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CHAPTER 1 

INTRODUCTION 

1.1 Overview 

Digital image processing techniques should be used 

to process and display aeromagnetic data, thus producing 

images which aid in the interpretation of magnetic anom

alies. Aeromagnetic images do not replace aeromagnetic 

contour maps, but instead provide an additional method for 

analysis of magnetic anomalies, whereas contour maps 

provide information about the amplitude of anomalies, 

images provide information about the texture and geometry 

of anomalies. Images are primarily useful for extraction 

of subtle detail which is hidden in contour maps. In addi

tion, images provide the interpreter with a familiar visual 

appearance, hence, interpretation can be accomplished much 

more efficiently. 

Two general areas concerned with image processing 

of aeromagnetic data are addressed in this thesis. 

Consideration is given to techniques for processing the 

data as images and interpretation of the resulting images. 

The discussion of image processing techniques involves an 

analysis of data processing methods which are useful when 
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applied to magnetic data. Established image processing 

techniques are evaluated to provide justification for the 

use of these techniques on aeromagnetic data. In addition, 

several new processing techniques are described which pro

vide unique methods of viewing the data or of improving the 

efficiency of existing methods. The processing tec* liques 

analyzed and developed are applied to data for the purpose 

of illustrating how the results of image processing can aid 

in the interpretation of aeromagnetic data. 

1.2 Basis for Interpretation of Magnetic Data 

The magnetic prospecting method is based on 

measurement of the local intensity of the Earth's magnetic 

field. The Earth is, in general, a dipole magnet with 

poles near the north and south geographic poles. Thus, at 

any point on the Earth there exists a theoretical value of 

the magnetic field. This value fcas magnitude and direction 

and can be represented by a vector (H) . A value of the 

magnetic field at a point, however, is the sum of the 

theoretical magnetic field and an additional magnetic field 

caused by induction in the rocks near the measurement 

point. The measured magnetic field can be represented as 

follows: 

B = (1 + 4 * PI * k) * H. (Telford et al 1976) 

Jhere: 

B is the measured magnetic field. 
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H is the Earth's magnetic field. 

k is the magnetic susceptibility of the rocks. 

Since the value of H does not change greatly over a small 

survey area, the above equation implies that changes in the 

measured magnetic field are primarily due to changes in 

susceptibility (assuming diurnal variations are removed). 

Unfortunately, many rocks possess internal magnetic proper

ties; and behave as permanent magnets. This property is 

called normal remanent magnetization (NRM). Thus, the 

above equation should be rewritten as follows: 

B = ( 1 + 4 * P I * k ) * H + H r .  

Where: 

Hr is the remanent magnetism. 

Determination of the NRM involves detailed measurement of 

samples of the various rock units. Since this is beyond 

the scope of this research the NRM is ignored and anomalies 

are assumed to be caused primarily by changes in suscepti

bility. Susceptibility can be interpreted as a reflection 

of the magnetite content of rocks. Since rocks with dif

ferent lithologies have different magnetite contents the 

magnetic prospecting method is useful for differentiating 

rocks. It is important to note that the technique is 

sensitive only to contrasts in susceptibility. Thus the 

magnetic method is useful for identifying subsurface 



geology in areas where rocks with nigh susceptibility 

contrasts occur. 

1.3 Introduction to Image Processing 

Any discussion of specialized data processing 

requires that the reader have some understanding of the 

basic concepts involved. Thus, a brief review of image 

processing is given here. 

Most geologists have had some exposure to 

multispectral images collected oy the Landsat series of 

satellites. Because of this, the concept of digital images 

should not be foreign. Texts by Baxes (1934), Green 

(1963), and Schowengerdt (1983) provide a detailed 

introduction to image processing concepts, mathematics, and 

systems. 

linage processing techniques fall into the following 

three general catagories: point processing, neighborhood 

processing, and geometric processing. Point processing is 

the simplest of these and involves transforming a pixel on 

the oasis of its value (gray level). Thus, point 

processing is a linear operation where the output gray 

level is a function of the input gray level. Because point 

processing involves a functional transformation of 

quantized data, it can be implemented in a look-up table 

(LUT). A look-up table is a device for eliminating 

repeated computation when a relatively small number of 
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input and output values are possible. Implementation is 

accomplished by setting values stored in an array equal to 

the transformed values of the array indices. An output 

(transformed) value can be retrieved Dy using the input 

value as an index to the array. Thus, an image with 256 

gray levels requires an LUT (array) containing 256 

elements. This defines all possible output values for a 

transfer function. Schowengerdt (1983) provides a detailed 

discussion of LUT's. Neighborhood processing involves 

transforming the value of a pixel on the basis of the 

values of pixels in a discrete area (neighborhood) around 

the pixel. Thus, neighborhood processing involves defining 

the behavior of the data in an area. Implementation of 

this type of processing requires that all of the pixels in 

the neighborhood be stored in memory so that the spatial 

relationship between the pixels is known. Numerous 

operations can be applied to data stored in tnis way. The 

data can be filtered by multiplying each pixel in the 

neighborhood by special weighting factors and summing the 

results. Finite calculus may be applied allowing calcula

tion of the derivatives of the data. Because this type of 

computation assumes the data are a surface it can be 

referred to as a surface operation. Because neighborhood 

processing involves at least two pixels (and usually many 

more) the numoer of possible output values is very large. 
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Therefore, this type of processing can not be totally 

implemented in look up tables. Schowengerdt (1983) and 

Baxes (1984) provide detailed discussions of the theory and 

applications of neighborhood processing. 

