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Abstract 
The Hough transform is  an established tool for discovering 
linear features in images. The present investigation presents 
a new and specific algorithm for detecting geological linea- 
ments in  satellite images and scanned aerial photographs 
which incorporates the Hough transform, a new kind of a 
"directional detector," and a special counting mechanism for 
detecting peaks in the Hough plane. 

Three test sites representing different geological environ- 
ments and remote sensing altitudes were selected. The first 
site represents sedimentary conditions of chalk beds on 
cherry picker photography; the second represents plutonic 
conditions of granite rocks on an aerial photograph; and the 
third represents tectonic fractures of carbonates, chalks, and 
cherts on digital satellite data. In all cases, automatic extrac- 
tion and mapping of lineaments conformed well to interpre- 
tation of lineaments by  human performance. 

Introduction 
Regional study of linear features such as faults, joints, folds, 
dikes, crustal fracturing, and lithological contacts, using aer- 
ial photographs and particular satellite images, has made im- 
portant advances in geological research during the last few 
decades (Rowan and Lathram, 1980). Recognition of linea- 
ments has been used for investigating active fault patterns in 
areas of difficult accessibility (Tibaldi and Ferrari, 1991), wa- 
ter resources investigations (Waters, 1990), mineral deposit 
exploration (Rowan and Lathram, 1980), and in the study of 
the structural or tectonic history of a region. 

The use of computerized, scanned data analysis for the 
detection of linear features from aerial photographs or digital 
satellite images can reduce to a minimum the bias of the 
subjective decision of the interpreter. Sijmons (1987) distin- 
guished between two categories of computerized lineament 
processing. The first involves mainly enhancement of linear 
features using standard image processing methods [such as 
edge detection directional filters) for later visual interpreta- 
tion while the second category involves automatic computer 
processing of the original digital data for the production of a 
lineament map. Obviously, the majority of studies which 
have been done up to date belong to the first category. For 
all of the cases in this category, interpretation of lineaments 
is still subjective, and considerable experience is required to 
detect weak features or to separate close ones. In order to 
overcome these limitations, an automatic objective procedure 
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is required. This type of procedure is not common (Oakes, 
1987; Simon et al., 1989; Zlatopolsky, 1992). During the last 
few years, special interest has been shown in using the 
Hough transform algorithm for this purpose, but with limited 
success (Cross, 1988; Cross and Wadge, 1988; Wang and Ho- 
warth, 1989; Wang and Howarth, 1990). 

The approach in this study was to use the Hough trans- 
form in a special version that is more sensitive to grey level 
continuity in digital aerial photographs and satellite images. 
After the detection of strong linear features on the image, 
we examined the data available at different scales from a 
level of ground information compared to that obtained from 
aerial photographs and satellite data. The lineament data 
studied comes from a range of fracture patterns from a sim- 
ple two-set pattern to a more complex one having three or 
more sets. 

The Hough Transform Algorithm 
The Hough transform is designed to detect collinear sets of 
edge pixels in an image by mapping these pixels into a pa- 
rameter space (the Hough space) defined in such a way that 
collinear sets of pixels in the image give rise to peaks in the 
Hough space (Ballard and Brown, 1982). The edge pixels 
processed by the transform include the digital approxima- 
tions of the gray level gradient magnitude m and direction 0. 

A straight line can be characterized by its slope a and its 
perpendicular distance p from the origin. For the line with 
slope a that passes through the point (x, y) ,  we have 

p = x sin a - y cos a. 

Note that p is a signed quantity: e.g., if a is in the fourth 
quadrant and (x, y)  is in the first quadrant, p is negative. 

Suppose an image contains a long straight edge e having 
slope a and distance p from the origin. Then an edge pixel 
having coordinates (x, y) and lying on e should have gradient 
direction 8 perpendicular to a,  i.e., a = 0 2 r l 2 .  Thus, in 
terms of 0, Equation 1 becomes 

p = x sin (0 + ~ / 2 )  - y cos (0 + ~ / 2 )  
= + (x cos 8 + y sin 8). 

