Mepham, 1986) 

2. 5. 3 Verification 

The 

different 

classification accuracy was 

tests. First, the internal 

assessed with two 

precision of the 

parallelepiped classes was assessed statistically. Samples 

were selected in all of the classified areas and the data 
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values were recorded from the corresponding locations in the 

principal components data sets. These values were used to 

calculate means and standard deviations in both principal 

components for each of the classes (Table 2.4). 

Class 
Mean SD 

grass 1 2 7 2. 7 
bush 1 3 1 1 . 6 
skree 1 2 4 2. 0 
p/sp 1 3 4 1 . 0 
sp/p 1 4 1 O. 6 
water 146. 5 0.0 
spruce 1 4 3 2. 0 
pine 1 3 9 1 . 0 
rock range 
shadow class 
wet grnd. class 

p/sp = pine 

PC1 
2SD 

124-130 
128-134 
120-128 
132-136 
140-142 
146-147 
139-147 
137-141 

3SD 

122-132 
126-136 
118-130 
131-137 
139-143 
146-147 
137-149 
136-142 

Mean SD 

1 3 0 0.5 
125 1 . 7 
1 1 7 1 . 7 
1 2 3 1 . 0 
1 28 O. 6 
1 3 4 0. 4 
1 32 1 . 2 

1 2 6 . 3 0.7 

PC2 
2SD 

129 - 131 
124-126 
114-120 
121-125 
127-129 
133-135 
130-134 
126-128 

3SD 

128-132 
123-127 
112-122 
120-126 
126-130 
133-135 
129-137 
124-128 

too large to get representative samples 
size too small to get homogeneous samples 
size too small to get homogeneous samples 

spruce mix, and sp/p = spruce pine mix 

Table 2.4 Statistics for the surface-cover classes 
( from Paine, 198 4) 

A comparison of the data in Tables 2.3 and 2.4 shows 

that most of the parallelepiped classes fit within two 

standard deviations of the sample means suggesting that the 

data sets approximate normal distributions. Some of the 

classes are skewed within the calculated intervals but, as 

there are no statistics to define the distribution of these 

classes, this could not be investigated. Only one major 

class (rock) did not fit into the range defined by three 

standard deviations. This is due to its large range in both 

principal components. Therefore, the rock class did not 
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produce useful results in this test. This was expected as 

the reflectance of bare rock varies greatly, depending on 

its slope and aspect, which is highly variable in this area. 

In general this check confirms, assuming normal 

distributions, that the class intervals defined by the 

supervised classification should result in less than five 

percent misclassification error. 

The second stage of verification involved a check on 

the accuracy of the classification technique. A correlation 

was calculated between the final classification map and the 

forestry map used to supervise the classification. A 

regular grid with 20 points in both dimensions was 

superimposed on the 600 x 600 pixel classification map and 

each grid intersection was checked with the forestry map for 

a yes/no correlation based on the classes present. The 

differences due to generalization were taken into account 

and, if the grid point overlaid a boundary between two 

classes, an adjacent point was selected. This yes/no 

correlation produced a 94 percent yes and a six percent no 

response as an indication of the final map accuracy. 

2.6 Unsupervised Classification 

Supervised classification is an operator dependent 

process that requires a considerable amount of time. The 

the end product depends on the skill and experience of 
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r- -

operator and can often produce inconclusive results. 

However, if it is performed properly it 

of 

is capable of 

classification accuracies better than 90 producing 

percent. In contrast, the advantage of unsupervised 

classification is its speed (digital analysis on a computer) 

and its consistent results (numerical solution). The 

consistency is also a function of the inherent patterns in 

measurement space used to define the classes. This 

technique was investigated to determine if the accuracy was 

high enough to use as a replacement or as a first step for 

classification of complex data sets, and so streamline the 

classification stage. 

2. 6 • 1 Methods 

Unsupervised classification is performed with a 

technique 

that have 

known as clustering, which groups together data 

similar characteristics in meas ur ement space. 

This similarity can be measured as a simple Euclidean 

distance or a Hilbertian distance between two objects 

(HD (H,I)) using the calculation: 

HD (H,I) = J2. W(J)(A(I,J) - A(H,J)) 2 
/ l W(J) 

where 

A (I,J) value of the Jth variable for th e 

Ith obj e ct 

( 2 .10) 

and W (J) some weighting function f o r variable J. 
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It is also possible to calculate covariances or correlations 

between the data points as a measure of similarity with the 

calculation: 

CR (H, I) JccH, I) / (V(H)V( I)) ( 2 • 1 1 ) 

where 
C (H,I) 

and V (H) 

the covariance betwe e n objects Hand I 

the variance of object H. 

The correlation method is preferred as it produces a range 

of values from minus one to plus one , which can be used more 

effectively for similarity/dissimilarity measures. All 

these approaches produce a 

similarity which can be used 

clusters. 

The measure of similarity 

quantifiable measure 

to group the data 

is used with single 

of 

of 

into 

data 

points or groups of points. The distance measure of 

similarity can be used in one of three ways for single 

linkage clustering. The most similar pair of points is used 

to join the groups together. This joins clusters which have 

the nearest adjacent edges in measurement space. The least 

similar pair can also be used to join the groups. This 

approach results in joining the clusters with the nearest 

opposite edges in measurement space. The clusters with the 

nearest centroids or means can also be joined together. 
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The complete distribution of all the points can also be 

used and is called complete linkage clustering. Groups are 

joined on the basis of the lowest increase in variance of 

all possible cluster combinations. This technique is known 

as Ward's method. A refinement of this technique involves 

the recalculation of the means after each point is moved 

from one cluster to another. This optimization of centroids 

approach is called K-means clustering. 

It is possible to apply these similarity measures for 

agglomeration, division or 

produce the final clusters. 

switching within the groups to 

In agglomeration algorithms, 

the data points are joined together to form the new 

clusters. 

in one 

In divisive algorithms, the data points all start 

large cluster and are dichotomously divided to form 

the final clusters. The last method is a switching 

approach, which moves the data points between the clusters 

until they produce an arrangement that maximizes the 

internal cluster similarities and minimizes the between 

cluster similarities. 

These similarity measures, cluster definitions and 

their application can be combined in a variety of ways. A 

more detailed discussion of the techniques for specific 

algorithms can be found in Davis (1973), Williams and Lance 

(1975), Hartigan (1975), Baxter (1976) and Swain and Davis 
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(1978). 

2.6.2 Clustering Results 

The data set used for clustering was a random 

stratified sample comprising one percent of the PC1 and PC2 

data values. This data reduction to 360 points was 

necessary as the algorithms cannot efficiently handle large 

numbers of data points. Once the clusters were determined, 

the unsupervised results were evaluated in terms of the 

number and definition of the clusters and the resultant 

classified maps. The classified maps were compared to the 

supervised map with a simple yes/no correlation on 

randomly positioned points. Figure 2. 6 shows 

100 

the 

distribution of the 360 sample points within the supervised 

classification of Figure 2.4. This produced eleven clusters 

with approximately 80 percent of the original information in 

six of them. This also produced a high degree of 

discrimination amongst the tightly grouped data values. 

The single linkage nearest pair results (Figure 2. 7) 

produced one cluster containing appoximately 90 percent of 

the original information. The remaining eleven clusters 

were trivial in terms of distinguishing important clusters. 

As this method produced inaccurate results a comparison was 

not carried out with the supervised classification. 
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The single linkage farthest pair (Figure 2.8) resulted 

in three 

original 

clusters with approximately 

information. The other nine 

90 percent of the 

clusters were 

marginally better than the nearest pair clusters but still 

relatively unimportant divisions. The represented 

comparison of the final classification with the supervised 

results calculated a 59 percent agreement for these results. 

The Ward's method (Figure 2.9) created five clusters 

which contained approximately 80 percent of the original 

information. The other seven clusters do represent some 

important cluster areas. The classified data from this 

method produced a correlation of 

supervised classification. 

65 percent with the 

The K-means clustering (Figure 2. 1 0) produced six 

clusters with approximately 80 percent of the original 

information within them. The other six clusters show a good 

definition of the remaining information cluster areas. The 

final classified data from this approach had 

with the supervised data of 75 percent. 

Of the techniques evaluated for 

a correlation 

unsupervised 

classification only the K-means approach produced usable 

results, i.e. accuracy greater than 68 percent. If the 

objective is to save time, then Ward's method or K-means can 

be used as an initial start for the supervised 
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classification. This is attractive, as clustering 

algorithms can handle large numbers of variables, and future 

data collection systems with more wavelength bands wi ll 

create problems for a supervised approach. However, the 

selection of the final number of clusters without a good 

understanding of the data can result in an iterative 

approach costing time and money. 

Rectification and classification of the Landsat data 

set, using the techniques described in this chapter, result 
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in an excellent surface cover map in very difficult terrain. 

The final positional errors from the rectification, of 22 m 

and 31 min row and column respectively, produce a map 

product that meets the requirements for mapping at 1: 50,000 

scale as a B grade map. In fact, the major source of error 

in positioning appears to result from pointing errors when 

the control points are located and the relief displacement 

effect. The polynomial rectification and nearest neighbour 

resampling processes introduces some error and, as such, the 

pixel resolution and the control point map accuracy are the 

limiting factors. 

The supervised classification technique produced 

results with a 94 percent accuracy, clearly indicating that 

the methods applied here are viable options for the 

production of maps of this type. The final satellite map 

also contained classes with very good internal 

discrimination of information, which is often lost during 

traditional map making the generalization stage in the 

process. Maps produced by these techniques are particularly 

useful in areas such as this where the terrain creates 

problems for the conventional map production methods. The 

best unsupervised classification based on K-means clustering 

produced a 68 percent 

classification making it 

agreement 

suitable 

initial stages of the process. 
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The most important result of this work is that all the 

information required for this map is stored in digital form. 

This allows further computer manipulation and processing for 

the extraction of more information in a form suitable for 

direct input into a digital data base. 
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CHAPTER 3 

DATA GENERALIZATION 

3.1 Introduction 

All remote sensing data contain noise and some variance 

aris i ng from natural variation in the object being sensed, 

interference during data capture, or transmission, handling 

and processing errors. It is a problem distinguishing 

natural variation from unwanted noise, making the selection 

of the true information difficult or impossible. However, 

some sort of smoothing/filtering of the data is often 

desirable to allow further processing (Wheate and Lodwick, 

1983; Cushnie and Atkinson, 1985). This necessitates some 

type of filter to smooth the data with the i ntroduction of 

as little error as possible. 

If there is a priori knowledge about the nature of the 

noise, specific filters can be applied to remove its effects 

(Hord, 1982). This is usually not the case with remo t e 

sensing data, where it is often impossible to determine the 



nature of the noise or to isolate discrete noise effects. 

In this case the only option is to smooth the whole data set 

to reduce the effect of the noise. There are three main 

approaches that can _be utilized to perform this smoothing: 

1) Filtering in the frequency domain after the 

data have been transformed with techniques 

such as Fourier or Walsh functions, 

2) Recursive filtering in the spatial domain 

3) 

utilizing Kalman filtering or Bayesian 

estimation, and 

Convolution techniques in the spatial domain, 

where every pixel is processed indiv i dually, 

by utilizing local statistics 

Davis and Rosenfeld, 1978). 

(Lee, 198 O; 

The most common errors found in remote sensing data are 

the result of random noise or classification error, which 

also tends to be random. This type of error is best handled 

by the third type of filter. Thus this research primarily 

investigates the last type of convolution filters and one of 

the first frequency filters by comparing their effects on 

the Landsat data set. 
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Convolution filters redetermine the value of every 

pixel by calculating the local mean (Davis and Rosenfeld, 

1978; Dutra and Mascarenhas, 1984), the local median 

(Justusson, 1978; 

Atkinson, 1985) or 

Huang, Yang and Tang, 1979; Cushnie and 

the local mode (Rosenfeld and Kak, 1982), 

and assigning that value to the central pixel. It is also 

possible to weight these calculations by Euclidian distance 

(Rosenfeld and Kak, 1982), their similarity in values 

(Eklundh and Rosenfeld, 1 9 81 ; Scher, Dias Valesco and 

Rosenfeld, 1980) or on some measure of variance (Lee, 1983; 

Nagao and Ma tsuyama, 1 979). This research attempted to find 

type that required no special an optimal filter of this 

knowledge of the data. Thus the requirements that many of 

these previously developed 

thresholds, smoothing factors 

filters have, 

and iteration 

such as global 

limits, were 

avoided. The objective was to find a local dynamic filter 

that would smooth the data while introducing minimal errors 

and stop processing once it produces insignificant changes. 

Two-dimensional Fourier transforms can be used for 

enhancement, compression, smoothing and correlation as well 

as a host of other processes. In general the Fourier 

transform of an image can be used to analyze the spatial 

frequency components of the image. It is also convenient to 

process 

possible 

the 

to 

imagery in the frequency domain where it is 

isolate specific frequencies. This allows 
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frequency domain filtering to produce either a smoothed or 

enhanced image. This type of processing involves certain 

assumptions about the nature of signal and noise in an 

image. This can cause problems because the filters applied 

in the frequency domain have a nonselective global effect in 

the spatial domain. 

Frequency filtering involves high and low pass filters 

for enhancement and smoothing respectively. The assumptions 

made are that the noise component in an image is of high 

frequency while the signal component is of low frequency. 

Thus, a low pass filter, which selectively removes the high 

frequencies in the frequency domain, should produce a 

smoothed image in the spatial domain. Conversly, a high 

pass filter, which selectively removes the low frequencies 

in the frequency domain, should produce an image of the high 

rate of change features in the spatial domain. These high 

rate of change features will include noise and edges or 

boundaries. 

produce useful 

imagery. 

Both of these processes have the potential to 

information from digital remotely sensed 

3.2 Spatial Filters 

Five spatial filters were designed and compared: 

1) Means, 
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2) Median, 

3) Mode, 

4) Nearest values and 

5) Minimum variance. 

These are low pass filters, which remove the high frequency 

data assumed to be noise by smoothing out isolated points of 

high variance. These filters require an image with a 

continuous response range. Thus, they were all convolved 

with the raw PC1 and PC2 data before the sets were 

reclassified. The minimum variance filters had variable 

dimensions, which were also assessed for their effects. The 

modal filter was also convolved with the reclassified data 

sets as a final "spot remover" as it is capable of utilizing 

discrete response classes. The recalculated pixel values 

resulting from the filtering were rounded to the nearest 

integer 

storage. 

value to allow easy comparision, 

To minimize the unwanted smoothing that 

display and 

arises from 

spatial filters, they were designed for use with a three by 

three box centred on the pixel being processed (Figure 3.1). 

The minimum variance filters, however, utilized a rotating 

bar or box, which is more selective (Figure 3 • 1 ) • These 

filter types have variable dimensions with no upper limit, 

as they should not cause the same blurring effect as the 
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three by three filters. The raw and filtered data sets were 

kept completely separate to avoid any interference during 

filtering from previously filtered val u es and to preserve 

the original data set for comparison. Thus, as each pixel 

position was operated on by the filters, the results were 

written to another 

display. 

• • • • • 

• • • • • 

3 X 3 

Figure 3.1 

data file for further iterations 

• • • • • 
• • • • • 

rotating ba r rotating box 

Filter configura ti ons (f r om Paine and 
Mepham, 1986) 

or 

The means filter (MNS) calculated the average value 

from the nine pixel values in the box. Th is value was t h e n 

assigned to the central pixel position in the new filtered 

data set. This wei ghted average filter utilized three 

simple weighting schemes based on distance to try and reduce 

unwanted smoothing. The first scheme had equal weights for 

all nine pixel positions. The second scheme utilized 

weights of inverse distance with a weight of 2 for the 

centre position, for the four cardinal positions and 1 / / 2 

for the four diagonal positions. The t h ird scheme used a 
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simple weighting of 1 for the central position, 0.25 for the 

cardinal positions and 0.15 for the diagonal positions, in 

an attempt to reduce the effect of averaging. 

1 1 1 1 1 1 
V2 V2 .15 .25 .15 

1 1 1 1 2 1 .25 1 .25 

1 1 1 1 1 1 
V2 V2 .15 .25 .15 

Figure 3.2 Means filter weighting scheme 

The median filter (MED) used the nine pixel values in 

the three by three box to calculate the middle value of the 

range from the minimum to the maximum value. This value was 

rounded to the nearest. integer and replaced the central 

pixel value. 

The modal filter (MOD) was designed to find the most 

frequently occurring pixel value in the three by three box 

for the new central pixel value. If there was a tie between 

two frequency counts, the one that contained the central 

pixel value was used for the new value. 

The nearest values method (FVN) used the five pixels in 

the three by three box whose values were closest to the 

central pixel value. These five nearest neighbours values 
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were used to calculate a mean value to replace the central 

pixel value. 