Geometric processing involves transforming the 

coordinates (position) of each pixel and depends on the 

location and value of a pixel. Thus, an output location is 

generated on the basis of the input parameters. This type 

of processing can be used to warp an image to a new coordi

nate system (e.g., UTM to latitude-longitude) or to 

introduce a systematic modification of the image geometry 

(see Schowengerdt 1983) • 

1.4 Data Specifications 

Image processing is manipulation of any spatial 

data for subsequent visual or numerical analysis 

(Schowengerdt 1983) • This requires that the data possess 

certain attributes prior to processing. The primary 

attribute required is that the data be gridded. Thus the 

spatially random flight line data must be interpolated to a 

grid; the grid interval (distance between interpolated data 

points) should be equal in the x and y directions. This 

produces an undistorted image. The number of points in the 

x and y directions is arbitrary and controlled by the size 

of the survey. Variable length data records (ie. lines) 

make processing more difficult and may be avoided Dy 
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padding the data witn arbitrary values. The precision with 

which the data is represented is dependent on the precision 

of the survey. For input to surface operations, however, a 

minimum of 16 bits (65,536 levels) of quantization is 

generally required. Point operations, on the other hand, 

require only 8 bits of precision (256 levels) for input 

data. Thus, it is useful to create two gridded data sets 

as inputs to image processing programs; an 8 bit and a 16 

bit version. This also permits each version to be scaled 

to take advantage of the dynamic range of the data. 

Since aeromagnetic data tend to possess a rather 

large dynamic range, scaling is important. In general, 

most data can be scaled by the maximum and minimum values 

present. This is acceptable for the 15 bit version of an 

image since 65k levels of quantization are available. In 

the case of 8 bit data, however, scaling by the maximum and 

minimum could compress most of the data into a relatively 

few of the 256 quantization levels. To avoid this problem 

the data should be clipped at some user selected maximum 

and minimum. This minimizes quantization effects over most 

of the image. However, tne highest and lowest anomalies 

will be truncated. The clip points can be selected from a 

histogram of the data. Thus, it is especially useful to 

generate a histogram at the time the 16 bit image is 

created. An example of a typical aeromagnetic image 
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histogram and appropriate clip points is given in figure 1. 

1 .5 Source of Data 

The data selected for processing consists of high 

resolution aeroraagnetic data collected by the Geologic 

Survey of Canada. Newmont Exploration Ltd. provided the 

data for this project. The data were collected with a 

cesium vapor magnetometer and gridaed to an accuracy of 1 

gamma. The survey covered an area near Timmins, Ontario 

(see figure 2), and was flown at an average elevation of 

820 feet (above ground level) with flight line spacing of 

1000 feet. Detailed descriptions of survey specifications, 

data reduction, and gridding techniques are given in 

Bhattacharyya (1971). 

1 .6 Image Processing Facilities 

Image processing and software development was 

accomplished at the University of Arizona Digital Image 

Processing Laboratory (DIAL) on an International Imaging 

p 
Systems (I S) Model 70E image processor hosted by a Digital 

Equipment Corporation PDP 11/70 minicomputer. Many of the 

images contained in the thesis were photographed directly 

from the monitor at DIAL. High resolution images were 

produced by the University of Southern California Image 

Processing Institute on a Dicomed film writer. 
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Figure 1. Typical Histogram for Aercmagnetic Data. 
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CHAPTER 2 

IMAGE PROCESSING TECHNIQUES 

Image processing techniques were first used on a 

large scale during the mid 1960's by NASA for the purpose 

of analyzing lunar and planetary surfaces (Green, 1933). 

During the 1970's the Landsat series began providing multi-

spectral images of the earth's surface. The basis for 

image processing of aeromagnetic data, however, is found in 

image processing techniques developed for digital topog

raphy. Batson, Edwards, and Eliason (1975) describe the 

technique of using computers to generate shaded relief 

images from a digital terrain data base. This technique, 

with variations and additions, forms the foundation for 

image processing of aeromagnetic images. 

2.1 Surfaces and Contours 

A fundamental problem which geologists must deal 

with is the portrayal of three dimensional surfaces in two 

dimensions. One solution is to portray the surface as a 

series of contour lines. Unfortunately, a great deal of 

detail is lost through this type of representation. A 

method is required which permits a surface to be displayed 

1 1  
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in a manner which improves interpretability. The methods 

discussed here allow an interpreter to view complex 

surfaces in a manner analagous to viewing topography in an 

aerial photograph. Thus, the surface is artificially illu

minated to enhance its texture and geometry, and other 

properties of the surface (such as amplitude) are added as 

color levels. Much of the subtle detail which is lost in a 

contour map is recovered through this type of treatment. 

The usefulness of portraying data as an illuminated surface 

is quite apparent when dealing with aeromagnetic data. The 

high frequency nature of this type of data makes interpre

tation based strictly on contour maps difficult. Display 

as a continuous surface is visually unambiguous and permits 

easier interpretation. The difference between contour map 

and image representation can be evaluated Dy comparing the 

image in figure 15 with the contour map in figure 17. 

2.2 Description of Processing Techniques 

The image processing techniques described here can 

be grouped into the following standard classes: point, 

neighborhood, and geometric. The following point processing 

techniques are discussed: histogram equalization, 

pseudocoloration, and interactive illumination. The shaded 

relief and illuminated curvature surface operators are 

examples of neighborhood processing. The generation of 



perspective views is accomplished through geometric 

processing. 

2.2.1 Histogram Equalization 

Histogram equalization is a point transformation 

which facilitates a display of data that possess an 

unpredictable intensity distribution. The histogram 

equalization tecnnique is used to increase the contrast of 

an image without the need for the user to determine input 

parameters. The algorithm operates by first calculating 

the cumulative distribution function (CDF) of the data and 

then applying the scaled CDF as a transfer function 

(Schowengerdt 1983). This has the effect of remapping the 

image gray levels so that the area1 distribution of each 

data value is approximately equal. 

This operation is primarily useful for processing 3 

bit aeromagnetic data. Because of the dynamic range dis

tribution problems associated with magnetic data (section 

1.4) the spatial distribution of g^ay levels in an aero

magnetic image is usually poor. The majority of the data 

will usually be concentrated at the middle of the 256 pos

sible values resulting in low contrast. Histogram 

equalization, when applied to aeromagnetic data, serves as 

an efficient method for stretching the contrast of the 8 

bit amplitude data. This greatly simplifies pseudo-

coloration of the amplitude image (see figure 6). The 
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histogram equalized data should be used with caution since 

the distribution of the data is modified. 