If we compute p for each edge pixel using Equation 1, e 
should give rise to a cluster of ( p ,  0) values. Note that one 
needs compute only one p for each 8, depending on whether 
the positive gradient direction is 0 + d 2  or 8 - m/2. 

Unfortunately, in practice one does not obtain "tight" 
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clusters from the edge pixels in  a real image, because the 
gradient direction 8 is difficult to compute accurately (Rosen- 
feld et al., 1986). We will introduce, in the next section, a 
new method for computing directions of line segments that 
proves to be very useful for Hough transforming geological 
lineaments. This new method stands in clear contrast to the 
traditional method of obtaining the magnitude and direction 
of the gradient on small neighborhood operators. The overall 
inexactness of the direction of the gradient based on small 
neighborhoods) induces a necessity to use a range of 0 in- 
stead of one exact value when searching for clusters in the 
Hough plane (Rosenfeld et al., 1986). Our approach leads to 
the intuitively correct state in which, if an image contains a 
long straight edge, it is possible to detect a cluster where all 
arcs (in the p, 8 plane) that correspond to a given x, y and a 
range of 0 intersect. 

Let the input image be an n x n matrix; then the range 
of possible p values (in pixel units) is n@, i.e., on the order 
of n. The number of distinct digitized straight lines through a 
given point in an n x n image is also on the order of n, i.e., 
there are only - O(n) different slopes for these lines. Thus, 
when working with an n x n input image, we can use a digi- 
tal (p, 8) space of size of the order of n x n. We shall assume 
that the (p, 8) space is in fact an array of the same size as the 
image. The process of computing the Hough transform in the 
standard way is as follows: 

For each pixel (x, y) in the image, compute the edge magni- 
tude m = m (x, y) and its direction 0 = 0 (x, y). Call (x, y) an 
edge pixel if m(x, y) 2 T, where T is a threshold. 
For each edge pixel (x, y] and each 0 (x, y), compute p = x 
cos 0 + y sin 0 and add 1 to the Hough array in position (p, 
0). Thus, in the final Hough array, the value at (p, 0) is the 
number of times the pair (p, 0) is obtained by processing all 
edge pixels in this way. 

A Hough Algorithm for Geological Lineament Detection 
Most reports of Hough transform extraction of linear ele- 
ments from images use some simple edge detector for the 
measurement of gradient magnitude and direction (Ballard 
and Brown. 1 9 8 5  ~ o s e n f e l d e t  al., 1986). The basic image 

Figure 1. Aerial photograph of Santa Katharina. 

used in the present study to develop the algorithm is @;en 
in Figure 1. The use of a simple edge finder such as the So- 
be1 operator generates a great amount of noise, resulting in 
the masking of geological lineaments (Figure 2). Conse- 
quently, it was necessary to develop an approach that pro- 
duces a direction per pixel by searching a large 
neighborhood instead of calculating a gradient direction from 
a noisy 3 by 3 derivative. I 

  his approach for extraction of edge directions comple- 
ments the commonly used calculation of derivatives in that 
it searches over a large neighborhood for pixels which are 
similar to the central pixel. This operation is equivalent to 
identifying an edge, or line, by running along it rather than 
by crossing it (with an edge detector). The algorithm sums 
the differences in grey level along lines passing through the 
pixel in all possible directions. Whenever the sum of differ- 
ences is smaller than a given threshold, the direction is con- 
sidered "detected," in :way similar to the detection of a 
direction of a strong enough edge. For a neighborhood that 
includes a possible straight line of length n, grey level of a 
pixel i denoted by g,, and the grey level of the central pixel 
denoted by go, the thresholding test for extracting a line is 
performed by the use of the expression 

I g, - go l 5 Threshold. 
i = l  

This detection approach is effective for lines that have one 
dark side and one bright side; otherwise, a homogeneous 
patch will trigger the threshold of Equation 3. However, our 

Figure 2. Results of edge detection on the Santa Kathar- 
ina aerial photograph using the Sobel operator. 

method is immune to this effect because we detect dark lines 
and bright lines separately and then merge them, as is de- 
scribed below. 