The rotating bar (BnR) and box (BnX) minimum variance 

filters both had the same basic principles. The bar or box 

was rotated around the position being filtered, with the 

mean and variance being calculated for each position. Then 

the mean from the filter position with the minimum variance 

was assigned to the central pixel position in the new 

filtered data set. The bar sizes (n) tested were one by 

two, one by three and one by four pixels. The box sizes (n) 

tested were two by two, three by three and four by four 

pixels. The seven pixel areas proposed 1by Nagao and 

Matsuyama (1979) (NAM) were also evaluated (Figure 3.3). 

areas 

3 . 1 ) • 

one 

Figure 3.3 

• • • • • 

Nagao Mutsuyama filter configuration 
(from Nagao and Mutsuyama, 1979) 

The mean and variance calculations for the bars and the 

were made for all eight compass d irections (Fig u re 

The bars pivoted on the central pixel so that each 

used a different set of pixel values. The mean and 
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variance calculations for the boxes were made for the four 

diagonal positions only. The boxes pivoted by one corner on 

the central pixel so that each box overlapped one pixel row 

or column with both adjacent boxes. The NAM areas had the 

most overlap, with considerable duplication 

were of fixed scale. 

as the areas 

The means filters were iterated a few times initially 

to check on the effect. However, as they tended to damage 

the data and there was no easily defined iteration 

terminator they were only run for a single pass. The NAM 

filters were also only evaluated at this stage as they 

produced obvious distortions in the data and were very slow 

to cause noticeable change. The rest of the filters were 

iterated until there was less than 0.001 percent of the 

total number of pixels changed in a pass. This number was 

calculated by comparing the new filtered value with the old 

centre value to see if it differed and summing the number of 

differences in each pass. 

the 

set. 

After the PC1 and PC2 data were smoothed with one of 

filters, they were used to produce a classified data 

The classification process introduced some errors due 

to misclassification, which resulted in some random noise in 

the image. As the classified data have classes with 

discrete or nominal values, such as rock (R) or skree (s), 
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it is not feasible to utilize many of the filters which 

implicitly assume some type of gradational or arithmetic 

change between pixels. However, to remove misclassification 

errors, the modal filter can be used to smooth each 

classified data set, because it simply chooses the most 

frequently occuring pixel value. 

The resulting data were analyzed visually by displaying 

them on a colour graphics screen. The quality of the 

results were assessed on the basis of four parameters: 

1) The degree of generalization, 

2) The amount of information loss, 

3) The sharpness of the edges in the image, and 

4) The maintenance of the original area shapes. 

This qualitative analysis was used 

of the filters before assessment 

performed. If a filter passed this 

assessed with an entropy calculation. 

for 

further 

stage, 

The entropy of a data set can be used to 

the initial 

testing was 

it was then 

quantify the 

degree of organization in the data, making it useful for 

evaluating the amount of smoothing a filter produces. The 

technique employed for this calculation comes from Hord 

(1982). The entropy calculation uses the frequency counts 

h(n), for grey value n, in an image having M pixels. The 

probability p(n) of a pixel having a gray level value n is 
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used to calculate the entropy with the formula: 

E = - l p(n) log 2 p(n) 

where 

P ( n) h (n) I M. 

( 3 . 1 ) 

This entropy (E) value changes when a data set has been 

filtered, with an increase indicating an enhancement and a 

decrease indicating a generalization. Thus, in this 

project, a successful filter should reduce the raw data set 

entropy value and increase the entropy of the 

data produced by these two smoothed data sets. 

classified 

This entropy 

calculation was performed on all the PC1 and PC2 data sets 

before and after filtering, as well as on the resulting 

classified data set for all 

qualitative analysis. 

the filters 

3.3 Results of Spatial Filtering 

3.3.1 Original Data Sets 

that passed the 

The two unclassified or raw PC1 and PC2 data sets have 

different amounts of variance, which is evident visually. 

The PC1 data (Figure 2.1) exhibit a wider range of values 

with a higher degree of variance, which appears in the image 

as "salt and pepper" noise. The PC2 data (Figure 2.2) have 

a narrower range of values and only exhibit minor "salt and 
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pepper" noise. The difference is also evident in the 

entropy calculations (Table 3.1) where the raw PC1 entropy 

is higher than the raw PC2, indicating more variance. 

PC1 

Data 
Set 

RAW 
B2R 
B2X 
MOD 
B3R 
FVN 
MED 
B4R 
B3X 
B4X 

Table 3.1 

Data 

Entropy 
Value 

5.527 
5.502 
5.484 
5. 4 7 1 
5.487 
5.438 
5.425 
5.367 
5.409 
5.325 

Set 

Change 

0.000 
0.025 
0.034 
0.056 
0.040 
0.089 
0. 102 
0.160 
0. 1 1 8 
0.202 

PC2 

Data 
Set 

RAW 
B2R 
B2X 
MOD 
B3R 
FVN 
B3X 
B4R 
B4X 
MED 

Data 

Entropy 
Value 

4 • 1 6 7 
4 • 1 3 4 
4 • 1 1 4 
4. 104 
4. 105 
lt.082 
4.082 
4.094 
4.049 
3.985 

Set 

Change 

0.000 
0.033 
0.053 
0.063 
0.062 
0.085 

.Q.085 
0.173 
0 • 1 1 8 
0. 182 

PC1 and PC2 data after filtering, ranked by 
entropy value (from Paine and Mepham, 1986) 

The unfiltered classified data set CLRAW (Figure 2.4), 

resulting from classifying the two PC data sets, is 

considerably smoother with fairly clear class differences 

and a lower entropy value (Table 3.2) reflecting the 

expected generalized result from the classification. The 

major surface cover classes are relatively homogeneous but 

there are many areas that exhibit a high degree of noise, 

particularly along boundaries between classes of similar 

response ranges. Some of this noise results from the noise 

in the two original data sets used to create the classified 

data, while the rest is caused by classification errors. 
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Data Entropy Amount of 
Set Value Change 

CLRAW 2.937 no filtering 

MCLRAW 2.832 0.000 
MCLB2R 2.836 0.004 
MCLB3R 2.873 0. 0 41 
MCLMED 2.895 0.063 
MCLFVN 2.896 0.064 
MCLB2X 2.898 0.066 
MCLMOD 2.904 0.072 
MCLB4R 2.942 0. 1 1 0 
MCLB3X 2.945 0. 1 1 3 
MCLB4X 2.965 O. 1 3 3 

Table 3. 2 PC1 and PC2 data after filtering, classification 
and postclassification filtering 
(from Paine and Mepham, 1 9 8 6) 

3.3.2 Modal Filter on Classified Data 

The modal filter was used on the classified data as a 

final "spot remover". This produced some generalization, by 

removing most of the noise and some of the linears, in those 

classified data sets derived from filtered data, using 

filters of one pixel radius. There were some minor shape 

changes in these data sets as a result of this processing. 

The effect of the modal filter on the larger radii filtered 

data sets was more noticeable, removing most of the error. 

The resulting images had few linears remaining and exhibited 

some shape changes, but they did have sharp well defined 

continuous boundaries with no internal noise. 
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The smoot hed ra w classified data set MCLRAW (Figure 

3.4), produced by running the modal filter on the CLRAW data 

set, had considerably less noise and reduced the number of 

linear features. This filter removed the effect of 

classification error and generalized the data set to produce 

a lower entropy value (Table 3.2). 

Figure 3.4 Smoothed data set MCLRAW 
(from Paine and Mepham, 1986) 

3.3.3 Filter Efficiencies 

The filters were evaluated in terms of the number of 

iterations and the run time for both raw PC1 and PC2 data 

sets. The total time was calculated and the filters were 

ranked by this measure (Table 3 . 3 ) . There are two main 

groups based on the of the number of iterations. The MED, 
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MOD, B2R, B2X and B3X filters all required relatively low 

numbers of iterations, while the FVN, B3X, B4X and B4R took 

more iterations. This is particularly evident in the case 

of the PC1 data set, 

defined. 

where the two groups are clearly 

PC1 Data Set PC2 Data Set 

Filter No. of CPU Filter No. of CPU 
Type Iters min/pass Type Iters min/pass 

MED 5 3. 3 MED 3 3. 3 
B2R 6 5.0 B2R 3 5 . 0 
MOD 1 1 3. O MOD 1 1 3.0 
B2X 9 7.5 B2X 7 7.5 
B3R 1 1 1 0 . 0 B3R 8 1 0. 0 
FVN 30 5. 0 FVN 1 4 5.0 
B3X 22 1 1 . 0 B3X 1 4 1 1 . 0 
B4X 27 1 9. 0 B4X 1 7 1 9. 0 
B4R 28 1 6 • 0 B4R 23 1 6 . 0 

Table 3. 3 Iteration number and run time ranked by total 
time (from Paine and Mepham, 198 6 ) 

In terms of the CPU run times there are also two 

groups, with one group, comprising the B4X and B4R filters, 

having considerably longer run times per pass than any of 

the other filters. The total time measure, which can be 

used as an indication of the overall efficiency, separates 

the filters into three classes. The MED, B2R and MOD 

filters form one class, while the B4X and B4R filters are 

easily separated from the rest, to form another class. The 

last class is formed by the remaining filters, which exhibit 
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a range of total time. 

3.3.4 Means Filter (MNS) 

The simple means filter, based on the nearest eight 

values and the central pixel, produced very smooth 

homogeneous areas free of random noise with sharp continuous 

boundaries. However, the areas were ringed with a false 

boundary of values resulting from the average of the two 

adjacent areas. This filter also completely removed any 

linear features and tended to change the size of the areas. 

The first weighted filter produced relatively smooth areas 

with some minor noise but it distorted the boundaries and 

changed their 

caused several 

shape. 

classes 

The 

of 

the 

second more restrictive filter 

similar values to merge and 

changed the shape of areas. 

visually obvious errors, this method of 

pursued further. 

3.3.5 Median Filter (MED) 

The median filter produced a 

As a result of these 

filtering was not 

fairly generalized 

reclassified image with the noise removed but in the process 

it also shortened any open ended linear features. There was 

good shape maintenance and the areas had sharp well-defined 

boundaries. The only evident error was some horizontal 

smearing of the boundaries. This filter reduced the PC1 and 
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PC2 entropy values cons i derably (Table 3.1). The result i ng 

smoothed classified data set MCLMED (Figure 3.5) had a 

slightly higher entropy value than the unfiltered data set 

MCLRAW (Table 3.2). 

3.3.6 Modal Filter (MOD) 

The modal filter produced a fairly generalized 

reclassified image with no obvious noise but in the process 

it eliminated all the linear features. However, the 

resulting areas all had sharp boundaries with a few minor 

shape changes. This filter marginally reduced the PC1 and 

PC2 entropy values (Table 3.1) and the smoothed classified 

data set MCLMOD (Figure 3.6) had a relative l y high entropy 

value (Table 3.2). 

3.3.7 Five Nearest Values Filter (FVN) 

The five nearest values filter produced a fairly 

generalized reclassified data set and lowered the PC1 and 

PC2 entropy values significantly (Table 3.1). The random 

noise and linear features were both reduced considerably 

with no obvious shape changes to produce sharp boundaries 

around all the areas. The smoothed classified data set 

MCLFVN (Figure 3.7) had a relatively high entropy value 

(Table 3.2). 
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Figure 3.5 Smoothed median data set MCLMED 

Figure 3.6 Smoothed modal data set MCLMOD 
(from Paine and Mepham, 1986) 
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3.3 . 8 Minimum Variance Filter (BnR and BnX) 

The effect of the variable size of the two minimum 

variance filter types was assessed for dimensions of two, 

three, and four. The B2R and B3R filters eliminated some of 

the noise and linear features while marginally reducing the 

entropy value (Table 3.1). The smoothed classified data set 

MCLB2R (Figure 3.8) still retained most of the original 

noise but it had slightly sharper boundaries and 

approximately the same entropy value (Table 3.2). 

The one by four pixel bar filter produced very 

generalized data with no noise or linear features remaining 

and reduced the PC ent r opy values (Table 3.1). However, it 

i ntroduced a checker board error into the data, particularly 

along boundaries and i n areas 

final classified data set 

of elongated 

MCLB4R (Figure 

regions. The 

3.9) was very 

generalized with boundary shifts and major shape changes and 

continued the trend of increasing the data entropy (Table 

3 • 2 ) • This was the largest dimension of the bar filter 

evaluated due to the rapidly rising CPU times required to 

process the data. 

The B2X and B3X filters significantly reduced the 

amount of noise in the reclassified image, creating sharp 

boundaries with a minimal loss of linear features or shape 

changes, while margina l ly reducing the entropy value of the 
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Figure 3.7 Smoothed five nearest values data set MCLFVN 
(from Paine and Mepham, 1986) 

Figure 3.8 Smoothed two pixel bar data set MCLB2R 
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PC data (Table 3.1). The smoothed classified data set 

MCLB2X (Figure 3.10) was slightly generalized and had a 

marginally higher entropy value than the original MCLRAW 

data (Table 3.2). 

The B4X filter produced a very generalized reclassified 

data set with no noise or linear features remaining and 

reduced the PC entropy value considerably (Table 3.1). The 

resulting postclassification smoothed data set MCLB4X 

(Figure 3.11) had sharp boundaries with some noticeable 

shape changes, and exhibited some errors as horizontal and 

vertical bands projecting from elongated areas, with a large 

increase in the entropy value (Table 3.2). Once again this 

was the maximum size of the 

rising CPU cost. 

filter evaluated due to the 

3.4 Frequency Filtering 

The filters utilized in th i s research for frequency 

domain filtering were Butterworth low pass filters (LP), 

which are global linear filters. Alternative frequency 

domain linear filters, such as interpolating, exponential or 

Wiener filters, could also have been utilized. It is also 

possible to use non-linear filters such as the 

Maximum-Entropy method or the Maximum - Likelihood method. 

These two could be utilized, as they do not assume 

periodicity in the dat a and can hand l e the case of zero 
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Figure 3.9 Smoothed four pixel bar data set MCLB4R 

Figure 3.10 Smoothed two pixel box data set MCLB2X 
( from Paine and Mepham, 1986) 
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Figure 3.11 Smoothed four pixel box data set MCLB4X 

values outside the data record (Haykin, 1979). 

methods have great potential, they do require 

While these 

considerable 

computational effort and as such are not commonly used. 

It is also possible to use phase relations between the 

various Fourier coefficients at selective frequencies for 

smoothing or noise removal. A measure of agreement between 

the phases of the Fourier coefficients at a given frequency 

can be calculated as a coherency measure (Dave and Gazdag, 

1984). If the coefficients of a given frequency are in 

phase the coherency measure will be equal to unity, and if 

they are randomly oriented it will be equal to zero. This 

relation allows the modification of the Fourier coefficients 
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to increase the signal to noise ratio, resulting in a 

smoothing of the data in the spatial domain. 

The first stage of frequency filtering involves the 

removal of the trend in the data before undertaking the 

Fourier transform. This is easily accomplished by fitting a 

least squares best fit surface through the data and 

calculating the new data set as the deviations of the 

original data from this surface (Davis, 1973). In the case 

of this Landsat data set, a first 

acceptable results. 

A second stage is necessary to 

order surface produced 

deal with the finite 

nature of the data, as the Fourier transform assumes a 

continuous 

interval. 

function defined for an infinite sampling 

If an infinite sample interval does not exist, it 

is not possible to completely recover an under-sampled 

function and the result is the smearing of sharp edgs in the 

spatial domain, called aliasing. This 

handled by creating a sample window, 

problem can be 

which reduces the 

aliasing to an acceptable level. The function chosen for 

this study is a Hamming window which produces a circular 

sample. 

in all 

This function causes the data to ramp down equally 

directions, from the value at the centre of the 

sample window to zero at the edges. 
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On c e the first t wo stages are complete, the data are 

transformed into the frequency domain with a Fast Fourier 

Transform (FFT) algorithm. The FFT, with its efficient 

processing and storage, can be utilized, as the Landsat data 

are sampled on a regular grid. The data in the frequency 

domain are then filtered with the appropriate high or low 

pass filter. The Butterwort h filter of order N with a 

specific cut-off frequency, defined as a distance Df from 

the origin, has a transfer function 

Wintz, 1977) as: 

defined (Gonzalez and 

H (u,v) ( 1 + 0.414 (D(u,v) / Df) 2 N) ( 3 . 2 ) 

where 

H (u,v) is the transfer function, 

D (u,v) is the distance from point (u,v) to the 

origin of the frequency plane, 

N is the order of the Butterworth Filter, 

and Df is the distance to th e cut - off f reqeuncy. 

The distance to the cut-off frequency defines a 

circular area that encloses a percentage of the information 

to be filtered. In the case of low pass filters, all the 

frequencies inside this area are retained while all the 

frequencies outside are removed. The high pass filter is 

the reverse of the low pass. In general, the selection of 

the cut-off radius for smooth in g is based on the assumption 
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that the noise level is approximately five percent in the 

high frequencies. Thus, a 95 percent low pass filter is 

usually applied for noise reduction. However, this does not 

always hold true and some adjustment is usually necessary. 