2.2.2 Pseudocolor in Intensity-Hue-Saturation Color Space 

The technique of pseudocoloration is a method for 

remapping the gray levels of an amplitude image into a 

series of discrete colors. The technique has the effect of 

reducing the total information content through quantization 

of the image into a relatively few colors. The information 

that remain s, hoover, is less ambiguous than the informa

tion contained in a gray level image. A pseudocolored 

amplitude image is analagous to a colored contour map. 

The selection of an appropriate pseudocolor scheme 

is a process which depends primarily on the user's prefer

ence, and is therefore ideally implemented interactively. 

Rather than discuss various pseudocoloration techniques 

available, it will suffice to describe the technique which 

was found to produce the most satisfactory results. 

Pseudocoloration is accomplished through the use of the 

intensity, hue, saturation color space. This not only 

facilitates the generation of colors, but also provides a 

method of combining which is discussed in section 2.2.7. 

In order to understand the pseudocoloration process 

one must first grapple with the concept of a color space. 

This is a multidimensional system (usually 3) which has as 

its basis fundamental properties of color. One of the 



simplest color spaces is the red, green, Dlue (RGB) system. 

This is a cartesian coordinate system with axes corre

sponding to the red, green, and blue primary colors. Since 

the photograpnic and printing processes utilize this color 

space color images must eventually be transformed into red, 

green, and blue components. k point in RGB space corre

sponds to a single color, and all colors are contained 

within the colorspace (see figure 3). 

Although the RGB color space is conceptually 

simple, it is n o t  w e l l  su i t e d  f o r  a  syst e m a t i c  s e l e c t i o n  o f  

colors. This is because the components of the RGB system 

can not be separated visually by a human observer. Thus, 

an alternate color space must be use as a source of colors; 

the intensity, hue, saturation (IHS) color space serves 

this purpose. The IHS system corresponds to a cylindrical 

coordinate system which is usually portrayed as a double 

cone (see figure 4). A series of colors can be generated 

in IHS space by calculation of the coordinates of a helix 

whicn spans a specified range of intensity, hue, and satu

ration values (see figure 4). In practice, the saturation 

and intensity parameters are held constant. For this 

special case the helix degenerates to a circle located at 

the center of the double cone and only hue values are 

generated. The hue parameter contains the fundamental 

color information (i.e., hue controls the shade of the 
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Figure j. RGB Color Space Depicted as a Cube. (modified 
from Scnowengerdt, 1933) 
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Figure 4. IHS Color Space Depicted as a Doubie Cone, 
(modified from Raster Graphics Handbook, 19d1) 



color: red, yellow, green, purple, etc.). The IHS values 

that are generated by the helix or circle are transformed 

into RGB values through the system of equations shown in 

figure '5. These RGB values can then be applied to an am

plitude image so that each gray level of the amplitude 

image has three output gray levels which correspond to the 

red, green, and blue color components. The major benefit 

of color generation in the IHS color space is that very 

pure colors are produced which are ordered spectrally 

(i.e., red through purple). This ordering of colors is 

desireable since it corresponds to the ordering that is 

found on many maps (i.e., red = high values, purple = low 

values). 

The pseudocoloration technique is an important step 

for image representation of aeromagnetic data. This facil

itates the interpretation of the data by providing the 

amplitude information in a format tnat is visually unambig

uous (see figure 6). 

2.2.3 Perspective Views and Synthetic Stereo 

A common method for clarifying the geometry of a 

surface is the generation of perspective views (i.e., the 

viewing point is rotated from vertical). Letros (1930) 

utilizes perspective views in the form of polygon meshes to 

display aeromagnetic data. A perspective view generated 

from an image contains much more detail. Synthetic stereo 
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Figure 6. Pseudocolor Amplitude Images. The top image 
illustrates a linear distribution of colors over an 8 bit 
amplitude image. The bottom image illustrates the 
influence of histogram equalization. 
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image generation is a special case of the perspective view 

where the angle from vertical is small. The calculation of 

a stereo (or perspective) view involves shifting each pixel 

an amount which is a function of its original elevation (or 

amplitude) (Batson, Edwards, and Eliason, 1975 and 1976). 

An algorithm was developed which facilitates tne 

generation of perspective views with angles of 0 degrees to 

90 degrees from a v«.-tical viewing point. This was accom

plished by mapping data from a source array (containing 

orthographic data) into a target array with a 'walking' 

index. The movement of the index is a function of the val

ue of the original amplitude data. In general, two sets of 

input data are required; one containing the image to be 

transformed and the other containing the original ampli

tude image. By starting at tne edge of the image which 

will be farthest from the viewing point and forcing the 

points closest to the viewing point to override previous 

points hidden surfaces are removed (see figure 7). In ad

dition, linear interpolation is used to maintain a realis

tic appearance to the surface. The algorithm operates on 

images that are stored in an image processor, "his per

mits the high data retrieval speed of the processor to be 

used as well as the capability of retrieving data in either 

the x or y (line or pixel) direction. Thus perspective 
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AMPLITUDE 
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Figure 7. 
projection 
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Perspective Image Geometry. The geometry for 
of an orthographic image line onto a perspective 
is shown . 
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views can be generated in less than one minute with the 

viewing point rotated in the x or y direction. 

Perspective views of aeromagnetic data are partic

ularly useful for identifying the nature of the magnetic 

anomalies in a data set (see figure 8). Thus, the relative 

amplitude and shape of anomalies can be evaluated. Mapping 

on the basis of the perspective view, however, is difficult 

because of the geometric distortion introduced. The 

spatial distribution of the dynamic range in aeromagnetic 

data causes problems in the generation of synthetic stereo 

images. Aeromagnetic stereo images tend to show a great 

deal of stereo effect in areas containing large anomalies 

and little stereo effect in the majority of the image. 