In order to compare the general behavior of the direc- 
tional filter of Equation 3 and a common edge detector, we 
present typical results in Figures 2 and 3. When applying 
our method of Equation 3 ,  we used sizes of neighborhoods 
up to 20 by 20 pixels and an angular resolution in the direc- 
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Figure 3. The proposed directional search (on 20 by 20 
neighborhoods) on the Santa Katharina aerial photograph. 

tion of pixels of 5". These are very large neighborhoods, 
compared to common 3 by 3 edge detectors. As a result, the 
detected directions are much more accurate than in the stan- 
dard small edge detector case. Figure 2 presents the result of 
running the Sobel operator on Figure 1 with no threshold. 
Fieure 3 Dresents the result of calculatine the LHS of Eaua- 
ti& 3 ,  again with no thresholding. In boyh figures, brig'hter 
pixels have stronger directionality. The strength of our pro- 
posed mechanism of directional filtering is demonstratgd by 
the fact that the darker pixels reside on visible lineaments in 
Figure 3 (bottom). 

The next step in the Hough algorithm for line detection is 
to accumulate "counts" in the Hough plane, counts that repre- 
sent candidate straight lines, and to look for peaks of these 
counts over the plane. The accuracy of the detected directions 
gives us reasons to expect that the process of counting votes 
for lines can be sim~lified bv counting each ~ i x e l  onlv once. 
Each pixel votes in h e  ~ o u i h  plane &r the fine that Gasses 
through it and has the right direction. To improve the "shal- 

Figure 4. Location map. 

Figure 5. Nahal Revaha outcrops of Eocene chalk. 
lowness" of the count sface, we have applies a new form that 
is specifically suitable for detecting black-white lines. Instead 
of counting pixels on a thresholded line, our proposed algo- 
rithm counts grey levels for each candidate line point. 

The proposed algorithm looks for lines of either dark The normalization of the counts in the Hough plane is 
shade or bright shade and takes care to merge the two com- performed by representing the at each point a, as a 
plementary results. Counting grey levels produces a need to relative value 
run the algorithm twice (on a picture and its inverse) to find 
all outstanding geological lineaments. However, it turns out apn - am,,, 

zpe = that counting occurences of lines in the Hough plane is am= - amm 
(5) 

1 much less sensitive to noise when one uses the above form ' of counts of line occurence. In general, we adopt the corn- where a,,,,, is the minimal value of the sum in Equation 4 for 
mon technique of denoting straight lines by a, (lines of the Hough plane and a,,, is the corresponding maximal 
slope a and distance p). As a result, we define the count of a value. Our algorithm for detection of peaks in the HoWh 
line to be the following: plane cuts off counts that have a value z,, I 0.7. The two 

separate Hough planes, one for dark lines and one for bright 
ape = Z x, (4) lines, are thresholded separately. 

The final step in detecting the geological lineaments is 
where x, are the grey level values along the line a,, in the in merging the lines that resulted from the peak detection in 
Hough plane. the Hough plane. Here, one has to merge similar lines, that 
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Figure 6. The Nahal Revaha test site. 

Figure 7. Lineaments in the Nahal Revaha test site. (a) 
Automatic extraction. (b) Photograph interpretation. 

is, lines that lie close enough to one another and in  similar 
enough inclination. In the process of merging lines, one has 
to mix the populations of dark and bright lines, because real 
linear structures (and in photographs taken in non-zenith sit- 
uations) generate strong linear responses in the analyzed pic- 

North  

1:: 
North 

1;: 
L 

Clrculsr Mean 3 9 8  degreelsl 

1 
Circular Mean = 121 degreelsl 

Figure 8. Rose diagrams for Nahal Revaha test site. (a) 
Automatic extraction. (b) Photointerpretation of main line- 
aments. (c) Photointerpretation of total lineaments. 

ture of both dark and bright Hough peaks. In the present 
detection process, lines that are closer to one another than 
their own length, and that have the same inclination, were 
merged. Merging took place between pairs of lines of both 
similar and different shades. The final results of the above 
procedure will be presented and compared to those of the 
human interpreter in the following sections. 