The selection of the radius for enhancement is very 

difficult and depends on the type of feature to be enhanced 

and its characteristics. This type of filtering usually 

requires some trial and error processing to find the 

appropriate levels. 

The last stage of the process is to reverse the 

transforms to create the resultant spatial domain image. 

This entails an inverse FFT, an inverse Hamming window and 

the addition of the trend surface into the data. However, 

as the Fourier transform has components that extend to 

infinity and the data are in a finite region, even with 

windowing it is not possible to completely recover the data 

(Gonzalez and Wintz, 1977). 

3.5 Results of Spectral Filtering 

Smoothing/filtering was evaluated with low pass 

Butterworth filters using 99, 95 and 90 percent cut-offs. 

The 99 percent filter produced very low degrees of 

generalization, enhancement or distortion and in general did 

not appear to modify the data significantly. The 90 percent 

filter produced very noticeable generalization to a degree 
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that it introduced considerable amounts of erroneous 

information. The 95 percent filter (Figure 3.12) produces a 

generalized image minus much of the noise speckle, with 

enhancement 

boundaries. 

particularly noticeable along some edges and 

There are some areas of information distortion 

along the boundaries which have high rates of change in the 

spatial domain. This produces some ringing effects around 

the features involved. However, this produced the best 

results of the all the low pass Butterworth filters. 

Figure 3.12 Butterworth 95 percent low pass data set LP95 
(from Lodwick, Paine and Ratchinsky, 1986) 

3. 6 Filter Comparisons 

In terms of the effect that the spatial filters had on 

the data, there are three main categories. The first 
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category contains the B2R and B3R filters, which produce 

minor generalization. The B2R filter required very minimal 

CPU time while the B3R filter took twice as much time. The 

B3R filter also introduces noticeable errors into the data 

making the B2R filter the best one in this category. 

The second category contains the B2X, MED, MOD and FVN 

filters which all produced a moderate degree of 

generalization. The MED and MOD filters require minimal CPU 

time but they introduce more error and eliminate linear 

features. The B2X and FVN filters both produce 

approximately the same degree of generalization with the B2X 

filter requiring half the CPU time. 

The third category contains the B3X, B4R and B4X 

filters which all produced extreme levels of generalization. 

The B3X filter was very expensive to run but it took less 

than half the time required for the other two. Once again 

the bar filter B4R introduced noticeably more error than the 

other two. The one filter that does not fit into these 

categories is the MOD filter, which was run directly on the 

classified data to produce a generalized data set comparable 

to the first category filters. 

- 76 -



An evaluation of the two minimum variance filters shows 

that the box type produces a more generalized image with 

fewer linear features, while the bar type introduces more 

error. The major differences between these two filters is 

evident at the four pixel dimension stage where there are 

noticeable differences between the shapes of many areas in 

the final classified data set. A comparison with the 

original nonfiltered classified data set CLRAW shows that 

the box filter is the more accurate of the two. 

A comparison of the 95 percent Butterworth lowpass 

(spectral) filter with a minimum variance two by two box 

filter, one of the better spatial filters, was performed. 

Both the filters produced results with good generalization 

and significant enhancement, mainly due to the reduction of 

the noise effects. The spatial filter was superior in terms 

of its boundary definition and it did not introduce the same 

amount of erroneous information. 

the frequency domain filters 

smoothing and noise reduction. 

performed 

However, in 

In general , 

adequately for 

all cases, in comparison to the equivalent spatial 

processes, the frequency filters did not compare favourably. 

The main reason for the poorer performance of the frequency 

domain filters is that they are global filters while the 

spatial filters are local or regional operators. A global 
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operator treats all the values in the image equally while a 

local operator treats each value individually, based on the 

other values around it. 

There are other frequency domain operators that could 

be utilized which have been specifically designed to deal 

with some of these problems. However, in terms of the 

amount of computing time and the necessity for the selection 

of some kind of threshold for 

domain operators 

operators. 

are not 

3.7 Selection of Filters 

as 

the filters, 

attractive 

the 

as 

frequency 

the spatial 

The selection of a particular type of filter, such as a 

modal, median or minimum variance, depends on the objective. 

Filtering is often performed to enhance the visual 

appearance of the final product, in this case the classified 

data set. 

aesthetic 

The aim of this type of process is usually 

and the effect on the information content of the 

data is not a high priority consideration. Thus, if the 

final aim is to "clean up" the classified data set, then 

either the B2X or FVN filters would be appropriate. If 

these two do not provide the degree of generalization 

desired, then one of the larger minimum variance filters, 

such as B3X or B4X could be used. However, all of these 

filters process the PC1 and PC2 data sets before 
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classification, which costs considerably more than a post 

classification filter, such as the MOD filter, which 

produces a relatively generalized data set. 

Another aim of the processing is to produce data that 

are suitable for thematic map production. In this case the 

data have too much variance and more information than is 

required. This type of generalization requires extreme 

smoothing and the best type of filter for this would be the 

B4X filter. 

These filters can also be used as a preprocessing stage 

for further work on the raw data and this is probably the 

the most difficult type of application. In this case, the 

raw data PC1 and PC2 are used and the selection of a 

particular filter type depends on the processing to follow. 

Two such processes could be edge detection and enhancement 

or clustering, for which filters from either category one or 

two would suffice. This type of processing requires data 

with a relatively low level of noise that still retain as 

much of the original information as possible. Thus, the 

degree of generalization becomes critical and the best three 

filters in order of generalization would be the B2X, MOD and 

FVN filters. 
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It is evident that the selection of a particular filter 

type is not a straightforward process. There are many 

different and often conflicting aims to be considered which 

complicate this decision. The filters investigated i n this 

research cover a wide range of types, by no means 

exhaustive, but hopefully allow some comparison between the 

various types. 

The objectives of this stage, to generalize the data by 

developing filters that do not require global thresholds, 

iteration cutoffs or smoothing factors, have been met with 

local dynamic filters. All of the filters that passed all 

the evaluation stages do not require any selection of cut 

off levels or smoothing factors. The e f fect of filtering 

the raw PC1 and PC2 data before classif i cation was also 

evaluated with entropy calculations before and after the 

filtering and classification stages. As expected, all of 

the filters reduced the raw data entropy, indicating a 

smoothing effect. 

set, 

When these data were used to produce a classified data 

its entropy was higher than the o r iginal unfiltered 

classified data set, indicating an enhancement. The 

magnitude of these changes in the raw data was approximately 

equal and opposite to the change in the resulting classified 
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data set, even though the classification process results in 

broad interval classes. This indicates that the filters did 

in fact reduce the noise in the data without affecting the 

classification, as noise has to be assumed to be uniformly 

distributed across the range of the data. This is a 

significant result as it allows the filtering stage which, 

for most 

gradational 

filters, requires data which have some kind of 

change between classes, to precede the 

classification stage, 

data. 

which produces nongradational class 
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CHAPTER 4 

DATA STORAGE TECHNIQUES 

4.1 Introduction 

The use of digital imagery for the mapping and 

evaluation of the earth's surface at a variety of scales is 

increasing at a rapid rate. This implies that efficient 

computer methods must be developed for the storage and 

retrieval of large volumes of data, 

information derived from the data. 

as well as for the 

The method of storage is 

heavily dependent on the type of data. Therefore, it is 

essential to develop a suitable technique for the storage of 

raw digital data, filtered data and classified data. 

three data types have very different variabilities. 

These 

In the 

raw data, the individual pixels generally have values that 

differ from their neighbours, while there is some 

homogeneity in the filtered data. The classified data 

(surface cover map) have a great deal of homogeneity. This 

range of homogeneities results in the use of different 



storage techniques. Thus, this research will use six 

different data sets with a range of variances to assess the 

storage requirements of thematic data. The unfiltered PC1, 

PC2 and CLRAW data sets will be used along with the 

generalized MCLRAW, MCLB2X and the MCLB4X dats sets. 

The different uses of the data also contribute to 

different requirements placed on the storage methods used. 

The raw data are used only in applications that require the 

entire 

time. 

image, or a regular subsection of the image at one 

The same is true of the filtered data. The 

classified data, on the other hand, are destined for 

inclusion in land related information systems. This implies 

that the data must lend themselves to the various 

manipulations that are implied by their inclusion in an 

information system. These include the absence of arbitrary 

boundaries between sections of data and the use of the data 

in preparation of reports and maps, both l i ne and areal. 

The methods for data storage investigated in this work 

include pixel by pixel and run-length encoding for the raw 

and filtered data. Various forms of storage of polygons 

have also been investigated. 

encoding using point, vector 

These include 

and chain link 

boundary 

encoding 

methods. 

adjacent 

Double boundaries derived by these techniques for 

polygons are automatically merged into single 
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boundaries. 

In a land-related information system a large part of 

the data to be stored will come from digital i magery. It is 

impossible to hold the raw data in an LRIS as there is just 

too much information. This part of the research involved 

consideration of the sources and uses of the data, along 

with data volume analysis. The different methods for the 

storage of the data are presented using raw, classified and 

generalized data sets described in the previous chapter, in 

which the concepts of data reduction were also discussed. 

Only the storage of these data will be discussed here, 

including both raster and vector storage techniques. 

4.2 Data Volume 

The two Landsat systems presently available are the 

Multispectral Scanner (MSS) and the Themat i c Mapper (TM) . 

The MSS collects data at a resolution of 57 x 7 9 m to form a 

scene that covers 185 x 185 km on the ground, utilizing 

approximately 760 000 pixels. The TM collects data at a 

resolution of 30 x 30 m to form a scene that covers 185 x 

161 km on the ground, utilizing approximately 33 000 000 

pixels. 

two modes. 

The newly launched SPOT satellite collects data in 

The digital images cover a ground area of 60 x 

60 km with two resolutions of 20 x 20 m (spectral) and 10 x 

10 m (panchromatic) requi r ing 9 000 000 and 36 000 000 
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pixels respectively. This satellite also has the capability 

of collecting digital stereo 

mode. 

imagery 

If, for example, the province of 

in the panchromatic 

Alberta (661 000 sq 

km) were to be covered with a map derived from these images 

using the existing data grid sizes, the storage costs would 

be high. For a single band only, the MSS data set would 

require approximately 0.15 gigabytes, the TM data 0.73 

gigabytes, the SPOT spectral data 1.7 gigabytes and the SPOT 

panchromatic data 6.6 gigabytes. Obviously, if all of the 

available bands were stored, the volume would increase 

greatly and be more unmanageable. Thus, it is essential 

that any form of data compression that can be utilized be 

employed. 

4.3 ~torage Methods 

There are three types of positional data that can be 

stored in a land information data bank. These are point, 

This section of the research was line and areal data. 

concerned with the capture, processing and storage of one 

type of remotely sensed areal data classed as surface cover. 

While points and lines will be used to describe the areas, 

they will not be specificaly discussed. There were two 

primary types of storage methods examined in this 

investigation. The first was storage of the raster data 
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directly and the second involved the conversion from raster 

to vector data and the methods of storing the vector data. 

4 • 3 • 1 Raster Storage 

The two data formats discussed here are for the storage 

of raster data. Such data are principally used for image 

display and as input to the processing programs. Grid data 

provide the simplest format for the storage for a Landsat 

scene as all the individual data bytes are stored. Each 

line of the image is stored as a record in a sequential 

file. The size of an image that can be stored using this 

technique is limited by the maximum length that a record may 

have on the computer system being used. 

Frequently, the 

homogeneity and run 

data have a large measure 

length encoding can be utilized. 

of 

In 

these circumstances a more compact storage of the data can 

be achieved by preceeding each pixel value by a repeat 

count. The data are stored as pairs of bytes, the first 

containing the repeat count, which can vary between 1 and 

256, and the second containing the pixel value. These pairs 

of bytes are buffered into groups of 1000 to save on the 

number of disk reads required to process a scene. 
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The storage of data in raster format has some serious 

drawbacks when it comes to processing the data in an LRIS. 

The introduction of artificial 

base, due to the edges of 

boundaries 

individual 

into the data 

images, and the 

inability to easily identify homogeneous areas creates 

problems. However, the major drawback to raster storage is 

the limitation that this format imposes on data processing 

for combining, correlating or matching different data sets. 

If relations are to be established between spatial objects, 

they should be base d on abs o lute positions, which can be 

encoded with vector data, rather than the relative 

positioning of objects in raster data. For these reasons 

polygonization of the images is required and the various 

alternatives 

evaluated. 

for the 

4.3.2 Vector Storage 

storage of the polygons need to be 

Double boundary polygons result from boundary detection 

in homogeneous data sets. Algorithms can be used that find 

the boundaries of the homogenous areas by following the edge 

of the area, and keeping track of the pixels that form the 

edge (Mepham, 1985). This results in adjacent boundaries 

being found for each area. Figure 4.1 shows an image and 

the resulting bounding polygons. The next step, also shown, 

in this figure is the removal of the mid points from the 
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straight line segments. 

8 8 8 8 8 4 
8 8 8 8 4 4 
8 8 8 4 4 4 
8 8 4 4 4 4 
8 8 8 4 4 4 

Figure 4.1 

1 1 1 1 1 2 
1 1 2 2 

-----•• 1 1 2 2 • 
1 1 2 2 
1 1 1 2 2 2 

Formation of double boundary polygons 
(from Mepham and Paine, 1986) 

The double bound polygons for the study area were 

stored as a list of vertices, requiring four bytes of 

storage per vertex. This storage requirement was reduced by 

storing only the first vertex coordinates and chain encoding 

the entire polygon until it closed to the initial vertex. 

The edges of the polygon are encoded by recording the 

direction to the next vertex using the scheme illustrated in 

Figure 4.2. There are only eight possible directions to 

proceed from any point, which can be coded in three bits 

(0-7), allowing the first five bits of each byte to be used 

as a repeat count. This results in more efficient storag e 

of the data (Allen, 1985). 
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0 

4 

Figure 4.2 Chain encoding direction codes 

Single boundary polygons were derived from the 

the 

double 

boundary polygons by initially forming 

inter-pixel positions, which form the polygon 

the homogeneous area (Figure 

positions that were used by more 

4. 3 ) . 

that 

The 

two 

list of 

surrounding 

inter-pixel 

polygons are 

identified and labelled as node points. The polygons are 

then identified as a series of sinuous 1 i nes between node 

points. The coordinates of the points are stored in a 

direct access file so that they may be accessed rapidly. 

The lines, which are defined by the list of points that form 

the line, are stored in another file as are the polygons, 

which are defined by the list of lines that form the 

polygon. Each line is stored only once. In the polygon 

definition file, ·there is a direction code associated with 

each line, indicating whether it is to be used in the 
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forward or reverse direction. 

Figure 4.3 Single boundary polygons 
(from Mepham and Paine, 1986) 

4.4 Results ___ . _._. __ 
The data sets in Table 4 . 1 are ranked in ascending 

order, based on their degree of generalization (DOG). All 

the data sets in raw raster form require the same amount of 

storage regardless of their DOG. This is due to the data 

representation, where every pixel has a value. Data in this 

format can be displayed quickly on a raster display device. 

Certain operations on the data, such as sub-scene extraction 

and examining the value of a certain data element, are 

conceptually simple. They do requi r e extensive reading of 

the file however in order to find t he required data. In all 

of the other formats, the greater the DOG the less the 

storage requirement. This is a r esult of the increase in 
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the homogeneity of the data, which allows more eff i c i en t 

enc oding wi th fewer runs or polygons. 

Raster Vector 
Data Run Double Bound Singl e 
Set Grid Length Chain Vert e x Bound 

PC1 708 972 no polygons formed 
PC2 7 08 868 II II II 

CLRAW 708 458 II II II 

MCLB2X 708 1 81 540 966 1 2 1 5 
MCLRAW 708 1 6 1 393 753 939 
MCLB4X 708 1 81 1 8 1 369 474 

Table 4 . 1 Storage requirements ( 5 1 2 byte blocks) for 
the study area (from Mepham and Paine, 1 9 8 6) 

The run length encoding of the PC data was less storage 

efficient than the gr i d raster format . Th is resu l t was 

expected as the PC data have a low DOG resu lti ng i n large 

numbers of short runs. The additional storag e is due to the 

repeat c ounters required to define th e r un lengths. 

How e ve r , onc e t he data have been class i f ie d ( CLRAW), run 

length encoding is significantly more efficient. This 

result is due to the grouping of the PC data values into 

ranges represented by a single value. This a l lows long runs 

represented by two numb e rs to replace a l a rger number of 

repeated values. As the DOG increases the number of runs 

decreases and their length increases, a l low i ng mor e 

ef fi cient storage . 
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This increased efficiency is particularly noticeable in 

the smoothed data sets, which have a higher DOG, resulting 

mainly from the elimination of small areas or "speckle" in 

the data set, allowing longer runs. This format is the most 

space efficient method of all. Once again, data that are 

stored in this format can easily be used to display the 

scene or to extract a subscene. 

processing time required over 

format is easily compensated for 

storage and disk I/O. 