Images for which histogram equalized data is used as a 

source of amplitude information possess better stereo 

properties but are very distorted. 

2.2.4 Shaded Relief 

The shaded relief processing technique was devel

oped as a method for improving tne interpretability of 

topographic data (Batson, Edwards, and iliason 1^)75). The 

technique provides a means of mathematically illuminating a 

surface wherein the illumination of each pixel in the 

resulting image is a function of the local gradient and the 

location of the light source. 
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Figure 8. Perspective Views of Magnetic Data. The top 
image is a perspective view of a shaded relief image of the 
entire survey area. The bottom image is the same 
perspective view of the north-west part of the survey area. 
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The development of an illumination algorithm 

requires that a model for the interaction of an 

illumination source and the surface be adopted. Horn 

(1931) gives a detailed analysis of numerous reflectance 

models. The model used here is that of a Lambertian 

surface which is described by Horn (1931) and developed for 

geologic applications by Schowengerdt and Glass (1933). A 

Lambertian surface model assumes that the brightness of 

reflected light is independent of the viewing angle. Thus 

the brightness assigned to each pixel becomes a function of 

only the angle of incidence. The relationship is as 

follows: 

L (i) = (E/PI) * r * cos(i). (1) 
R 

Where: Lu = normalized brightness. 
K 

i = incident angle. 

E = surface irradiance. 

r = surface reflectance. 

(Schowengerdt and Glass 1933) 

For amplitude data this can be reduced to the following 

relationship: 

LD(i) = cos(i) . (2) 
K 

The brightness value (LD) can oe scaled to any dynamic 
a 

range. Thus the equation for an 8 bit snaded relief image 

is as follows: 

GL = 127.5 * cos(i) + 127.5. (3) 
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This provides output values in the range of 0 to 255. The 

value for the cosine of the angle of incidence can De 

determined from the dot product of the slope and solar 

vectors. This yields the following equation for 

brightness: 

L a) = (G+po»p>ao'a) (1)) 

R <1+P2+S2)1/2»(G2+PO2+ « O 2 ) 1 / 2  

Where: <-P, -y, 1> = solar vector. 

<-Po, -Qo, G> = slope vector. 

(modified from Horn 1931) 

In this equation 'G' is selected arbitrarily to control the 

vertical exaggeration and 'L ' is in the range of -1 to.+1. 
K 

The slope is calculated from the input image by a first 

partial derivative operator (see figure 9a). Thus, the 

values for 'Po' and 'Qo' are easily obtained at each pixel. 

The solar vector can be defined in terms of the solar 

azimuth and elevation as follows: 

P = -sin(A) * cot(B). (5a) 

Q = -cos(A) * cot(B). (5b) 

Where: A = solar azimuth. 

B = solar elevation. 

(modified from Horn 1931) 

The azimuth is measured clockwise from the negative x axis 

and the elevation is measured from the horizon (see figure 

10). The final equation for the output brightness of an 3 
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Z 

s 

ANGLE AOS = ELEVATION ANGLE NOA = AZIMUTH 

Figure 10. Graphic Portayal of Illumination Angles. 
Point S is the location of the illumination source. 
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bit shaded relief image is as follows: 

GL = 127•5*<G+Po*sin(A)*cot(B) + Qo*cos(A)* cot(B)> 

2 ? 1 / ? 
/ <(1+<sin(A)*cot(B)> +<cos(A)*cot(B)>^) ( b )  

*(G2+p0
2+yo2)1/2> + 127.5. 

(modified from Horn 1981) 

Although the shaded relief technique was developed 

for use on topographic data, surface data in general is en

hanced by this type of processing. The complex high 

frequency nature of aeromagnetic data is particularly well 

suited to the shaded relief method. Shaded relief calcula

tion is, in effect, a specialized nigh pass filter which 

enhances slope (or gradient) information by giving the data 

the appearance of an illuminated surface. Thus, the com

plex aeromagnetic anomalies in a data set are enhanced by 

this type of processing. The ability to selectively 

illuminate the data surface from various locations also 

provides a lineament or trend detection capability. The 

shaded relief operator can provide enhancement of any trend 

direction and the results are analogous in appearance to 

aerial photographs (see figure 11). Indeed, the behavior 

of linear features under various lighting conditions (or 

sun angles) is a well known property of aerial photographs. 

Lineaments tend to be enhanced when the solar azimuth is 

rougnly perpendicular to the strike of the feature and 

de-emphasized when tne solar azimuth is parallel to the 
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Figure 11. Shaded Relief Image of Aeromagnetic Data. The 
shaded relief technique produces the appearance of relief 
seen in the above image. 
(Illumination: Azimuth= 0, Elevation= 0). 
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strike. Similarly the lineaments in a shaded relief image 

can be selectively enhanced or removed by changes in the 

illumination azimuth. Furthermore, the illumination 

direction can be choosen arbitrarily which is impossible in 

aerial photographs. Letros (1980) indicates that strike 

sensitive filters are somewhat useful for removal of 

gridding artifacts in aeroinagnetic data. The shaded relief 

technique is particularly useful for enhancing or reducing 

artifacts created by inaccuracy in gridding of the data 

(see figure 12). 

The use of shaded relief images of geophysical data 

for interpretation has become quite common. Arvidson et al 

(1982), Haxby et al (1933), and Schowengerdt and Glass 

(1983) have applied the technique to data such as gravity, 

magnetics, and topography with excellent results. 

2.2.5 Illuminated Curvature 

The previous section described the slope enhance

m e n t  c a p a b i l i t y  o f  t h e  s h a d e d  r e l i e f  t e c h n i q u e .  I t  s e e m s  

only logical to carry tnis type of processing to the next 

level of complexity whicfi is curvature enhancement. Where

as the shaded relief technique produces images where 

brightness is a function of slope, the illuminated curva

ture technique produces images where brightness is a 

function of curvature. 
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Figure 12. Shaded Relief Image to Emphasize Survey 
Inaccuracies. -
(Illumination: Azimuth= 90, Elevation= 0). 
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Implementation of the processing method involves 

substitution of the local curvature for the local slope in 

equation 6. The curvatures in the x and y direction are 

calculated with the second derivative operator shown in 

figure 9d. 