Application of Algorithm 
In order to test the automatic extraction of geological linear 
features from digital remote sensing, it was neccessary to ob- 
tain ground truth from test sites of known geological features 
which could be verified by mapping or from previously pub- 
lished data. Furthermore, test sites were chosen to represent 
different geological regions and levels of remote sensing as 
well as scale. The following three sites were chosen. 

Nahal Revaha Site 
The Nahall Revaha site is located in the central-southern Ne- 
gev of Israel (Figure 4). The site is part of the Be'er-Sheva's 

lnahal = wadi = ephemeral stream 
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(a) (b) 

Figure 9. Automatic extraction of lineaments in the Santa Katharina site. (a) One window. (b) Four windows. 

~ ~ ~ = ~ l ~ ~  ~~~n = 3 1 0  ? e s r s e l r )  

1 
Circulac Mean = 307 degree(=) 

(a) (b) 

Flgure 10. Rose diagrams for the Santa Kathar~na site. (a) Auto- 
matlc extraction. (b) Photointerpretation of total lineaments. 

basin which is formed by a major syncline west of the 
Northern Negev Anticlinorium (Arkin et al., 1984). This area 
is made up of Eocene chalks and limestones covered in some 
places by Senonian chalk, marl, or chert and younger clastic 
sediments of Neogene to Quaternary age. A large part of the 
area is covered by loess, and clear outcrops generally occur 
only in wadi beds (Figure 5). 

This site was chosen as a test site for the evaluation of a 
hand-held camera photograph taken from the top of an adja- 
cent cliff, approximately 5 m above the test site, representing 
a "cherry-picker" level of remote sensing (Figure 6) .  The 
fracture pattern exposed shows three major trends. In gen- 
eral, the inherent joint pattern trends N40°-50°E and S4O0- 
50°E. A younger N60°-80°E trend cuts across all others. These 
fractures were measured at the test site as well as interpreted 
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from the photograph. In both cases, the data were evaluated 
using the stereographic computer program SPLoT by Darton 
Software. 

Computer extracted lineaments are shown in Figure 7. In 
this case, it is demonstrated that the automatic extraction de- 
tects only the major lineaments (Figure 7a). Photointerpreta- 
tion includes both major and short lineaments (Figure 7b). 
The automatic extraction process can control the number of 
lineaments to be counted in each case, thus allowing com- 
parisons to be made at the same level of detection. Figures 
8a and 8b represent rose diagrams of lineaments at the same 
detection level (i.e., the same number of lineaments). It can 
be seen that the photointerpretation is biased towards the 
shorter lineaments (Figure 8b) whereas only the major linea- 
ments are detected by automatic extraction (Figure 8a). 



When all the lineaments are considered, there is a stronger 
bias towards the shorter ones (Figure 8c) and the circular 
mean is rotated clockwise as compared to the ground truth 
(Figure 7b). 

Santa Katharina Site 
The Santa Katharina site is located in the central southern 
Sinai Peninsula (Figure 4). The area is made up of the Ka- 
tharina-Iqna Pluton which consists of alkaline and older 
calc-alkaline granitic rocks of Precambrian age (Bentor and 
Eyal, 1987). The fracture pattern is clearly expressed by the 
main wadis and dikes cutting across the pluton. The wadis 
follow the main faults in the area and generally trend north- 
south. The associated fractures are expressed as both nega- 
tive and positive dikes as well as clearly defined traces 
trending N145"E, N85'E, N170°E, and N3T0E (Figure 1). On 
this basis, the site was chosen as a test site for low altitude 
aerial photography evaluation. 