The small increase in 

that of data stored in raw 

by the savings in disk 

The vector format (polygonization) was only assessed 

for the smoothed data, as the other data did not have a 

sufficient DOG. The double bound polygons were the most 

efficient vector format as only the data required to store 

the boundaries were retained. Of these, the chain encoded 

polygons were all more space efficient than the vertex or 

grid raster formats. This was due to the bit packing of the 

chain codes and the repeat counters into one byte. The 

problem with chain encoded data is the difficulty in using 

it in application programs. It is not in a directly usable 

format for image display or for operations, such as 

intersection and overlay. The vertex format 

efficient storage only for the MCLB4X data set due 

polygon 

produced 

to its 

high DOG. The inefficiency of this method arises from the 

redundancy in the data, where every boundary is stored twice 
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in a nonefficient form. 

Both the vertex polygons and the chain encoded polygons 

suffer from the problem of data redundancy. Each boundary 

is stored twice, once for each polygon that it bounds. The 

problem can arise if a smoothing of the edges of the 

polygons is desired, so that the two boundaries have to be 

smoothed 

since the 

in the same manner. This is not always possible 

boundaries do not necessarily have the same 

configuration (Figure 4 . 1 ) . The single bound polygon format 

was the least space efficient form of stora g e with the 

exception of the MCLB4X data, where it was more efficient 

than the grid raster. The loss of storage efficiency was 

caused by the overhead involved in maintaining the inherent 

topology in the data representation, which makes this type 

of format attractive. In addition, with the data in this 

format, inconsistencies between polygons as a result of 

smoothing lines or altering the positions of points cannot 

occur, since there is no redundancy in the data. 

Single boundary polygons are not as space efficient as 

double boundary polygons. They do, however, have advantages 

over double boundary polygons. These advantages are in the 

use and processing of the polygons. One advantage is that 

the topology is implicitly encoded in the data. Since no 
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polygon boundary line is stored more than once, the 

determination of all polygons adjacent to a given polygon is 

simply a matter of finding what other polygons have one or 

more lines in common with the polygon of interest. In an 

LRIS data base this is a simple, fast operation, providing 

the necessary links have been established. 

A second advantage of single boundary polygons is that 

operations on the boundary lines of the polygons (e.g. 

smoothing) do not introduce inconsistencies into the data. 

Smoothing the 

double boundary 

boundaries of a polygon stored using the 

format can result in gaps between, or 

overlaps of, polygons that should be adjacent. Considerable 

post processing is needed to overcome these errors. This 

problem does not occur with the single boundary format, 

since changing the boundary of one polygon will 

automatically alter the boundary of the adjacent polygons 

because they refer to the same line record. 

This research has shown that there is no one "best" 

format for the storage of digital data. If the only use of 

the data is for display purposes or for input to image 

processing programs, then the best storage method will be 

either grid or run-length format. Which of these two 

formats is chosen will depend on the degree of homogeneity 
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in the data, with the grid format being best for data in its 

original (raw) state and the run length format most likely 

best for smoothed or filtered data. Both these formats 

allow fast retrieval of the entire image or a rectangular 

portion of it. 

If the use involves storing data derived from a digital 

image as polygons in an LRIS, then the two raster formats 

will be unsuitable. This results from the fact that it is 

not possible to quickly identify a polygon in an image 

stored using raster format. Of the three polygon formats 

examined, the most space efficient one is the chain encoded 

double boundary polygon. Unfortunately, chain encoded 

polygons are more cumbersome to work with than polygons that 

are stored using the coordinates of their vertices. For 

this reason the vertex double boundary polygon may be more 

desirable, despite the fact that it uses more storage. 
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5.1 Introduction 

CHAPTER 5 

EDGE DETECTION 

Techniques for extracting polygons from continuous tone 

grey level imagery are required and, at th i s stage, smoothed 

classified data sets with homogeneous areas are available in 

both raster and vector representation. Polygon extraction 

requires the identification of boundaries. This can be 

accomplished with the use of edge detection, with the 

traditional process for this type of work having five basic 

stages as shown in Figure 5.1 (Wheate and Lodwick, 1983): 

1 ) 

2) 

Smoothing, to reduce 

false edges, 

Edge detection, to 

rates of change, 

variation which causes 

identify areas of rapid 



.· . , 
"· . ; 

• ·--~ • • .- ••• • •• ,.,? • . . . . . ... . . . ... . 
I • • • • I 

..... 

a) Original image b) Smoothed image 

c) Edge detection d) Thresholding 

e) Thinning f) Linking 

Figure 5.1 Traditional edge detection process 
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3) 

4 ) 

5 ) 

Thresholding, to eliminate the 

value edges, 

unwanted low 

Thinning, to reduce the width of the 

edges, and 

detected 

Linking, to join the edge segments into 

continuous features. 

The first smoothing stage has been researched in Chapter 3 

and stage two of edge detection will be investigated in this 

chapter. 

An edge in an image can be defined as a local feature 

that exhibits an abrupt change in its response values from 

its neighbours. This change can be an ideal edge with a 

sharp steplike rate of change as shown in Figure 5.2a. It 

is also possible to have a gradual change, or to have some 

noise associated with it, which would produce a ramplike 

rate of change as shown in Figure 5. 2 b. There are 

three possible types of edges in an image: 

1 ) 

2) 

A boundary, which separates 

different responses, 

A linear feature, which is 

two regions of 

basically the 

boundary between a very narrow region and 

other regions, and 
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3) A spot, which has the same rate of change in 

all directions (Rosenfeld and Kak, 1982). 

I 
a) Step edge b) Ramp edge 

Figure 5.2 Ideal edge functions 

The edges in an image can be used in a variety of ways 

to extract information from the data. The traditional use 

is edge enhancement to facilitate human image interpretation 

using visual recognition (Bralley, 1979). It is also 

possible to extract features defined as linears to be used 

directly. Many examples of this type of processing are 

available in the literature, where features ranging from 

geological structures (Coupland and Vincent, 1981), sea ice 

features (Kirby, 1981) to hydrologic patterns 

have been analyzed using edge detection. 

(Kamat, 

It is 

1 9 8 4) 

also 

possible to use edges to define regions in an image to infer 

more global information about an image (Marr, 1982). 
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Recently, the introduction of computer based land 

information systems has created a need for point, line and 

polygon entities in digital form. These are present in 

digital images and have traditionally been extracted with 

human interpreters. They are located by their difference 

from background features based on a boundary around them. 

This boundary is an edge defined by a high rate of change. 

Thus the information content of an image is very closely 

tied to the recognition of the edges and their relationships 

to each other. 

In recognition of the importance of edges in images, 

there have been numerous algorithms designed for use with 

digital imagery for the automatic detection of edges. This 

wide range of approaches has been summarized by Davis 

(1975), Rosenfeld and Kak (1982), Pratt (1977), and Hall 

(1979). The various approaches have also been evaluated in 

terms of their design and performance (Abdou and Pratt, 

1979). 

The different approaches for spatial edge detectors can 

be catagorized into linear, nonlinear or best fit methods 

(Peli and Malah, 1982). The linear schema involve edge 

detection based on differencing, such as first order 

derivatives evaluated in two directions (Rosenfeld and Kak, 

1982) or in four directions (Pratt, 1977). It is also 
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possible to use a discrete Laplacian operator or an 

approximation of a Gaussian function (Argyle, 1971; Macleod, 

1972). The nonlinear approaches include the well known 

Roberts and Sobel operators (Hall, 1979) or mask matching 

approaches, such as the Prewitt and Kirsch operators 

(Rosenfeld and Kak, 1982). The best fit methods involve 

fitting a simple function to the data and then using either 

the local gradient or deviations from it (Rosenfeld and Kak, 

1982) or defining the edge as an intersection between 

different functions (Burns, Hanson and Riseman, 1986). 

It is also possible to class the various approaches 

into local, regional and global techniques. The local and 

regional methods differ mainly in the size of the area that 

is utilized in calculating the presence of an edge (Shaw, 

1979). The global approach employs some kind of universal 

criterion, such as high pass filtering in the spectral 

domain (Lodwick, Paine and Ratchinsky, 1986). 

still 

Regardless of the type of edge detector used, there is 

the problem of noise or variance in the data, which 

will cause false edges or fragmentation of existing edges. 

There are three basic approaches to solving this problem. 

The first involves filtering the data with a smoothing 

filter before the edge detection process (Paine and Mepham, 

1986). Secondly, the noise or variance is accounted for 
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during the detection stage with the use of a statistical 

test of some kind (Kashyap and Bauer, 1983; Suk and Hong, 

1984) or a combination of a variety of statistical tests 

(Chittineni, 1983). These methods only extract the 

statistically significant edges in an image. The third 

approach is to eliminate the unwanted edges with post 

processing. 

(Schachter, 

This can involve reinforcement techniques 

Lev and Zucker, 1978) or elimination by 

thresholding (Gurney, 1980). 

The intent of this research was to design and implement 

an automated technique for edge detection in the study area 

that has some kind of consistent logic linking the various 

stages of detection and formation. The design criteria 

applied to this development also proposed that artificial 

limits should be avoided if at all possible, so that user 

experience would not influence the outcome of the process. 

If these criteria could be met, then the process would be 

capable of producing consistent reliable results. 

The objective of this aspect of the research was to 

find the best candidate for the actual identification of 

edges without consideration of any of the other edge 

detection stages. The prime consideration was that the 

final technique to identify the edges meet the same 

requirements set out for the smoothing stage. The edge 
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detectors chosen for investigation were selected or designed 

to operate with no thresholds and no assumptions. 

There were four basic types of spatial edge detectors 

considered: 

1) Noncentred gradients, 

2) Centred gradients and derivatives, 

3) Difference of areas, and 

4) Fixed masks. 

The frequency domain high pass filter was also evaluated for 

several cutoff levels. These techniques were all tested and 

assessed on the same qualitative basis as the smoothing 

stage discussed in Chapter 3. 

5.2 Edge Detector Design 

All of the edge detectors are noniterative and only 

require a single pass. Most of the operators were confined 

to a three by three pixel area centred on each pixel to 

localize the effect. This is important, as edges can be 

very close, and large area detectors, which are not 

selective in their choice of sample data, will run the edges 

together. It is also desirable to produce edges that are 

thin and sharp and the smaller the detector radius the 

better the results. All of the specific operators evaluated 

are tabulated in Table 5.1. 
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Nonc e ntred 
Gradient 

1x2 pixels 
1x3 pixels 

Table 5.1 

Centred 
Gradient/Derivative 

1x3 pixels 
1x5 pixels 

double centre wt. 
Laplacian 

Difference Fixed 
of Areas Masks 

1x3 pixels XY Wong 
1x3 pixels XYDiag 

Sobel 
Prewitt 

Diff. of Means 

Edge detection operators evaluated 

Two of the gradient detectors and a fixed mask operator 

were tested with a window of five by five pixels. The new 

edge values were rounded to the nearest integer value for 

ease of comparison and display, then written to a new file 

to preserve the original data and avoid interference. 

The noncentred gradient algorithm (NC) was designed to 

calculate the distance weighted gradient in eight directions 

around each pixel. This operator was tested with dimensions 

of one by two and one by three pixels. 

was then used as the new edge value. 

The maximum gradient 

The centred gradient 

algorithm (CN) uses the same calculations as the noncentred 

method and was evaluated with the two different sized areas. 

The difference is that the gradients are centred on the 

pixel and the calculation is only performed on four 

orientations. The formulae for these two algorithms are: 
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NC 

CN 

where 

Max 

Max 

V (x,y) - V (x+i,y+j) 

V (x-i ,y-j) - V (x+i ,y+j) 

Vis the value at position x,y in the image 

i - 1 , 0, 

and j -1 , 0, 1 . 

( 5 • 1 ) 

( 5. 2) 

Two other centred derivative operators, which employ 

two different weighting schemes, were also evaluated. The 

first weighting uses a simple double weight for the central 

pixel value in the calculation while the second uses a 

finite Laplacian weighting approach utilizing the formula: 

LP 

where 

V (x-1 ,y) + V (x+1 ,y) + V (x ,y- 1 ) 

+ V (x,y+1) - 4V (x,y) 

Vis the value at position x,y i n the image. 

( 5 . 3) 

These techniques use the sum of all the derivatives 

to the nearest integer for the new edge value. 

rounded 

Five difference of areas operators, which utilize 

different sizes of areas and weighting, were also evaluated. 

These methods do not use the central pixel value but 

calculate the difference between the values in the two areas 

on opposite sides. Two algorithms, with small one by three 
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areas centred on the pixel being evaluated, used the square 

root of the mean sum of squares of the rate of change. The 

first one utilized the differences in the X and Y directions 

only, while the second one used all four directions with the 

formula: 

XYG = ( 5 . 4 ) 

where 

Vis the value at position x,y in the image 

Dx V (x-1 , y) - V (x+1 ,y) 

Dy V (x,y-1) - V (x,y+1) 

D1 V (x-1 ,y-1) - V (x+1 ,y+1) 

D2 V (x-1 ,y+1) - V (x+1 ,y-1) 

and .6.D Dx 2 + Dy2 or D 1 2 + D2 2 . 

Three other difference of areas operators, which use three 

pixel areas on each side of the centra l pixel, were also 

evaluated. These were the Sobel, Prewitt and a difference 

of means operators. The Sobel and Prewitt use a weighting 

which doubles the central pixel value in each area in the 

difference calculation. The Sobel operator calculates the 

difference in the X and Y directions while the Prewitt 

operator uses all four directions (Figure 5 . 3 ) . 

difference of means operator calculated the means of 

The 

three 

by three pixel boxes (Figure 3.1) in all eight directions 

and took the difference of these for the measure of the rate 
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of change. 

-1 0 1 -1 -2 -1 -2 -1 0 0 -1 -2 

-2 0 2 0 0 0 -1 0 1 1 0 -1 

-1 0 1 1 2 1 0 1 2 2 1 0 

Figure 5.3 Sobel and Prewitt operators 

The fixed mask was a filter proposed by Wong (1979), 

which uses a central weight of -32 and offsetting weights 

totalling +32 in a five by five mask, centred on the pixel 

being evaluated (Figure 5.4). 

1 1 1 1 1 

1 2 2 2 1 

1 2 -32 2 1 

1 2 2 2 1 

1 1 1 1 1 

Figure 5.4 Wong mask 

In terms of frequency filtering for the extraction of 

edges and linear features, the same 90, 95 and 99 percent 

cut-off levels as those for the low pass filter were used. 

The preprocessing for this type of filtering was described 

- 107 -



in Chapter 3. However, here, these are high pass filters 

that remove the low frequency components of the data signal. 

This results in the retention of high frequency data that 

can be considered as those data that have a high rate of 

change. This should preserve the edge values in the image, 

as this is the definition of an edge, but it will also 

retain the "noise" in the data. 

5.3 Assessment Procedures 

A well designed edge detection algorithm should produce 

consistent results on data with varying degrees of noise or 

variance. Thus, the algorithms were all initially evaluated 

on a subset of the smoothed classified data set MCLB4X 

(Figure 5.5) to evaluate their performance on data with zero 

variance. They were then tested on a subset of the 

unfiltered first principal component data set PC1 which has 

a high degree of variance (Figure 5 • 6 ) • A qualitative 

assessment of the edge detection algorithms was carried out 

by displaying the results on a colour raster screen. 

involved three different criteria for assessment of 

effects: 

1) How thick are the resultant edge areas, 
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Figure 5.5 Zero variance test data set (MCLB4X) 

Figure 5.6 High variance test data set (PC1) 
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2) 

3) 

Do the algorithms maintain a continuous 

and 

edge, 

How much of the edge image 

nonedge (zero value). 

is evaluated as 

These critera are not totally independent of each other 

as a good edge detector often has a low rating of 

performance for one aspect to have a high rating on the 

others. For example, an algorithm that maintains a high 

degree of edge continuity may do so by having thicker edges 

that merge together, and will exhibit a low percentage of 

zero value edges. 

thin continuous 

So the ideal edge detector should produce 

edges with zero values on each side or 

clustered together in homogeneous areas. 

The PC1 test data (Figure 5.6) have examples of all the 

various types of edges. The lakes exhibit boundary edges 

with a sharp step edge on the lake side and a ramp edge on 

the shore side. A good example of a strong boundary edge is 

the left side of the top lake while a weak edge of this type 

is evident along the lower shoreline of the bottom lake. 