It is the second derivative nature of the illumi

nated curvature process which enhances aeromagnetic data. 

Techniques for calculation of the second vertical deriva

tive of magnetic data are used quite commonly. Stewart and 

Boyd (1933) found the second horizontal derivative to be 

useful for enhancement of aeromagnetic data from Australia. 

They concluded that second derivative techniques were 

useful for identifying deep features and resolution of 

closely spaced anomalies. The illuminated curvature 

technique is quite useful for separating closely spaced 

anomalies. In addition, the ability to select an 

illumination direction aids greatly in the identification 

of aeromagnetic lineaments. This ability is illustrated in 

figure 13. Gay (1972) indicates that regional aeromagnetic 

lineaments represent fractures in the Earth's crust which 

control the reaction of the crust to tectonic activity. In 

this context, lineaments provide clues to the interpreta

tion of many localized geologic features (Gay 1972). Thus, 

the flexibility of the illuminated curvature techniques 



Figure 13. Illuminated Curvature Image. Lineaments which 
possess an east-west component are emphasized in this 
image. 
(Illumination Azimuth= 0, Elevation= 0). 



35 

with its ability to selectively enhance lineaments make it 

a powerful tool for interpretation. 

2,2.6 Interactive Real Time Illumination 

The preceeding discussion of the shaded relief and 

illuminated curvature surface operators indicates the use

fulness of these techniques for processing surface data. 

Unfortunately, these operations take a relatively long time 

to run in a disk file environment; each image must be read 

from disk line by line, operated on, and a new image 

written back to disk. To reduce processing time a new 

technique was developed which permits the illumination 

angles (i.e., azimuth and elevation) to be changed in real 

time using an interactive display system. 

The technique relies on modification of the illu

mination on the basis of the gray level of each pixel. 

Thus, the generation of an arbitrary illumination is 

reduced to a point operation which can be implemented in 

the hardware look-up tables of an image processing system 

at very high speed. The method for reducing the 

illumination calculation to a point operation involves 

exploitation of the properties of three orthogonally 

illuminated images, the weighted sum of which defines any 

arbitrary illumination. The problem is, of course, to find 

the appropriate weights for each image. 

Starting with equation 6 the brightness in terms 
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of slope for the illuminations is as follows: 

A = 0°, B approaches 0° 

127.5 * (G+Qo*cot (B)) _ ̂ ,_x 
GLx = + 127.5 (7a) 

t r 2  d 2 n 2,1/2 „ 2 ... 1/2 (G +Po +Qo ) * (1+cot (B)) 

A = 90°, B approaches 0° 

GLy = 127.5 * (G+Po*cot(B)) + 127>5 (7b) 

(G2+Po2+Qo2)1/2 * (1+cot2(B))1/2 

B = 90° 

GLz = 12I.5JLG + 127<5 (?c) 

(G2+Po2+Qo2)1/2 * (1+cot2(B))1/2 

Since the elevation (B) can be made arbitrarily small and 

'G' is a constant finite number that will rarely exceed 

2 1 / ? 
1000, it can be assumed that (1+cot (B)) >> G. Thus the 

P 1/2 
value of G/(1+cot (B)) is approximately equal to zero. 

With this assumption equations 7a, 7b, and 7c can be 

rewritten as follows: 

GLX . 127.5 » QO * oot(B) + ̂  ̂ (j(a) 

(G2+Po2+Qo2)1/2 * (1+cot2(B))1/2 

GLy = 127.5 * Po * cot(B) + ̂  ̂ (db) 

, n 2  n 2 ,2.1/2 „ , _ ,2. ..1/2 
(G +Po +Qo ) * (1+cot (B)) 

GLz r ]2! '5 + 127.5 (Be) 
( r 2  _  2  2 . 1 / 2  
( G  + P O  + Q O  )  

The relative magnitude argument can again be invoked. 

Thus, it is assumed that cot2(B) >> 1. This implies that 

2  1 / 2  
the quantity cot(B)/(1+cot (B)) is approximately equal 
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to one. Thus equations 9a and 9& become the following 

equations: 

GLx = —127-5 * Qo + 127.5 (9a) 

(G2.Po2
+QO2),/2 

127.5 * Po r- f ,-r^\ GLy = + 127.5 (9o) 
, r 2  _  2  A  2 , 1 / 2  
CG +Po +Qo ) 

At this point it greatly simplifies the equations if the 

offset value of 127.5 is moved to the left side of each 

equation by letting GL ' = GL - 127.5. Equations 3c, 11a, 

and 11b can then be rewritten as follows: 

GLx' , 1 2 7 *  Q °  (10a) 

(G2+Po24.Qo2)1/2 

G L y  =  1 2 7 - 5  *  P o  •  ( 1 0 b )  

(G2+Po2+Qo2)1/2 

GLz' = ( 1 0 C )  
( r 2  _  2  2 , 1 / 2  
(b +P0 +QO ) 

By taking the square of both both sides of equation 10c and 

separating terms the following equations are derived: 

Po2 = (127,5) - G2 - Qo2 (11a) 

GLz'2 

Qo
2 = - G2 - Po2 (11b) 

GLz'2 

Taking the square of botn sides of equations 10a and 10b 

yields the following equations: 
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GLx,2 , Lm î2_LS22 (12a) 

G2 + Po2 + Qo2 

0Ly,2 s U2L512_ixs2 
(12b) 

„ 2  „  2  2  
G + Po + Qo 

Substitution of equations 11a into 12a and lib into 12b 

produces the following equations: 

2 GLx'2 . 
Qo = (13a) 

GLz' 2 

P O 2  , ̂  (13b) 
2 

GLz' 