Fractures were mapped on vertical air photographs at a 
scale of approximately 1:10,000 and by automatic extraction 
(Figure 9; compare with Figure 1). Figures 9a and 9b show the 
relationship between extracted lineaments from a whole pho- 
tograph as compared to the extracted lineaments from the 
same photograph divided into windows. In this case, four 
windows were chosen; however, there is no limit to the num- 
ber of windows. The greater the number of windows, the 
shorter the lineaments that can be detected. These short linea- 
ments merge as windows, are joined adjacently, and they at- 
tach end-on, or overlap the longer ones, to form the major 
lineaments (Figure 9b). 

The measured trends were evaluated using SPLOT. Rose 
diagrams of pole trends of fractures representing total linea- 
ments mapped as compared to the rose diagram of fractures 
evaluated by automatic extraction are shown in Figure 10. A 
comparison of rose diagrams of automatic extraction (Figure 
10a) and photointerpretation (Figure lob) shows an obvious 
agreement between the same level of detection. The circular 
mean in  this case forms a good means for correlation. 

Nahal Ye'elim Site 
The Nahal Ye'elim site is located on the western side of the 
Dead Sea Rift Valley (Figure 4). The rocks exposed include 
Upper Cretaceous Judea Group carbonates and Senonian Mt. 
Scopus Group chalk and chert (Arkin, 1989). The fractures in 
the area are representative of the fracture pattern along the 
length of the rift and are recognized as follows: faults form- 
ing the major horsts and grabens along the rift trending in 
general, N3o0W; the inherent joint pattern representing part 
of the Dead Sea stress system trending S45"E and N40°E; and 
secondary fractures trending approximately N70°E and 
N30°E. A younger fracture system trending N20°E and S8"E 
cuts across all others (Arkin, 1989). 

This site was chosen as a test site for evaluating frac- 
tures on satellite imagery (Figure 11). An automatic extrac- 
tion of lineament data in the present study, based on Landsat 
TM, is shown in Figure 12.  Figure 13 shows an earlier work 
of visual lineaments interpretation from Landsat MSS imagery 
(Arkin and Bartov, 1976). It can be seen that the automatic 
extraction and photointerpretation at the level of satellite im- 
agery generally allow the detection of major lineaments. Pho- 
tointerpretation, as shown in Figure 13 at the Nahal Ye'elim 
site, presents an overall picture of lineaments which are 
overlapping mapped geological features. These may be com- 
pared to that of automated extraction (Figure 12). North is to- 
wards the top of Figure 12. It can be seen that the 
north-south detected lineaments compare well with the gen- 
eral direction of the Dead Sea rift. Other lineaments also set- 
tle with the directions of major fault lines. 

Conclusions 
For the detection of geological lineaments on aerial photo- 
graphs, which tend to be very bright or very dark, a new vari- 
ation of the Hough counter has been used. The new counter 
counts grey levels and operates on both a picture and its in- 
verse, merging the results of linelpeak detection. 
The use of the Hough algorithm in the present form allows 
the automatic detection of most major lineament directions. 
The structure of the present program, by which azimuth and 
coordinates of lineaments are extracted, allows the mapping 
of the detected lineaments and their statistical evaluation. 

Figure 11. Landsat TM imagery of the Dead Sea area. 
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ha1 Ye'elim site. 
Figure 12. Automatic extraction of lineaments in the Na- 

Lineaments observed on satellite 

Figure 13. Landsat MSS interpretation of lineaments (af- 
ter Arkin and Bartov, 1976). 

The option of dividing imagery into windows allows the de- 
tection of shorter lineaments in addition to the major ones. 
This enables the analysis of the minor linear features within 
the same study area. 
In all three study sites, representing different geological envi- 
ronments, ground truth is seen to be evident by overlapping 
of automatically extracted lineament directions with known 
geological features. 
The proposed method of windows applied to satellite digital 
data could provide more details on geological structures 
through remote sensing. 
The Hough algorithm may be improved for use on aerial pho- 
tographs by implementing a large-neighborhood line detector 
instead of the standard small-neighborhood edge detector. 
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