There is also a powerline cut through the forest running 

parallel to, and to the right of, the top lake. This 

creates in the image a prominent linear feature, which is 

one or two pixels wide with sharp edges on both sides. It 
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has both weak and strong edges in various orientations with 

a variety of background contrasts. There is also an area in 

the left centre of the image that has edges in close 

proximity to each other with a high degree of variance. 

These were the primary edges used in the evaluation stage of 

this research. 

5.4 Results 

The results of processing the MCLB4X data produced 

three types of edge images. The first type resulted from 

the algorithms that had a radius greater than one pixel. 

They were the noncentred and centred gradient operators with 

the larger extent and the Wong filter. The resultant edges 

(Figure 5.7) were three or four pixels wide and there were 

no zero value pixels. The second and third types were all 

from algorithms that used a radius of one pixel and they 

both produced zero value pixels in the homogeneous areas. 

The second type contained all but two of the remaining 

operators and produced edges that were all two pixels wide 

(Figure 5.8). The third type contained the difference of 

areas in X and Y only, and the finite Laplacian operator. 

These two produced edges of two pixels in width for 

horizontal and vertical edges and one pixel wide for 

diagonal edges (Figure 5.9). 
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Figure 5.7 Three and four pixel width detectors 
(MCLB4X data set) 

Figure 5.8 Two pixel width detectors (MCLB4X data set) 
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The noncentred gradient operators utilizing the one by 

two pixel area (Figure 5.10) defined both the boundary edges 

and linear features. The linear features exhibited an edge 

on both sides but the overall image has a fuzzy appearance 

due to a tendency to thicken some strong edges. This 

When a algorithm produced a low percentage of zero values. 

one by three area (Figure 5.11) was used, both types of edge 

were detected and the linear features were reduced to a 

single pixel in width. This larger area operator did not 

produce any zero values. 

The centred gradient algorithm using a one by three 

area (Figure 5.12) detected both types of edge equally well 

but the linear features were weak in some areas. The 

resultant edges were 

numbers of zero values. 

slightly thick 

When the one 

and there where low 

by five pixel area 

(Figure 5.13) was used, the boundary edges were detected as 

relatively thin edges. The linear features were detected 

only if the edge was strong and in these cases resulted in 

thin edges. This method produced single pixel linears and 

did not calculate any zero value pixels. 

The first weighting scheme for the centred derivatives 

with the double weight for the central pixel (Figure 5.14) 

exhibited poor definition of all types of edge. The edges 

were noncontiguous and there was a low percentage of zero 
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Figure 5.9 Two and one pixel width detectors (MCLB4X 
data set) 

F i gure 5.10 Noncentred gradient one by two pixel operator 
(PC1 data se t ) 
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Figure 5.11 Noncentred gradient one by three pixel operator 
(PC1 data set) 

Figure 5.12 Centred gradient one by three pixel operator 
(PC1 data set) 
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Figure 5.13 Centred gradient one by five pixel operator 
(PC1 data set) 

Figure 5.14 Centred derivative (central weight double) 
operator (PC1 data set) 
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values. The overall image had a grainy appearance 

indicating a high level of interference. The second scheme 

using finite Laplacian weights (Figure 5.15) 

Figure 5.15 Finite Laplacian weighting operator 
(PC1 data set) 

also produced badly fractured edges with low edge contrast. 

It resulted in a high level of zero values and a very noisy 

speckled image. 

The one by two area difference of areas algorithm 

calculated in the X and Y directions (Figure 5.16) defined 

all edge types well with the linear features exhibiting 

edges on both sides. There is some loss of edge definition 

in areas of low contrast and the resultant image had low 

levels of zero value pixels. When this method used all four 
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directions (Figure 5.17) it produced strong sharp edges with 

good continuity. It causes some loss of detail in the 

linear features due to the low levels of zero values, 

would define the linears. 

which 

The difference of means approach (Figure 5.18) resulted 

in sharp continuous edges showing some minor loss of detail 

in the linear features. It also produced an image with a 

low percentage of zero values. Application of the Sobel 

operator (Figure 5.19) resulted in sharp edge definition for 

all types of edge. However, there is some minor fracturing 

of low contrast edges. This algorithm calculated a moderate 

percentage of zero value pixels. The Prewitt operator 

(Figure 5.20) produced sharp edges with good continuity. 

There is some minor loss of detail in the linear features 

and the final result has a moderate 

pixels. 

level of 

All of the edge detectors discussed above 

zero value 

are local 

dynamic filters, which operate in the spatial domain. A 

global frequency domain Butterworth filter was also 

evaluated. The high pass 99 percent filter produced poorly 

defined edges and linears due to a low discrimination of the 

change. rate of 

linears that were 

continuous edges. 

The 90 percent filter created edges and 

too fractured to clearly identify 

The best frequency filter for edge 
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Figure 5.16 Area difference (X and Y directions) operator 
(PC1 data set) 

Figure 5.17 Area difference (all compass directions) 
operator (PC1 data set) 
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Figure 5.18 Difference of means operator 
(PC1 data set) 

Figure 5. 19 Sobel operator 
( P C1 da ta s et) 
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Figure 5.20 Prewitt operator 
(PC1 data set) 

Figure 5.21 Butterworth 95 percent high pass filter 
(from Lodwick, Paine and Ratchinsky, 1986) 
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detection was the 95 percent (Figure 5.21) which produced 

continuous linears without undue thickening. However, this 

filter still suffered from considerable noise effects, which 

severely reduced the potential of the final image. 

5.5 Filter Evaluation ------ --------~~ 

The edge detection techniques investigated in this 

research can be divided into three groups. The first group 

comprises algorithms that use radii greater than one pixel 

and this contains the noncentred one by three pixel and the 

centred one by five pixel gradients, as well as the five by 

five Wong filter. The second grouping comprises those 

operators giving poor edge detection, and is made up of the 

centred derivative, the finite Laplacian and the high pass 

Butterworth frequency filtering algorithms. The third group 

is defined by the operator effect on the data, and is 

comprised of the one by two noncentred and the one by three 

centred gradients, the rate of change weighting method and 

the one by two area difference algorithms for X and Y or all 

eight direction approaches. It also contains the directed 

area difference algorithms, with the Sobel operator, the 

difference of means and the Prewitt operator. 
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The initial tests on the MCLB4X homogeneous data set 

show the effect of the radius of the algorithms, which is 

difficult to assess in a high variance data set, such as the 

PC1 data. The two algorithms that did produce the single 

boundary diagonal edges both had restricted areas of 

operation, which exclude the four diagonal corners of the 

three by three box, defining the one pixel radius area 

around the central pixel. It is easy to see that the 

increase in the radius of the edge detector will cause 

thickening of the edges. 

The best detectors were those confined to a small 

radius area. This result was not unexpected as two of the 

assessment criteria, thin edges and the number of nonedge 

values, 

possible 

favour a spatially restricted operator. The 

the weaknesses of these algorithms are 

fragmentation of edges due to local variance and the low 

level of detection of gradual change edges. However, as the 

resolution of the data collection systems is low in 

comparison to the spatial rate of change in the phenomenon 

being sensed, only the edge continuity is a serious 

consideration. This was reflected in the results, where the 

1 ar ge extent techniques produced thick edges and very fuzzy 

images, causing problems for all of the algorithms that use 

a radius greater than one pixel. 

detection alogorithms were all 
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consideration for use with this kind of data. 

The second group of detectors was also removed from 

further consideration as they produced poor results. These 

detectors were greatly influenced by the noise in the image. 

As a result, their edge images were masked by random noise, 

which thickened or obscured the final edges. In particular, 

the Butterworth highpass filter did not compare well to the 

spatial filters. The effect of the noise in the frequency 

filter result masks the edges making it undesirable, 

particularly in comparison to the spatial filters. It is 

possible to restrict the frequencies used for this type of 

filtering to a narrow band, such as a 95 to 97 percent 

cutoff. This could reduce the effect of the "noise" in the 

final edge image and produce more acceptable results. 

However, 

images. 

the choice of the band width would vary between 

The third and largest group of operators produced 

acceptable results but they all exhibited some deficiencies. 

These problems occurred with edges that had low rates of 

change or contained some change or variation along the edge, 

and resulted in areas of edge discontinuity. It is the area 

difference algorithms that produced the best results. These 

area difference algorithms either ignored the value of the 

central pixel, as with the small area methods, Sobel and 
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Prewitt operators, or used it indirectly as part of the 

mean. In terms of straight edge detection, the methods in 

group three can be ranked in order, from least effective to 

most effective, as the four-direction small-area algorithm, 

the difference of means, the Prewitt operator, the 

two-direction small-area algorithms and the Sobel operator. 

The edge detection stage of the polygon formation 

process 

arises 

is often overlooked, as much of the difficulty 

in the last two thinning and linking stages. 

However, this research has shown that there are definite 

differences in the final results between various operators. 

A wide range of different edge detection algorithms was 

investigated using the Landsat data set for the study area 

and the best technique was selected. The difference of 

areas approach produced the most consistent results, with 

the Prewitt operator, the difference of means and the Sobel 

operator in order of performance. These methods produced 

very similar results so that, if the edges are to be used 

for the formation of polygons, the final selection will have 

to be made after the thinning and linking stage investigated 

in the next chapter. 
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CHAPTER 6 

BOUNDARY FORMATION 

6.1 Introduction 

In the traditional five stage edge detection process, 

as outlined in Chapter 5, the thresholding stage is 

necessary to allow further processing. This comes about 

mainly because of the combination of conflicting goals in 

the first two stages, where the generalization stage tends 

to reduce the high rate of change areas and the edge 

detection stage tries to enhance the high rate of change 

areas. This produces results with many low value "false" 

edges, which can create insurmountable problems in the final 

two thinning and linking stages because the algorithms 

i n v o 1 v e d do not have d y n am i c ad a p t ab 1 e p r -o c e s s e s but r e 1 y on 

global predefined rules for their utilization (Bryant and 

Bouldin, 1979), or on some kind of local fixed filter (Wong, 

1979). This is necessitated by the inconsistent treatment 

of the edges in the various stages of the process. 



As this research aimed to develop a consistent 

definition of edge for all stages, this problem should be 

reduced and the third thresholding stage should not be 

required in the processing of the Landsat data. It is also 

important for this process to produce closed polygons from 

the edges. The end product from traditional edge detectors, 

even after thinning and linking, often leaves gaps and 

unclosed polygons. This necessitates some kind of human 

interaction to close these gaps. Thus , the design of the 

final two stages has to incorporate the same logic for 

identifying the edges that previous stages 

allow more consistent processing. 

employed, to 

Both the smoothing and edge detection techniques 

identified as the most reliable involved algorithms that 

took into account some kind of spatial orientation. 

Therefore, the final two stages should also utilize the 

spatial information in the image. This led to the design of 

thinning and linking algorithms that utilized the 

orientation of the edges to make decisions for each of these 

processes. Thus, the definition of an edge is not based 

solely on the high rate of change, rather it is based on the 

direction (orientation) of rates of change. This is 

consistent with the first two stages of the process where 

the best smoothing and edge detection techniques involved 

the spatial selection of specific data for each operation. 
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Most 

magnitude 

edge 

of 

detection schemes 

the data in some 

utilize the gradient 

manner to decide on the 

presence of an edge and its importance. A few approaches 

utilize the orientation of the detected edges as secondary 

information, or for further processing. This usually 

involves a mask matching approach, with fixed masks to cover 

all the possible edge orientations through a point. The 

Sobel, Prewitt, Kirsch, and Frei and Chen operators all 

utilize orientation masking of some kind to decide whether 

or not an edge is present (Rosenfeld and Kak, 1982; Hall, 

1979). It has also been postulated that human visual 

perception of features is closely tied to orientation (Marr, 

1982). This is based on the theory that the actual 

physiological response to edges involves their orientation 

(Ikonomopoulos, 1982). 

Algorithms designed to incorporate the orientation 

theory all assume that the edge is straight at any given 

point and the masks are designed to detect this type of 

edge. Even at very local levels 

regions) this is not a safe assumption, 

(three by three pixel 

particularly in a 

complex remotely sensed image. There is also the problem of 

more than one edge within the mask area, and the high 

computational costs involved in utilizing multiple masks 

( Ikonomopoulos, 1982). 
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reasonable approach would utilize the A more 

orientation information calculated with the magnitude to 

directly define the edge. This type of process has been 

used to define a "line support region" based solely on the 

local maximum gradient orientation (Burns, Hanson and 

Riseman, 1986). These authors state, quite correctly, that 

the local gradient can vary significantly due to noise and 

variation in the data. However, the local gradient 

orientation is much more consistent and less susceptible to 

noise and variation effects. Another advantage to using the 

orientation as the primary detection parameter is that the 

magnitude of the edge can vary significantly along its 

length, causing problems in fragmented edges at the later 

stages of thinning and linking. The orientation, however, 

remains relatively consistent regardless of 

magnitude of the gradient. 

the change in 

A final consideration in this type of edge definition 

involves the size and number of the areas used to calculate 

the gradients and their orientations. If the gradient is 

calculated over a large area, narrow edges or linears will 

not be detected and, if the calculations are carried out for 

a large 

fragmented. 

number 

This 

of orientations, 

problem has been 

the edges will be 

addressed by Burns, 

Hanson and Riseman (1986) who showed that a small local area 

of one by two or two by two pixels 
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results. They also investigated the problem of the number 

of orientations, with inconclusive results. However, their 

technique involved fitting straight lines through the 

potential edge areas and they wished to avoid the 

overlapping of these regions. The technique developed for 

this work does not suffer from this constraint and, as such, 

utilizes the eight compass directions for calculations. 

This is also intuitively acceptable, as the small region 

involved would only allow eight neighbours for any given 

pixel. 

A review of the attempts to incorporate some kind of 

orientation into edge processing shows that most methods are 

only valid for relatively straight edges and will be, at 

best, approximations of tightly curved edges. Thus, an 

approach that can utilize the orientation parameters for all 

types of edges is required. More importantly, a consistent 

definition of an edge that applies to all of the stages has 

to be defined, which allows a logical set of rules, which 

can be adapted as the data dictate. 

6.2 Gradient Thinning 

The thinning stage is necessary if boundaries of 

uniform thickness are to be produced. The process is 

usually performed on a binary image resulting from the edge 

detection stage. In this type of image, the positions 
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detected as edges have been assigned the value 1 and all the 

rest have a value of 0. Thus, the problem is to thin the 

edge down to a single pixel width, by eliminating the pixels 

from the outside in to the central pixel. There is no 

consideration of the values of the detected edges, so this 

procedure is based on the idea that the central pixel is the 

best estimate of the edge. 

Stefanelli and Rosenfeld (1971) proposed several 

approaches for thinning fuzzy edges down to a medial line of 

constant thickness. These all maintain the connectivity of 

the edges throughout the entire image. 

(1982) proposed a two pass technique 

Shanmugan and Paul 

that thins in the 

horizontal and then the vertical directions. They detect 

the direction of the edge feature in each orientation and, 

if it does not match the horizontal or vertical, then the 

thinning is performed. This produced good results except 

for cases when the edges were close together. In these 

areas the algorithm tends to merge the edges or fragment 

them. 

The weakness of this approach for thinning edges in 

remotely sensed data is that edges are often very close and 

the edge detection stage often results in fuzzy edges, with 

the edge in a noncentred position. This creates a situation 

in which the actual edge strength has to be utilized to find 
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the best position for the final single edge pixel. 

An alternative technique was investigated by Dyer and 

Rosenfeld (1979) who defined a measure of connectivity 

between edge points based on their gradient values. This 

method prevents the removal of any pixel from the edge if it 

causes a loss of connectivity between any of its 

neighbouring potential edges. The results of this algorithm 

were positive. However, the authors point out that it 

results in weakened connectivity and would require further 

refinement of the algorithm. This method does not require a 

threshold to perform the thinning but there is a value 

defined as a percentage of the connectivity that has to be 

set in the decision rule for the thinning. 

As most thinning algorithms were either designed for 

binary data or required complex calculations of 

connectivity, a new technique was developed. This thinning 

algorithm first locates the orientation of the maximum rate 

of change, using a one by three pixel mask evaluated in all 

eight compass directions around all nonzero gradient pixels. 