This indicates that the slope in the x and y directions is 

a function of the ratio of two images. Substitution of 

equation 13a into 11a yields the following equation which 

greatly simplifies the result: 

po2 r 127 '5 " _ G2 (14) 
2 2 

GLz1 GLz' 

Equations 13a, 13b, and 14 can now be " substituted into 

equation 6 which simplifies to tne following equation: 

GL = * GLZ '  

2  1 / 2  
(1 + cot(b)) 

+ sin(A) * cot(B) . 
* GLx' 

P  1  / ?  
(1 + cot (B)) 

+ cos(A) * cot(B) * ,jLy, +127.5 (15) 

(1 + cot2(B))1/2 

Thus,the brightness of a pixel illuminated from an 
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arbitrary direction is a linear combination of the three 

orthogonally illuminated images. The hardware look-up 

taoles of an image processor are loaded with values 

generated with the following equations: 

LUT for image with azimuth = 0°: 

LUT(SLX) = CGLx - ,27.5) * SlnU) "COt (B) 

( Ucot2(B)) 1/2 

LUT for image with azimuth = 90°: 

LUTCGLy) = (GLy - 127.5) • C°3(A>''COt(B> 

(1+cot2(ts))1/2 

LUT for image with :•! :vation = 90°: 

LUTCGLz) = (GLz - 127.5) * 
p  1  / ?  

(1+cot (b)) 

Where: A = arbitrary azimuth. 

B = arbitrary elevation. 

The input gray levels for the above equations are in the 

range of 0 to 256 and the output has a range of -127 to 

+127. The outputs of the LUT's are summed in a hardware 

adder array and the value of the result is shifted Pack to 

the & oit binary range by the addition of a constant or by 

an additional LUT operation. 

The major benefit of this method for the generation 

of illuminations is tne speed at which it operates. After 

preprocessing has been completed, the technique requires 

the calculation of 768 values (3 * 256) for the generation 

(16a) 

(16b) 

(16c ) 
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of an arbitrary illumination while a single illumination 

generated oy a surface operator requires the calculation of 

262,144 values (for a 512 by 512 image). The high 

processing speed of an image processing system allows 

illuminations to be generated in real time. 

Since three orthogonally illuminated images are 

required as inputs to the algorithm some preprocessing is 

required. Three shaded relief and/or curvature illumina

tion images must be generated by the methods described in 

sections 2.2.4 and 2.2.5. Once tne images have been gener

ated, however, the effect of any illumination angle can be 

investigated with this technique. 

The ability to generate arbitrary illuminations in 

real time with the result displayed continuously is idealy 

suited to geologic interpretation. The analyst can view 

data and dynamically modify tne illumination so that a 

variety of geologic trends are enhanced. The guess work 

whicn is involved in selecting illuminations to be gener

ated by a surface operator is not needed. This is 

particularly true for aeromagnetic data which often contain 

complex lineament information. The real time illumination 

approach is useful for extracting subtle lineaments which 

may only be visible with specific illuminations. tfith this 

technique an interpreter can quickly evaluate tne character 

of a data set. 
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2.2.7 Methods for Combining Data 

Each of the processing techniques discussed offers 

a method for extracting information from data which is not 

readily visible in contour maps. However, the result of 

each processing technique is an image which does not con

tain the maxiinuin amount of information possiDle. For tnis 

reason, methods are required for combining images which 

contain different types of information. 

The most obvious combined image that could be pro

duced is one that contains both amplitude and surface 

information. Thus, it would De useful to combine a colored 

amplitude image with a shaded relief or illuminated curva

ture image. The simplest method for producing this type of 

image is to multiply each band of the color image by the 

illumination image; resulting in a 'color shaded relief' or 

'color illuminated curvature' image. This produces satis

factory results, (see figure 14) however only the lower 

half (0% < intensity < 50%) of the HIS colorspace is 

represented. Therefore, a more generalized approach to the 

problem is indicated. 

The hue, intensity, and saturation components of 

the HIS colorspace can be used to represent different types 

of information. For aeromagnetic data the hue component 

may represent the magnetic amplitude and the intensity 

component may represent tne illumination component. Haydn 



Figure 14. Color Shaded Relief and Colored Illuminated 
Curvature Images. Top photograph is the color shaded 
relief. Bottom photograph is the color illuminated 
curvature. 

42 
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et al (1982) justify this type of combination as follows: 

I, H, and S, as perceived by the human eye, are 
ordered oy decreasing visual bandwidth and spatial 
resolution. This provides a systematic method for 
effectively merging data of different resolutions 
while maintaining maximum visual information. 
Since I, H, and 3 are percieved independently, an 
interpreter is aware of the relative values of the 
coded data. In cases where quite different data 
(e.g.,relief and reflectance) are merged, there is 
considerable less confusion than with KG3 coding. 

Thus, the high contrast, high frequency illumination data 

are assigned to intensity while the low contrast, low 

frequency amplitude data is assigned to hue. This approach 

is also useful for combining different data types. Images 

created from combinations of topography, magnetics, grav

ity, resistivity, etc. will generally be interpretable if 

the data with the highest frequency content are assigned to 

the intensity component, and the data having the lowest 

frequency content are assigned to the hue component. Satu

ration is difficult to analyze and has not been found to be 

useful for coding the type of data discussed here. 

2.3 Summary of Processing Techniques 

The ultimate goal of processing aeromagnetic data 

(or any surface data) as images is to maximize the 

displayed information co tent and extract subtle features. 

This is accomplished througn enhancement of the surface by 

shaded relief or illuminated curvature operations, and 

combining these images with the amplitude data. Heal time 



illumination improves the efficiency of data analysis and 

permits important trends to be evaluated. Perspective 

views and synthetic stereo images provide insight into the 

relationships of anomalies and tne geometry of the surface. 

Thus, taken together, the processing techniques form the 

basis of a surface analysis and interpretation package. 