Then, if the central gradient value is a maximum in the 

three pixels defining the largest rate of change, it is 

stored as a boundary in a new file (Figure 6 .1). 
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0 1 2 3 2 1 0 3 

..... 0 1 2 3 2 1 0 .... ...... 
0 1 2 3 2 1 0 
0 1 2 3 2 1 0 

Figure 6.1 Gradient edge thinning 

A second pass through the data is required, as the 

gradient strength along an edge can vary, and it is possible 

to eliminate a boundary pixel if the two edge values on 

either side along the boundary are larger. If a pixel is 

going to be eliminated, the second pass checks to see if the 

two adjacent pixels in the maximum rate of c h ange direction 

have been turned on in the boundary file. If this is the 

case, the pixel is not eliminated and it is turned on as a 

boundary position in the new file. It should be noted, 

however, that the gradient method does 

orientation determination in its operation, 

the case for a localized orientation 

boundaries. 

incorporate an 

which advances 

definition of 

Edges have always been defined as a rate of change 

first and then, at a later stage, some kind of orientation 

- 133 -



is usually incorporated for the f i nal def in ition of the 

boundary. However, if the definition were based pr imarily 

on the orientation of the rate of change, it should result 

in a lower level of processing at later stages. A simple 

definition of an edge could be "that an edge exists wherever 

there are positions which have opposite orientations of 

t he i r ma x imum rates of change" (Figure 6.2). 

15 15 15 15 15 
15 10 10 10 15 
15 10 10 10 15 
15 10 10 10 15 
15 15 15 15 15 

Figure 6. 2 Orientation edge defin i t io n 

The algorithm developed t o pe r form t his type of 

p r ocessing is straightforward and requires very few lines of 

code. First, at each pixel location the rates of change are 

calculated for all eight compass directions. The maximum 

rate of change is calculated and its orientation is encoded 

with a value from Oto 7 clockwise from north (Figure 4.2). 

This value is then stored in a separate orient a tion matrix, 

which is used to define the edges. 
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There are only three decision rules that have to be 

checked for nonparallel orientations. An orientation pair 

is defined as nonparallel if the orientations differ by more 

than plus or minus one compass division. The first rule 

states that, if an orientation points at another orientation 

that is not parallel to it' then an edges exists. The 

second rule states that, if the central position orientation 

is one of the four cardinal directions (horizontal or 

vertical), then the orientations of the plus and minus two 

compass positions are checked for nonparallel orientations. 

The third rule states that, if the central position 

orientation is not a cardinal direction (diagonal), then the 

plus and minus one compass directions are checked for 

nonparallel orientations. If any of these comparisons 

results in a nonparallel pair, then an edge is encoded in a 

new file. This results in a double boundary with a single 

pixel on either side of the edge (Figure 6 . 3) . 

At the completion of this stage, the edge is only 

that 

two 

the 

edge 

pixels wide and it is clearly defined, so 

orientation of the edge is easy to determine. Now the 

can be thinned to a single pixel based on the gradient 

strength. 

maintaining 

This thinning is easy to implement, while still 

the edge continuity, as only the two pixels 

across the edge are involved. As only one of them will be 

eliminated (Figure 6. 4) the continuity of the edge will 
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Figure 6.3 Orientation edge boundary 

still be maintained. This produces a single pixel edge that 

requires less linking, as the linking only has to bridge the 

gaps resulting from variance in the original data and 

sections of the edge that are nondefinable. 

10 7 1 0 0 0 
7 8 0 1 0 0 

+ • 
9 6 5 5 
7 7 6 4 

1 0 0 0 
1 1 1 0 

3 5 0 0 0 1 
4 3 0 0 1 0 

Figure 6.4 Orientation edge thinning 
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The final one pixel boundary that results from any of 

these processes i s ' at best, an approximation to the edge 

location. The real location has a subpixel coordinate that 

may or may not be located in the single pixel boundary. In 

many cases, where the edge has equal rates of change on both 

sides, 

pixels. 

the boundary is located between the large gradient 

In this case the best representation of the edge 

would be a double boundary in pixel coordinates or a single 

boundary in subpixel coordinates. As discussed in Chapter 

4' the single boundary is the preferred method for vector 

representation, so the subpixel coordinate system should be 

used. 

The conversion from double to single boundary 

representation is relatively straightforward if the data are 

generalized and the edge detection scheme produces two 

distinct boundaries. However, in data with some variance, 

these double boundaries are difficult to define. Locating 

the subpixel boundary based on the two largest gradient 

values in an area does not always produce acceptable 

results. 

an abrupt 

another 

If there is some variance along the edge, such as 

change in direction or an intersection with 

edge, the gradient based subpixel boundary can be 

misplaced. 
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If the orientation o f ea c h p i xel is used, t he l oca ti on 

of the subpixel boundary is much more consistent. The 

boundary exists between opposite orientations and can simply 

be placed between these two pixels, or a distance weighting 

based on their grad·ient values can be i n voked to place the 

boundary. This approach with the orientations also 

eliminates the thinning stage, as the double or wider edge 

is reduced to a single subpixel boundary in one step (Figure 

6 . 5 ) . 

• 

Figure 6.5 Orientation edge to s ubpixel boun da r y 

The case of edge intersections will still result in a 

gap that will require linking but these gaps should be 

smaller than those that would result from gradient defined 

boundaries. In most cases, the resulta nt gap should be less 

than one pixel wide, as the orientations a l ong an edge are 

more consistent, even where edges intersect. 
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The advantages discussed above make the definition of 

edges based primarily on orientation, or orientation in 

combination with gradient values, attractive. For example, 

if a gradient defined edge image exists and single bound 

vector representation is required, this can be used as the 

input data for the orientation boundary algorithm, which 

produces single width subpixel boundaries. This solves many 

of the problems of thinning and linking that result from 

traditional gradient thinning of this type of edge. 

6.4 Boundary Linking ..... ~------ -------

Existing linking algorithms find the nearest edge value 

to the target edge pixel and join it to that position (De 

Simone, 1985). The search can be directed along the trend 

of the edge but more than one potential link can still be 

identified. If this occurs in a binary edge image, the 

choice of the best link is either arbitrary, or both 

potential links are 

(rates of change) 

used. If a range of edge strengths 

is available then the one with the value 

nearest to the linked edges is selected. This is often 

successful but it is not always accurate, as the value of 

the edge can change along its length and other edges, 

should be linked, may not have the same value. 
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The orientation can also be utilized in the linking 

process to help determine the best link in the case of more 

than one potential link. If the orientation is used, it 

adds another parameter to the decision, and the link which 

has the most parallel orientation is chosen. This is a much 

more stable measure, as the orientation of the edge is more 

consistent along the edge than is the rate of change. 

The linking algorithm designed for this research is a 

multipass process. The first pass identifies all the 

potential link positions and flags them. The definition of 

a potential link is a nonboundary position that has two 

boundary pixels on opposite sides. Thus, the potential 

links are restricted to single pixel gaps and the search is 

only for gaps along the direction on 

resultant data set is then processed 

the edge. The 

to turn on the 

appropriate potential links as boundaries, based on the 

number and relative position of the existing boundaries and 

other potential links. Conflicts between two or more 

potential links are resolved with their rate of change value 

and orientation. 

After these directed links have been evaluated and 

turned on, a final pass through the data is performed with a 

proximity linking algorithm. This technique locates the 

boundary pixels that only have one immediate boundary 
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neighbour and searches for the nearest boundary. This 

search starts along the trend of the boundary and, if 

nothing is found, it then looks on both sides. The search 

stops after plus or minus two compass directions from the 

trend to avoid thickening the existing boundary. Ties are 

resolved in the same manner as the potential link ties 

described above. If no links are established for one of 

these points, then the boundary is extended one pixel along 

the trend of the boundary. This link and growth process is 

iterated until a rate of change of less than ten percent 

between consecutive iterations is reached. 

The final pass through the data is a clean up process 

that removes any single points and thins the boundaries down 

to a single pixel. This thinning is only performed on 

diagonal stair step boundaries to eliminate the staggered 

There is also an option to remove any linears that do edge. 

not form closed polygons. This last option iteratively 

"nibbles" back along a boundary until it reaches a position 

that has more than one immediate boundary neighbour. The 

linear removal process was used, not only to clean up the 

image, but also to evaluate the degree of closure of the 

polygons in the final thinned and linked data set. 
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6.5 Results 

The thinning algorithms were evaluated on the best 

three edge detection operators identified in Chapter 4 but 

the results will only be displayed for the Sobel operator 

(Figure 5.19) as it produced the best thinning and linking 

results. Both the gradient and orientation techniques, and 

a combination of the two, were tested. The results were 

evaluated on the basis of the degree of thinning versus the 

fragmentation of the edges. A good thinning algorithm 

should produce a single pixel width edge that still has 

continuity for all strengths of boundaries. 

The gradient thinning algorithm produced single pixel 

boundaries with equal success on strong and weak boundaries 

(Figure 6.6). There are however many areas of fragmentation 

that create large gaps in some of the obvious polygons that 

have to be closed with linking. The orientation thinning 

algorithm produced single boundaries for weak edges but did 

not completely reduce the multiple pixel widths for some of 

the strong boundaries (Figure 6.7). This technique does 

maintain a strong degree of boundary continuity, which will 

reduce the linking process. A combination of these two 

thinning methods was also evaluated (Figure 6.8). 

The edges are all a single pixel in width and there are few 

gaps of large magnitude resulting from this thinning. 
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Figure 6.6 Gradient thinned edges of Figure 5.19 

Figure 6.7 Orientation thinned edges of Figure 5.19 
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Figure 6.8 Combination thinned edges of Figure 5.19 

The linking algorithm was tested on the three thinned 

data sets produced from the thinning process discussed 

above. The program was iterated until the ten percent 

change level was reached and the resultant data were 

smoothed. The gradient thinned data had the highest number 

of links established on the first iteration of approximately 

1200 pixels and required six iterations before completion 

(Figure 6.9). The final product had a high percentage of 

unclosed polygons and random linears. The orientation 

thinned data had the lowest first pass link count of 

approximately 600 pixels and it took six iterations to reach 

a solution (Figure 6.10). 

level of unclosed polygons, 

These data also exhibited a high 

but fewer than the gradient 
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Figure 6.9 Linked gradient boundaries of Figure 5.19 

Figure 6.10 Linked orientation boundaries of Figure 5.19 

- 145 -



method, and with smaller gaps. The combination thinned data 

had approximately 800 pixels linked in the first pass and it 

required five iterations to finish (Figure 6.11). This 

method produced data with a moderate number of unclosed 

polygons and relatively small gaps. 

The new orientation definition of a boundary was also 

tested on the homogeneous MCLB4X data set (Figure 5.5). 

This process produces single pixel width polygons defined in 

subpixel space, situated equally between pixels that have 

opposite maximum gradient orientations. The first pass 

produced the orientation edge data set (Figure 6.12) for the 

MCLB4X data. This is then used to form directly the single 

width subpixel boundaries (Figure 6.13). As this produced 

acceptable results, the complete technique was also 

evaluated on the unfiltered raw PC1 data set (Figure 5.6). 

In this case the linking is carried out on the single width 

subpixel boundaries with much greater success than the 

methods discussed above, only requiring two iterations 

(Figure 6.14). There is a very low percentage of nonclosed 

polygons, as any gaps that were present were small. 

As a final test of the definition of the orientation 

boundary the best combination of algorithms for all four 

stages of the process (smooth i ng, edge detection, 

and linking) was performed on the PC1 data. 
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Figure 6.11 Linked combination boundaries of Figure 5.19 

Figure 6.12 Orientation edge detection algorithms 
on Figure 5.5 
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Figure 

Figure 6.14 

Final subpixel boundaries using orientation 
algorithms for Figure 6.12 

Final subpixel boundaries using orientation 
algorithms for Figure 5.6 
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spatially oriented minimum variance (B2X) filtering was 

employed to produce the input data for the orientation 

algorithms, to create the final data set 

polygons (Figure 6.15). 

with only closed 

Figure 6.15 Complete edge detection process using filtering 
and orientation model on Figure 5.6 

The best thinning technique for the Landsat data of the 

study area was a 

orientation approach. 

combination of the 

However, the final 

gradient 

product 

and the 

produced 

after the linking stage is still not capable of creating 

closed polygons in all cases of boundary types. If this 

data were to be used for input into a LRIS data bank, it 

would still require some further linking with relaxed 
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criteria for acceptable links, 

intervention. 

or some kind of human 

The new orientation definition of boundaries, used to 

provide a logical link between all the stages of polygon 

formation, appears to be sound. The test with the PC1 high 

variance data set shows that this definition can be 

implemented for all of the stages of the polygon formation 

process, and produces results as good or better than the 

traditional multistage process, which utilizes different 

definitions at each stage. 

all stages of the process 

This consistent definition at 

is further supported by the 

results from the best filtered data PC1B2X, which employs an 

orientation directed sample, 

suitable for input into an LRIS. 
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CHAPTER 7 

EXTRACTION OF TERRAIN 

After the polygons of ground-cover classes have been 

defined, all the surface-cover information in the Landsat 

imagery has been processed and is available as input to an 

LRIS. The data are positionally accurate, classified and 

polygonized. However, for the production of topographic 

maps, one important component is missing, elevation data. 

The extraction of this information from remote sensing data 

requires quite different techniques. 

One of the major problems with using digital remotely 

sensed data for input into LRIS's has been the lack of the 

third dimension. These elevation data are essential for 

complete mapping of an area as they contain vital 

information. There have been some earlier attempts to 

develop techniques for topographic mapping from Landsat 

data. One method utilizes the variations in reflectance to 



model the change in slope (Lodwick, 1981a). With this 

technique, the estimated elevations are refined by 

incorporating a regular grid of spot heights and using a 

least squares adjustment to produce a digital elevation 

model (DEM) of an area (Lodwick and Paine, 1985). However, 

this type of process is restricted to areas of constant 

surface cover, such as snow and ice, where reflectance 

changes can be attributed soley to slope/aspect differences. 

For topographic mapping of nonuniform surface cover areas, 

the only possibility is the method of digital stereo 

matching. 

Automated digital stereo matching involves finding the 

location of conjugate points in two images and the 

calculation of the shift between them. These shifts are 

then used to calculate the intersection of the conjugate 

rays in model space to produce a three dimensiona l elevation 

model. This process is particularly important today as many 

sources of image data are either collected directly in 

digital form or are subsequently converted to digital form 

after collection. There is also the French SPOT system, 

which collects high resolution digital stereo imagery 

(Chevrel et al, 1981) and the proposed MAPSAT satellite with 

much the same capabilities (Colvocoresses, 1982). 
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With stereo information in digital form it is possible, 

with a minimum of human input, to generate DEMs directly 

without analytical plotters. However, data will be 

collected on a fixed sampling interval with no possibility 

for shifting the sample grid or obtaining additional 

information during the data collection stage. Thus, it is 

important to establish the relationship between the 

magnitude of 

of the data. 

the errors in this process and the resolution 

traditional technique involves a matching of The 

patches using a correlation coefficient or a similar 

nondiscrete measure. Some authors consider correlation 

coefficients (Wacker et al, 1983) and cross correlations 

(Grieve and Simard, 198 4) to be reliable matching 

techniques. However, other research has indicated that 

straightforward correlation is not a reliable technique for 

this type of processing (Panton, 1978; Ackermann, 1983; 

Cooper et al, 1985). In solving 

restrictions have been placed on the 

correlator based on the rate of change 

image (Panton, 1978), or heirarchical 

these problems, 

movement of the 

of the terrain 

matching has been 

proposed (Larsson, 1984). Other approaches involve more 

discrete techniques for image correlation without the use of 

correlation coefficients and related measures (Ackermann, 

1983; Cooper et al, 1985; Gruen, 1985; Gruen and Baltsavias, 
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1986). Some research has concluded that the human visual 

system definitely utilizes 

stereo vision (Grimson, 1981). 

an edge matching technique for 

However, an evaluation of 

the nondiscrete versus discrete methods and a comparison has 

not been performed. 

This research investigated these two methods in a 

restricted one-dimensional approach that required an ideal 

data set with parallax in the X direction only. To attain 

this, a data set free of geometric and radiometric 

distortions, utilizing an approach similar to one described 

by Simard (1982), was implemented. The primary objective 

was to evaluate the type of errors involved in digital image 

correlat i on for parallax determ i nation , utilizing both 

nondiscrete and d i screte methods. Therefore, a digital 

pseudo-stereo pair was produced from a Landsat image and an 

existing DEM, and these images were then u s ed in the second 

stage to generate DEMs, which were compared to the original 

DEM for error evaluation. 

7.2 Data Preparati£~ 

A subsegment of the Landsat image was used as the test 

data. This subimage covered a segment of 5.5 x 5.5 km of 

the study area in the Kananaskis Valley using the rectified 

data set based on a 50 x 50 m UTM coordinate grid. The PC1 

data set resu l ting from an analysis of Landsat data has been 
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identified as the total surface reflectance of the origina l 

four bands. Thus, as the terrain is being extracted based 

on reflectance differences, this data set should contain the 

relevent information. A DEM was produced on a Wild AC-1 

analytical plotter fr om 1 :40,000 scale photography of the 

same area (Figure 7.1). An area covering approximately 5. 5 

x 5.5 km was chosen and elevations were measured on the same 

50 m UTM grid that the Landsat data utilized. The area 

chosen has a good range of terrain types, with elevations 

ranging from 1650 m to 2550 m and various surface cover 

conditions for testing the algorithms. There is a rugged 

area of mountainous terrain, some flat and rolling 

and two lakes. 

terrain 

Figure 7.1 DEM generated from 1: 40,000 airphotos 
(from Paine, 1986b) 
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7.3 Pseudo-Stereo Image Productio~ 

The Landsat image was assumed to be an orthoimage, as 

the actual nadir angle for the image segment is less than 

two degrees and the satellite altitude is approximately 900 

km. The grid reference systems for both the image and the 

DEM were assumed to be the same. A simulated parallactic 

angle of 30 degrees was used to produce the pseudo-stereo 

pair, as this gives a strong parallax solution and produces 

approximately a 29 m horizontal displacement for a 50 m 

elevation change, and is the kind of paralactic angle 

possible with newer satellite remote sensing sytems. The 

effective focal length was calcualted for the Landsat sytem 

in image coordinate units. In forming the pseudo-stero pair 

only the right image was created to match the left 

orthoimage. 

model left 

calculations 

The model origin (Xo,Yo,Zo) was located at the 

image perspective centre to simplify the 

(Figure 7.2). Further simplification was 

achieved by working with the data on a line by line basis 

and only updating the perspective centre position between 

the lines. This implied epipolar arrangement results in a 

straightforward calculation of only the X parallax effects. 

This results in a pair of normal images with the only 

difference being the effects of terrain distortion. 
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D E M 

Figure 7.2 Image pair coordinate system 

The grid position (Xn) corresponding to the left ortho 

image position ( X) for the pseudo-stereo model was 

calculated with an iterative procedure using the 

corresponding grid elevation from the airphoto DEM (Figure 

7. 3). 

DEM grid Xn X 

Figure 7.3 Pseudostereo deformation geometry 

At each iteration, the new interpolated elevation (delta Z) 

value was substituted into the equation: 

Xn = X 
(Z - Z 0 ) + 

Xo f 
( 7 . 1 ) 

where 

f is the focal length. 
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- ------------------------------

Back substitution of the new interpolated elevation is 

made until the change in elevation was less than one metre. 

It usually took a single iteration to complete. The final 

elevation value was stored as the initial approximation for 

the next point. The shifted position was 

calculate the right image coordinate with: 

x' = f ((X - X6) I (Z - Z6)) 

where 

f is the focal length. 

then used to 

( 7 . 2 ) 

The resulting positions in the right image were then 

interpolated onto a regular grid corresponding to the left 

image grid. Each of the new grid points was assigned a grey 

value, derived by a weighted sum interpolator using the two 

nearest irregularly spaced points on each side (Figure 7.4). 

25 35 55 

j ·1 · · I · .1. right image grid 

calculated positions 
2 0 3 0 6 0 

Figure 7. 4 Right image interpolation geometry 

This process was carried out for every point in the DEM and 

produced a digital pseudo-stereo pair of Landsat images 112 

lines by 111 columns (Figure 7.5) with parallax in the X 

direction only. 
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Figure 7.5 Pseudostereo Landsat image pair 
(from Paine, 1986b) 

The nondiscrete matching algorithm correlated patches 

of pixels in groups . These two images have known start 

positions and , as they have the same reference grid, th e 

lines were considered as epipolar. Thus, as the parallax in 

the pseudo-stereo pair only existed in the X direction, the 

correlator was designed to work on each line independently 

(i.e. in one dimension). A fixed reference window was used 

in one image and compared to a moving search window in the 

other image. At each comparision position a correlation 

coefficient was calculated based on all the values in the 

search and match windows. The correlation coefficient (CCF) 
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was calculated with: 

CCF = Sxy I (Sx•Sy) ( 7. 3) 

where 

Sxy is the cross correlation 

Sx is the left image correlation 

and Sy is the right image correlation. 

Match window sizes from one by three to one by nine 

were evaluated and a size of one by five was selected, as 

the other sizes did not produce consistent results. The 

number of comparisions for the search window was also 

investigated for a range of plus or minus 1 to 3 positions. 

The plus or minus 2 search range was chosen as it maximized 

the search range, while minimizing the computing and 

ambiguities of the larger ranges. 

best match position as the initial 

The program used the last 

estimate for the next 

match and the cumulative shift was carried across the image. 

Thus, the maximum shift that was expected between 

successive matches was due to the local relief changes and 

should only be a few pixels. The five pixel window and the 

plus or minus two match create a search width of plus or 

minus four pixels from the initial estimate of the match 

position. This means that any west facing slope greater 

than 60 degrees or any east facing slope greater than 82 

degrees would not find a match in the search area and would 
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require treatment as missing data. 

The final step 

the 

in the matching process 

calculation of subgrid match 

accomplished by fitting a second order 

position. 

polynomial 

was the 

This was 

to the 

five match values and evaluating the second derivative with 

a value of zero. The coefficients for this solution were 

used to calculate the subgrid position of the best match. 

It became evident during the process of developing this 

technique that the correlator could not handle many of the 

special cases that arose in the data. 

are radiometrically calibrated, 

Thus, as these images 

a minimum difference 

calculation was also carried out. However, even this 

combination encountered difficulties in many cases. 

Therefore, an algorithm that utilized the rate of change of 

the minimum differences was also investigated. 

There were several program steps involved 

nondiscrete matching. 

1 ) The correlations and minimum differences in 

the search area for the five matches are 

calculated centred on the best estimate of the 

integer match position from the last match. 
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2) If the maximum correlation and the minimum 

difference occupied the same position, then it 

was the best match integer position. 

3) 

4) 

If either measure were inconclusive 

maxima 

then the 

or multiple 

best match 

(multiple 

minimum 

integer 

correlation 

differences) 

position was assigned to one of them on the 

basis of the other measure. If this movement 

exceeded plus or minus one position from the 

initial estimate of the best position then the 

search range was moved to the new position and 

step 1) was repeated. 

Once the final integer position was chosen, 

the change from the last position was 

calculated and, if it exceeded three grid 

positions, the process was stepped back a 

number of positions equal to the change, and 

re-evaluated in the opposite direction. If 

this second attempt produced a stronger 

correlation, then the process started forward 

from the new position. 
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5) Coefficients of a second order polynomial were 

calculated using the best integer match 

measures for the plus and minus two positions 

around the best match integer position. 

6) The polynomial was evaluated for the point of 

zero slope, which was calculated by setting 

the first derivative to zero (Wacker et al, 

1983). This sub-grid position should 

correspond to the maximum correlation or the 

lowest minimum difference. This shift was not 

allowed to exceed plus or minus one position. 

If it did exceed this limit then the estimate 

of the best integer position was shifted to 

the nearest integer position and step 1) was 

repeated. 

7.5 £jscrete Stereo Image Matching 

This algorithm utilized one to one matching with a 

single position in one image and a single one by five search 

window in the other image. There were several program steps 

involved in discrete matching. 
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1) A simple difference was calculated at each of 

the positions, resulting in five difference 

values centred on the estimate of the best 

integer match position from the last match. 

These were then used to calculate the rate of 

change for the three pixels centred on each 

position. 

2) If the initial match position was the minimum 

difference then no shift was calculated. 

3) 

4) 

If the initial match position was not 

of 

the 

the minimum difference, or if all 

differences were positive or negative but not 

equal, then the nearest mi nimum difference was 

found. If symmetry was encountered and no 

absolute minimum difference was determined, 

then the integer shift did not change. 

If all the differences were positive or 

negative and equal, then a check of both the 

plus and minus two positions was made to find 

a better match. If a better match was not 

found, the integer shift did not change. In 

all cases, if the calculated shift caused the 

process to step over an inflection in the rate 

of change, or a zero crossing in the rate of 
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change, it was not allowed. 

5) The evaluation of the final shift magnitude 

was identical to step 4) of the non-discrete 

mathing program. 

6) The last stage of sub-grid positioning was the 

same as steps 5) 

matching program. 

and 6) 

A third method, which combines 

of the discrete 

the discrete and 

nondiscrete matching techniques was also evaluated. The two 

algorithms were combined, with the minimum difference 

measure, steps 2) and 3) of the nondiscrete match algorithm, 

being replaced with the discrete match algorithm. 

7.6 DEM Post Processin~ 

The DEM's produced with these programs were then 

processed with two filters. As the correlation or matching 

algorithms were one dimensional, the end product did not 

have any correlation between lines. Thus, there were easily 

identifiable errors in the data in each line, 

misassignments of the . integer position matches. 

weakness was minimized with a single pass (DELTA) 

due to 

This 

filter, 

which evaluated the difference between each grid elevation 

and its eight neighbours. If all eight differences exceeded 
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one grid unit (50 m), then the difference was removed from 

the elevation. This is similar to post processing performed 

by Cooper et al (1985). After this stage a final (AVED) 

filter took all the values and their eight neighbours and 

calculated a simple average which replaced the centre 

elevation. The effect of each of these stages was evaluated 

on all of the DEMs. 

7.7 Results 

The final DEMs were produced using these algorithms 

alone and in combination. Then each DEM was post processed 

with the two possible filters. All of the resulting DEMs 

were compared to the original model and an RMS error for 

each line was calculated using all of the point residuals. 

An average RMS error was also calulated for the whole DEM. 

The results of these calculations are summarized in Table 

7.1, which shows the frequency counts of the line RMS values 

for seven ranges and the total RMS value for each model. 

The nondiscrete matching (NDSC) was the least accurate 

of the three techniques, with an RMS error of 43 m (Figure 

7 • 6) • A large part of this error was due to the 

correlator's inability to handle hidden data, arising from 

features such as cliffs and ridges. The correlator would 

get "lost" and did not recover well, producing large errors 

in eleven lines which exceeded 60 m. It also exhibited 
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RMS NDSC NDSC NDSC NDDS NDDS NDDS DISC DISC DISC 
RANGE DELT AVED DELT AVED DELT AVED 

60 + 1 1 5 3 0 0 2 0 0 
50-60 3 1 1 2 7 0 0 3 0 0 
40-50 1 4 7 7 26 1 0 5 0 0 
30-40 34 21 8 56 23 1 1 1 4 9 6 
20-30 55 64 36 1 9 76 41 73 79 33 
10-20 5 8 54 0 1 2 60 1 5 24 67 
0-10 0 0 0 0 0 0 0 0 6 

TOTAL 
RMS 43 37 29 38 26 21 28 23 1 9 

NDSC nondiscrete 
NDDS nondiscrete and discrete match 
DISC discrete match 
DELT delta filter post processing 
AVED delta and averaging post processing 

Table 7 . 1 Frequency counts of line RMS values ( m) 
(from Paine, 1986b) 

Figure 7.6 DEM generated with nondiscrete matching 
(from Paine, 1986b) 
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erratic movement over areas of repetitive terrain and 

patterned areas with low response ranges, such as the lakes, 

where it had to deal with multiple maximum correlations. 

Post processing with the difference filter produced 

improved results, reducing the RMS error to 37 m. Most of 

the improvement came from the reduction of the major errors, 

which would have easily detectable high differences between 

lines. There was also some improvement in the 30 to 50 m 

range of RMS errors, suggesting that there were some errors 

in the first stage of this technique, which chose the 

integer position match. Post processing with both the 

difference check and the averaging filters again improved 

the results, producing an RMS error of 29 m (Figure 7.7). 

In this case all of the errors were reduced in all the 

ranges, suggesting a sub-grid correction of possible 

interpolator errors from the second stage of this technique. 

The combination technique (NDDS) produced an RMS error 

of 38 m (Figure 7.8). The use of the discrete match integer 

positioning reduced the large errors associated with the 

hidden data, but it introduced some integer position errors. 

The effect of the difference filter was 

producing an improved RMS value of 26 m. 

very noticeable, 

The DELTA and AVED 

filter combination reduced the RMS error even further to 21 

m (Figure 7.9), indicating that the second stage of this 
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Figure 7.7 Post processed nondiscrete matching DEM 
(from Paine, 1986b) 

Figure 7.8 DEM generated with combination matching 
(from Paine, 1986b) 
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technique caused some sub-grid position errors. 

Figure 7.9 Post processed combination matching DEM 
(from Paine, 1986b) 

The most accurate algorithm was the discrete integer 

match (DISC) which produced an RMS err or of 28 m (Figure 

7.10). The major errors resulting from this method also 

occurred for the hidden data but they were much smaller in 

magnitude than those of the previous two techniques. The 

difference filter does remove some large errors, possibly 

due to the integer positioning, to produce an RMS value of 

23 m. However, the effect on these data was not as 

noticeable as on the previous two sets. The combination 

filter improves the RMS error to 19 m, mainly by removing 

sub-grid sized errors in the 20 to 30 m range (Figure 7.11). 
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Figure 7.10 DEM generated with discrete matching 
(from Paine, 1986b) 

··•II.. . ........ ••-'~II" 
· llti~~.. ,,._ ·······••"•············'''"'········· 

Figure 7.11 Post processed discrete matching DEM 
(from Paine, 1986b) 
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7.8 Evaluation of Techniques --------- --------

This part of the research was designed to develop 

techniques for obtaining DEM data from satellite imagery and 

to evaluate the magnitude of the errors that can be expected 

as a function of the grid size used to collect the data. In 

this context a comparison was made between the discrete 

versus nondiscrete approaches for image correlation. As 

such, the data and the processing were restricted to ideal 

and conditions of radiometrically calibrated imagery 

parallax in the X direction only. These conditions are 

virtually unattainable with real data sets. Therefore, the 

results of this research can only represent the 

limits. 

theoretical 

The nondiscrete correlation introduced error into the 

process in cases where it was used to find the integer 

positions. In both cases where it was implemented the 

additional RMS error introduced by the sub-grid interpolator 

was approximately 10 to 15 m. Thus, a sub-grid matching 

technique which uses the data more directly should decrease 

the overall RMS error by approximately ten metres. In terms 

of the integer position location, the discrete minimum 

difference algorithm performed well. It recovered from 

errors and managed to handle the hidden data problems. This 

algorithm could be improved with a sub-grid interpolator 
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applied, as it found the integer match. 

general sub-grid matching algorithm were 

would not be necessary. 

The last stage of post processing was 

However, if a good 

developed, this 

very successful 

at integrating the one dimensional information into two 

dimensions and for evaluting the sources of error. This 

stage minimized the errors and reduced the overall RMS 

errors in the best case to an acceptable level of 20 m, 

which corresponds to previously published results (Cooper et 

al, 1985; Simard, 1981; Simard, 1982). If further post 

processing, such as lake polygon levelling, were implemented 

(Grieve and Simard, 1984), it could reduce the error to 

This approximately 0.2 grid units depending on the terrain. 

figure should be a reliable indicator of the theoretical 

level 

for. 

of accuracy, if all sources of error are accounted 

7.9 Summary 

A comparison of automated digital stereo 

techniques was made between a traditional 

correlation 

nondiscrete 

matching technique, a discrete matching technique and a 

combination of the two. A pseudo-stereo digital image pair 

was created, for a segment of the Kananaskis study area, 

from a subimage of the PC1 data set and a DEM generated from 

1 :40 000 air photos. This ideal test data set was utilized 
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to compare a correlation matching approach with a difference 

matching technique. The final DEM's generated from these 

three algorithms were processed with two filters to reduce 

the errors in the data and to analyze the type of error. 

The final RMS errors were calculated by direct comparison 

with the air photo DEM. 

The discrete difference matching algorithm produced the 

most reliable results of the three types. It was the best 

technique for dealing with hidden data and uniform surface 

cover problems. The final RMS error from this process after 

the filtering was 20 m or 0.4 grid units (50 m grid), which 

could further be reduced with additional post processing. 

This type of data is essential in LRISs for the third 

dimension, even though it presents storage problems, being 

raster data. 
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CHAPTER 8 

CONCLUSIONS AND RECOMMENDATIONS 

8.1 Conclusions 

The objective of this research was to investigate the 

use of digital remotely sensed imagery as a source of input 

for an LRIS. This is of interest, as most remotely sensed 

data are collected in digital form and the LRIS's that are 

being developed are computer based, requiring digital data. 

There is also a need for updating capabilities to keep the 

data current. The traditional data collection techniques 

for this type of information produce analogue data with low 

levels of currency, and involve much human interpretation 

for information extraction. There i s also considerable 

generalization carried out by the human interpreter. 

Thus, the main aim of this research was to emulate the 

human process in the digital realm to produce data in a form 

suitable for LRIS input. This necessitated the development 

of programs, which can take a raw raster digital data set 



and create finished polygons, representing the relevant 

image information. It also involved 

digital stereo matching techniques for 

DEM's to give the third dimension. 

the development of 

the production of 

The whole process involved several stages comprising: 

1 ) Image rectification and classification, 

2) Data smoothing and generalization, 

3) Data representation and storage, 

4) Edge detection and polygonization, and 

5) Digital stereo matching. 