C i U P T t r t  j  

J HAoE Ih rEKPritTATJOH OF THE Tli'lMJ NS AiirtOHAGiJET JC OAT A 

The interpretation of aer omagr. et i c data tends to oe 

a rather difficult process. The ciata can oe interpreted • 

quantitatively by matching the magnetic anomalies with tne 

anomalies caused by various models. Tn many cases, how

ever, a qualitative approach to interpretation is used. 

This involves identifying geology on the oasis of the char

acter of the anomalies. Image interpretation of 

aeroinagnetic aata is a qualitative approach which permits 

tne interpreter to apply many of the concepts of pnoto 

interpretation . 

j.2 Correlation from Color Shaded Belief J mages 

Since the images of aeromagnetic data are composed 

of surface information an interpreter can utilize tech

niques which apply to aerial photographs. Thus, the first 

job, in the analysis of a magnetic image, is to diviae tne 

image into subareas on the oasis of appearance. for mag

netic data this snoula be done on the oasis of anomaly 

geometry, background amplitude, and frequency content. 

Taken together, the frequency and geometry components are 

4 b 



analogous to texture m an aerial photograph while ampli

tude is analogous to tone. The features witnin each 

subarea oar. be mapped and interpreted separately after 

which the relationships between the subareas can oe 

analyzed in an attempt to determine tne overall character

istics of the survey area. 

The Timmins survey can be divided into three 

suoareas on the basis of the aoove characteristics (see 

figure 1?, overlay 1). Area 1 is characterized by linear 

anomalies. Tne frequency content is relatively nign while 

tne background amplitude level is also high. Area ? 

contains both broad and linear anomalies with high fre

quency content in some anomalies. The background amplitude 

level is moderately high. Area i is characterized jy 

linear and arcuate anomalies and a relatively high frequen

cy content. Tne oackground am pi l^u-d-e level is relatively 

1 o w. 

The division of the survey area arid tne description 

of each area given aoove was acco.npl i shed on tne oasis of 

information contained in a color shaded re]_j_ef i.nage 

(figure 1p ) . Tne frequency characteristics of an area are 

deterinir.ea from the snauing in tne image. Tnus, hign fre

quency areas are characterized oy nign contrast in tne 

snaoed component of the image (i.e., closely spaced 
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LEGEND FOR GEOLOGY 

11 .... Diabase dikes 

10....Felsic intrusive rocks 

3....Gabbro, diorite, larnprophyre 

7....Peridotite , dunite, pyroxenite, serpentinite 

6\...Metasediments 

5. . ..Metasediments 

2....Felsic inetavolcanics 

1 .... Intermediate to mafic metavolcanics 

IF....Iron formation 

Figure 15. High Resolution Color Shaded Relief Image. Overlay 1 illustrates 
the subareas. Overlay 2 contains point locations referenced in the text. 
Overlay 3 illustrates the geology (from Pyke, Ayres, and Innes, 1973). 

....Faults N 

....Dikes 

Scale: 1" = 4.1 miles 
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fluctuations from dark to light). A*~eas with low ' frequency 

information are characterized oy low cor.fdit shad ir.g . 

Anomaly geometry is contained in ooth trie snaaed relief and 

amplitude (i.e., color) components of the image. buotle 

changes in slope direction are defined oy trie shading while 

the overall shape of an anomaly is given oy tne coloration. 

The background amplitude level is cnaracte^ized jy the 

dominant color levels present in an area. 

3.<?.1 Correlation *fith Geology m Area 1 

Tne morphology of anomalies in area 1 indicates cue 

presence of geologic features which are primarily linear in 

nature. Correlation with, the geologic map of the area 

(Pyke, Ay res, and Jn.nes, 197 3) indicates that the north-

south trending magnetic nigns represent diaoase di^ces. 

Faults wnicn strike in a similar direction possess a .nore 

suotle magnetic signature. These faults are often cnarac-

terized jy truncation or flattening of anomalies. The 

truncated anomalies at locations 1-ja and 15o correspond to 

a known fault. Some faults in this area are indicated jy a 

relative change in amplitude. Tne 'pinching' of color 

bands at location 1jc and the presence of a snadec 'valley' 

at location lid are indicative of a Known fauit whicn na.s 

caused a reia~ive lowering of the magnetic field. The 

northwest stri^ir.0 faults at locations 1j>e and 1 if are 

character i zeu jy linear highs. ar. ar&umer. c can je maue f o" 



4 9  

extending the lineament at location 15f on the basis of a 

linear high which extends southeast of the mapped section 

of the fault. Many small bodies of gabbro are well defined 

as linear highs which trend to the northwest (see location 

15 g) . 

In.summary, area 1 is characterized by north 

striking diabase dikes which show as linear highs. Faults 

which strike north and northwest are well defined t>y the 

magnetics in some areas, however, the relationship is 

ambiguous in others. Gabbro is defined clearly as Droad 

anomalies in the west-central section of the area; and as 

linear anomalies in the rest of the area. 

3.2.2 Correlation With Geology in Area 2 

The broad anomalies of area 2 are associated with 

lithology. All of the magnetic highs represent the pres

ence of metamorphosed ultrainafic rocks. The linear 

anomalies in the northern section of the area directly 

reflect the metamorphic stratigraphy of the area which 

trends northeast at the western edge of the area and gently 

curves to a southeast trend at the eastern edge. Some of 

the isolated anomalies in the northwestern corner of the 

area (see location 15h) are mapped within felsic meta-

volcanics. These may represent additional occurrences of 

ultramafic rocks. The large anomaly in the east part of 

the area reflects the presence of folds. Ultramafic and 



mafic units occur as plunging anticlines at locations 15 i 

and 15j and a plunging syncline at location 15k. The east 

flank of this anomaly possesses the morphology of the 

plunging folds. The northeast and northwest flanks of the 

anomaly are cut by faults. This accounts for the trian

gular shape of the north side of the anomaly. The anomaly 

in the southwest corner of the area (location 151) is 

associated with ultramafic rocks. The gradient of the 

anomaly decreases to the east, indicating tne presence of 

the Burrows-Benedict fault. 

In summary, area 2 is characterized by anomalies 

associated with simple folds and relatively broad occur

rences of magnetic units below the till. Faults account 

for the truncation of many anomalies. 

3.2.3 Correlation With Geology in Area 3 

Area 3 contains a complex pattern of linear and 

arcuate anomalies which are indicative of the complex 

structures in the area. A complete discussion of the 

geology of this area (i.e., Tisdale Township) can be found 

in Ferguson (1963). The linear anomalies at location 15m 

correlate with metamorphic statigraphy contained in folds. 

The anomalies are truncated to the west and offset on the 

east side by faults. A relative change in magnetic ampli

tude at location 15n occurs along the southeast extension 

of the lineament found at location 15f- Ferguson (1 y68 ) 
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refers to this subtle feature as the Montreal River 

Lineament. A linear magnetic high at location 15o corre

lates directly with a mapped diabase dike. Small circular 

anomalies at locations 15p and 15q appear to be associated 

with iron formations. The wide band of high amplitude 

anomalies which cut across the southeast corner of the area 

occur along the Destor-Porcupine Fault zone. Truncation of 

anomalies in this zone can be observed at locations 15r and 

15s. The latter truncation appears to delimit a sharp end 

of the band of anomalies. The complexity of the folding 

and faulting in area 3 requires the use of larger scale 

images for detailed evaluation. 

In summary, area 3 is characterized by complex 

magnetic anomalies which reflect the double folded nature 

of the rocks. This is complicated by numerous offsets and 

truncations at faults. 

3.3 Geology Based On Illuminated Curvature 

The illuminated curvature image (figure 16) pro

vides additional detail in areas which are extremely 

complex or relatively flat in the color shaded relief 

image. This type of image is paticularly useful for 

enhancement of lineaments. 

A brief analysis of figure 16 reveals numerous 

features which were difficult to see in figure 15. The 

continuity of the Montreal River Lineament (location 16a) 
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is quite obvious. Two other continuous lineaments (see 

locations 16b and 16c) which are roughly parallel to the 

Montreal River Lineament can be identified. Since these 

lineaments are associated with diabase dikes it could be 

hypothesized that the Montreal River Lineament reflects the 

presence of a dike which does not crop out. Offsets and 

truncations along the Burrows-Benedict Fault (locations 16d 

and I6e) are enhanced. An additional diabase dike at 

location I6f which could not be seen in figure 15 is visi

ble. Offsets in this dike and the one south of it are 

visible at locations I6g and I6n. 

It is obvious that a considerable amount of infor

mation can be extracted from this type of image. A map can 

be made of lineaments and bifurcations which are enhanced 

in this image (see figure 16, overlay 1). This type of map 

provides information about the location of potential dikes, 

faults, or folds. 
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Figure 16. High Resolution Illuminated Curvature Image. Overlay 1 maps 
bifurcations and lineaments. Overlay 2 contains point locations referenced 
the text. Overlay 3 illustrates the geology (from Pyke, Ayres, and Innes, 
1973). 
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Figure 16 . High Resolution Illuwinated Curvature I t age . 



Figure 1 f. Contour Hap of Part of the Image Area. i'he 

area covered oy this map lies at tne center of tne west 
edge of the image. (from Bhattacnaryya, 19/1) 



CHAPTER 4 

SUMMARY AND CONCLUSIONS 

Image processing will, no doubt, continue to 

increase in use as a method for displaying and manipulating 

complex geophysical data. The examples of images and des

criptions of processing techniques given here are intended 

to inform the geologist about the utility of adding image 

products to an exploration program. 

4.1 Summary 

The two major topics addressed in this thesis were 

as follows: 1) image processing of aeromagnetic data; and 

2) image interpretation of aeromagnetic data. 

Processing of the data was based on the shaded 

relief and illuminated curvature techniques for the 

enhancement of the high frequency information contained in 

the data. The efficiency of these techniques was increased 

Dy the use of interactive illumination. Amplitude infor

mation was enhanced througn pseudocoloration. Perspective 

views permitted insight into the nature and geometry of the 

magnetic anomalies. Tecnniques for combining images were 

used to maximize the information contained in a single 

image. Histogram equalization permitted the dynamic range 
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of the data to be stretched without requiring the user to 

select parameters. 

The interpretation of the Timmins aeromagnetic data 

illustrated that photo interpretation techniques can be 

applied to these type of data when displayed as an image. 

Emphasis was placed on the correlation of geology with the 

aeromagnetic anomalies present. Structures such as faults 

and folds were delimited clearly in the images. Lithologic 

changes could also be identified with confidence. The 

lineament enhancement capability of the images was illus

trated . 

4•2 Conclusions 

Several conclusions can be drawn from this re

search. In general, the method of displaying aeromagnetic 

data as images enhances the data and permits an intuitive 

evaluation of anomalies. The primary reason for this is 

the continuous nature of an image. Thus, the analyst does 

not have to mentally process the data as contour lines and 

create an imaginary model of how the surface should appear. 

The technique of illuminating the surface provides an image 

which contains clues to the shape of anomalies which are 

familiar to anyone who has worked with aerial photo

graphs. Images also enhance features which are 

discontinuous but related; lineaments can be connected with 

little mental effort. The most important characteristic of 
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images is that very subtle features (which could not be 

easily observed in contour maps) can be evaluated. 

Although this research utilized aeromagnetic data 

to illustrate the processing techniques most gridded amp

litude data can be processed in the same way. In general, 

any data which are displayed as a contour map will probably 

benefit from image processing. The maximum benefit, how

ever, is realized when the techniques are applied to very 

complex data (such as aeromagnetic data). 

Finally, it is important to note that images of 

data can not replace contour maps. In practice, the scale 

of an image is limited; contour maps can be produced at 

mucn larger scales than images. The image, therefore, is 

primarily a tool which provides insight into the informa

tion contained on the contour map. 
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