All of these stages are necessary to extract the required 

information. They also have to be evaluated in terms of 

their effect on data quality, such as the positional and 

attribute accuracies. 

This research has shown that it is feasible to utilize 

this type of process for the production of LRIS input data. 

The aim of reducing human input has been achieved for all 

stages and, as a result, the derived information is more 

reliable in terms of repeatable accuracies. It was not 

possible to duplicate human results throughout this process 

but this work has identified these problem areas. 
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8. 1. 1 Data Sources 

Digital data are now being utilized at all stages of 

map making in an attempt to streamline the process and 

increase the accuracy assessment. This is feasible, as 

systems available for this kind of data collection, such as 

the Landsat satellite series, have a long record of well 

researched use for the collection of land information. The 

addition of systems, such as the SPOT satellite, with 

digital stereo collection capabilities, provides the 

heretofore missing third dimension. 

The existing and proposed data collection systems 

ind i cate a trend towards higher resolution, which increases 

the spatial accuracy of the data. There 

towards increased spectral resolution, 

accuracy. 

i s also a trend 

which results in 

higher levels of attribute With all of the 

advantages of temporal data collection, stable platforms, 

large area coverage and low costs, these systems 

for the primary stage of LRIS data collection. 

8. 1. 2 Image Rectification and Classification 

are ideal 

The primary consideration with any data for an LRIS is 

the spatial accuracy, as this is the att r ibute that links 

the information to cadastral or geog r aphic reference 

systems, to allow comparison with other data sets. The 
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positional accuracy assessment for digital remotely sensed 

data is best represented as a function of the system 

resolution, which will have an absolute value in the ground 

coordinate system. The analysis of the positional errors in 

this research, using the Landsat MSS system with a ground 

resolution of 79 x 79 m, indicates that the majority of the 

error is the result of pointing error in the control point 

location on the control map and in the image. Check point 

error analysis for the image segment 

producing a total RMS error of 0 .4 p ixels. 

was calculated, 

This planimetric 

accuracy is sufficient for mapping at scales of 

grade and smaller. 

1 :50,000 B 

The attribute accuracy is the other consideration in 

data quality assessment. In the case of remotely sensed 

data this can be considered as the final accuracy of the 

classification. As this research was carried out in an area 

with considerable terrain influence, it was 

this should cause problems in terms of 

accuracies. However, the final accuracy of 

expected that 

classification 

the supervised 

classification was 94 percent, while the best unsupervised 

technique produced agreement of better than 65 percent. 

This is considered typical of accuracies obtainable with 

these methods. Although the unsupervised classification 

accuracy is not adequate for many mapping applications, as 

these are digital data, this accuracy can be evaluated for 

- 178 -



each of the classes located in the image. This allows a far 

greater flexibilitiy in terms of correlation with other data 

sets, which may have different levels of accuracy. 

8.1.3 Data Smoothing and Generalization 

The first 

investigation 

part 

into 

of 

the 

the research 

design of the 

involved an 

best smoothing 

algorithm. This stage was an attempt 

filter that required no special 

to find an optimal 

knowledge of the data. 

Smoothing filters that employ a spatially selective sample 

for the calculation, such as the minimum variance and five 

nearest neighbours filters, produced the best results. All 

of the filters were designed as local adaptive operators 

that iterated until no change occurred. The best methods 

reduced the random noise in the data and, while they did 

remove some information, there was a minimum 

information introduced. 

It became evident that the selection of 

of erroneous 

a particular 

filter type is not a straightforward process. There are 

many different and often conflicting aims to be considered, 

which complicate this decision. However, if the essential 

information can be maintained at a relatively high level, 

then smoothing the data allows them to be stored and 

processed in a more efficient manner. 
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8.1 .4 Data Representation 

The next serious consideration is the redundancy of the 

data that are handled in the system. The reduction of data 

redundancy at 

levels: 

this stage can be accomplished at three 

prior 

The first level involves data enhancement, carried out 

to the classification stage with principal components 

analysis which, in this research, produced a 50 percent data 

reduction. The original four bands of data were reduced to 

two bands with negligible loss of information due to the 

high linear 

This type of 

correlation between the various wavelengths. 

data reduction has considerable potential 

application as the new systems collect data in more bands 

with narrower spectral windows. This should result in 

stronger 1 i near correlation between the bands and allow a 

better data reduction ratio. 

The second level of data reduction involves the 

classification of the grey level data into discrete class 

intervals that can be represented by single values. The 

saving in this case is difficult to assess in terms of data 

redundancy but for this research, following the principal 

components analysis, gave a reduction from 256 potential 

levels of response in four data sets (a total of 1024 

potential levels) down to twelve class intervals in a single 
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data set. 

The last level of reduction involves the generalization 

of the data set with some kind of smoothing/filtering 

process. This type of reduction is difficult to quantify 

other than in relative terms with an entropy calculation. 

The best method is a qualitative assessment of the effect, 

using a visual comparison of the original and the filtered 

data sets. Both the qualitative and quantitative methods 

gave positive indications for this type of work. 

8. 1. 5 Data Storage 

Another data volume consideration involves the form of 

the data representation in the system. 

requirements for data are a function of 

The storage 

the degree of 

generalization of the data set. This research investigated 

three basic types of data representation and assessed their 

storage requirements. The first type was raster storage, 

where every pixel is stored regardless of its value and 

spatial relation to other pixels in the vicinity. The 

second type was run length storage, which takes into account 

the spatial extent of pixels that have the same value, on a 

line by line basis. The third type was polygon 

representation of the data, which requires the formation of 

boundaries to define regions of some kind. 
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The representation techniques were assessed for raw 

data, classified data and generalized data. The raster form 

was most efficient for raw data and the runlength form for 

generalized data. Both of these forms were also very 

efficient for display of the data as an image. The polygon 

form was not as space efficient, even with several different 

space saving approaches and utilizing the most generalized 

data set. However, the inefficiency in storage for this 

type of representation is offset by the increase in the 

utility of the data. This type of representation allows the 

processing of the data to be object oriented, which creates 

entities that attributes can be tagged onto, for processing 

as definable unique objects. 

8. 1. 6 Edge Detection and Polygonization 

The identification and location of boundaries of image 

features is a necessary process in digital data extraction. 

The problem has . been that the results from traditional edge 

detection algorithms have not been reliable or consistent 

and produce results that require human interaction to clean 

up the final data. This weakness appears to be the result 

of inconsistent logic for all stages of the process. There 

are also many steps that have artificially defined limits, 

or requirements for human decisions that involve experience. 
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The objective of this investigation was to produce a 

technique that met the same requirements as those of the 

smoothing stage. Therefore, most of the techniques were 

selected or designed with the idea that they did not require 

any predefined cutoffs or limits, or depend on heuristics 

for their operation. Most of the edge detection techniques 

investigated were spatial convolution filters but one type 

of frequency domain filter was also developed. An 

evaluation of the various edge detection schema indicated 

that the best detectors were those that directed the 

operators to use an oriented subset of the available 

information for the calculation of the edge potential. The 

Prewitt, difference of means and Sobel operators produced 

the best results. 

The thinning and linking stages of the process are 

critical in terms of the final product. They are 

interdependent processes in that the thinning stage preceeds 

the linking stage and greatly influences the linking 

algorithm efficiency and accuracy. Results indicate that 

the traditional rate of change definition of a boundary is 

not as reliable as one that explicitly involves the 

orientation. 
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Thus, it is at this stage that the logical link between 

all of the polygon formation steps becomes clear, with 

spatial orientation being defined as the primary parameter 

for the definition of feature boundaries. The new 

definition of an edge proposes that small localized areas be 

used to calculate the orientation of the maximum gradient as 

the best indication of an edge. This produces boundary data 

that have a higher degree of reliability for the definition 

of polygons, and allows the combining of the edge detection 

and thinning processes into a single process. 

8 .1. 7 Terrain Extraction 

To evaluate the potential accuracy of various 

algorithms for this type of process, an ideal data set is 

required that is free from geometric and radiometric errors. 

Therefore, a digital pseudo-stereo pair was produced using 

the Landsat image segment and an existing digital elevation 

model. The digital elevation model was produced from 1: 40 

000 photography on a Wild AC-1 analytical plotter and the 

Landsat image was treated as an orthoimage. These images 

were used to generate a digital elevation model with various 

matching techniques. 
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The digital stereo image pair was used to evaluate the 

errors arising from nondiscrete and discrete matching 

algorithms using correlation coefficients and minimum 

differences, as well as a combination of the two approaches. 

The results of this processing were compared to the original 

DEM for error analysis. Two post-processing filters were 

also utilized to aid in the analysis and to try and 

establish the error magnitudes. 

The theoretical elevation accuracy was assessed for the 

rectified digital stereo elevation model. In this case the 

data had a 50 m grid cell resolution and produced an 

elevation RMS error of 0.4 pixels, with the possibility of a 

reduction to 0.2 pixels if postprocessing were carried out. 

If these accuracies are transferable to the newer satellite 

stereo systems with their better spatial resolutions, then 

mapping for a wide range of scales should be possible. If 

higher positional accuracy is required, it can be achieved 

by using one of the newer satellites and by collecting the 

control point positions from more accurate sources. 

8.2 Recommendations 

There will always be new systems designed for the data 

the collection stage of LRISs, which should increase 

inherent accuracy of the raw data. However, this research 

has highlighted several major areas for future 
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investigation: 

The positioning and smoothing/filtering processes have 

been very thoroughly investigated by many authors and most 

of the future improvements will probably involve refinements 

to existing techniques. For example, the rectification can 

be improved with the use of additional information about the 

orbital geometry, collected by onboard inertial and 

positioning systems. Likewise, the smoothing filters in the 

spectral domain could be improved with an adaptive bandpass 

reduction for selective filtering of boundary features. 

The classification stage could have some definite 

improvement to increase the advantage of digital data and 

reduce the human supervisory role. The main drawbacks to 

the clustering definition of classes are the final accuracy 

of tightly grouped clusters in the measurement domain and 

the marginal classes with low sample sizes. The human 

interpreter solves these problems by selecting the samples 

for each class in the spatial domain. Thus, if the spatial 

component of the data could be incorporated into the 

clustering process, the accuracy should increase. This 

spatial information could be input in one of two ways: 
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1 ) 

2) 

Each sample point would have not only its 

response level but its coordinates used in the 

clustering algorithm, and 

The samples could be selected in the image 

based on areas defined by boundaries extracted 

from the raw data. 

these approaches should introduce the spatial Both of 

content of the data that a human interpreter utilizes. 

Probably the greatest drawback to clustering is the need to 

keep the number of data points down to a minimum. Thus, an 

candidate efficient sampling scheme is a highly 

for future investigation. 

important 

As a result of the investigation into data 

representation and storage, an examination of the relative 

sizes of the chain encoding technique for storing the lines 

that form the single boundaries of the polygons should be 

the carried out. If the space savings are significant, it 

may be worthwhile to store the data in this vector format, 

despite the additional computational cost of processing. 

The edge detection stage of the process still has some 

weaknesses that need to be resolved. Some authors have 

suggested that the human process of edge detection involves 

a multilevel approach and this is a potential area of 
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further research. However, it seems more likely that the 

human process incorporates all of the levels in a single 

detection stage to produce one final boundary. This could 

be accomplished digitally, with a detector that evaluates 

the edge potential of a position for a range of different 

sized areas, and combines the results for a single overall 

calculation of the edge potential. 

The automated digital stereo matching process has a 

high potential for future research. The next important 

step, utilizing real digital stereo data, such as SPOT 

imagery, is essential for the evaluation of the additional 

problems arising from real data. These include radiometric 

distortions 

different 

imagery. 

within and between the stereo images and the 

geometric corrections involved in convergent 

There is also the problem of locating the start 

position in both images before the matching can be carried 

out. One possible solution is a hierachical system, which 

starts with a gross match of the overall image shift using, 

for example, the phase shift between the Fourier transforms 

of the images. This would be followed with a small patch 

matching process to interpolate the fine differential shifts 

between images. 
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Beyond the scope of this thesis, the next stage of data 

processing of LRIS data involves very low levels of 

numerical calculation. This type of processing uses object 

oriented logic which is best handled by a logic language, 

such as Prolog. This type of processing could be introduced 

in the final stage of polygon processing to evaluate its 

performance for nonnumeric decision making capability. 
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COMPUTER PROGRAMS AND FLOWCHARTS 

DATA PREPARATION 

LSTAPE 

TMTAPE 

STATS 

EIGEN 

TRANS 

GRID 

RESAMP 

reformat data sets from CCT tape to disk 

(MSS data) 

reformat data sets from CCT tape to disk 

(TM data) 

frequency distribution and histogram of 

image data generated and radiometric 

corrections calculated 

calculate the principal components of the 

image data 

calculate transformation polynomial 

coefficients between the image and 

mapping plane 

regrid the image with the polynomial 

transformation onto a mapping plane 

grid, with the nearest neighbour technique 

convert coordinates from map to image or 

image to map 

CLASSIFICATION AND GENERALIZATION 

FILTER 

CLASS 

DIFF 

COMBI 

smooth image with one of several algorithms 

supervised parallelipiped classification 

find the differences between two images 

combine images with one of several 
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CHGIM 

CVTIM 

POLYGN 

POLYCH 

EDGE DETECTION 

arithmetic operations 

extract any sized subimage from an image 

on disk 

convert image storage between raster and 

runlength format 

convert polygons from raster to vector 

format 

convert polygons from vector to chain link 

format 

EDGES extract edges in image with one of several 

gradient algorithms 

ORN extract edges in image with orientation 

algorithm 

TERRAIN EXTRACTION 

PSEUDO produce a digital pseudostereo image pair 

using a digital image and a digital 

elevation model (DEM) 

IMCOR 

SIMP 

RMS 

create a DEM from an image pair using 

correlation 

create a DEM from an image pair using second 

derivatives 

calculate root mean square error between 
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IMAGE DISPLAY 

DMPIMG 

PLYIMG 

two DEM'S 

display raster or runlength format image 

on the graphics screen with interactive 

manipulation 

display polygon or chainlinked format image 

on the graphics screen with interactive 

manipulation 

The first stage of processing involves the preparation 

of the data for the later stages of information extraction. 

The other processes of classification, generalization, edge 

detection and terrain extraction are then carried out on the 

geometrically and radiometrically corrected data sets. The 

analysis of all of these processes is performed with the 

various data handling programs such as DIFF, COMBI, CHGIM 

and CVTIM. The results are then evaluated on the graphics 

screen with the DMPIMG and PLYIMG programs. 

The digital data are extracted from a magnetic 

supplied by the Canada Centre for Remote Sensing. 

tape 

The 

LSTAPE program reformats the data from the tape into four 

separate band files on disk. This program allows the 

selection of a decimated whole scene for the positioning of 

the four subscene band data sets. The band data are then 
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processed with the STATS program, which calculates the data 

value frequency counts for each band, producing both a 

digital output and a plot of the histogram. This program 

also calculates the entropy of the data and the statistics 

for the radiometric corrections. The EIGEN program uses the 

output from STATS for the calculation of the eigenvectors 

and eigenvalues of the four bands and creates the 

component data sets. 

principal 

The TRANS program utilizes control points, with 

coordinates in both the image row and column system and the 

base map UTM system. This program corrects the systematic 

geometric 

calculating 

errors and the relief displacement before 

the second order polynomial transformation 

between the image and the mapp i ng plane. The output from 

TRANS is used by GRID to regrid the principal components 

images onto a 50 m UTM gr i d with a nearest neighbour 

reassignment technique. The accuracy of the transformation 

is checked with the RESAMP program, which calculates the UTM 

coordinates for check points located in the image and 

compares them to the known values of the check points on the 

map. 

The gridded data are filtered with FILTER to evaluate 

the affects of various smoothing/generalization algorithms. 

The CLASS program uses the two gridded data sets, either raw 
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or filtered, to produce a classified surface-cover map 

utilizing a supervised parallelipiped technique. The 

resultant smoothed classified raster image is then converted 

into vector format with the POLYGN and POLYCH programs to 

evaluate the storage and handling efficiencies of the 

various data formats. 

The EDGES program uses the gridded first principal 

component data set to test various gradient edge detection 

algorithms with thinning and lin k ing steps to complete the 

process. The ORN program is also utilized to evaluate the 

whole process with a new definition of edges based on the 

orientation of the maximum gradient. This program contains 

the thinning and linking stages combined into a single step. 

A pair of digital pseudostereo images can be created 

with the PSEUDO program from a digital elevation model and a 

subsection of the gridded first principal component image. 

This stereo pair can be used to test the traditional 

nondiscrete correlation process for automated DEM generation 

with the IMCOR program and compare it to a new discrete rate 

of change matching process carried out by the SIMP program. 

The results of these techniques are evaluated with the RMS 

program that compares the derived DEM's with 

DEM used to create the pseudostereo pair. 
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