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1. Introduction

Scanline mapping provides the means to characterize the rock mass surrounding
an exposed excavation. This information is subsequently used to identify zones of
similar geomechanical conditions and as input for analysis and design of excava-
tions in rock. A major constraint is the di‰culty in collecting good quality data as
mapping can often be hindered by limited access, dust, poor lighting, noise as well
as production constraints. Consequently, this has resulted in several mining oper-
ations exploring variations of traditional mapping with the aim to optimize data
collection (Hadjigeorgiou et al., 1995). Unfortunately, experience has shown that
gains in e‰ciency and speed of mapping can result in insu‰cient quality of the
data.

In recent years, there has been a move towards employing shotcrete as a pri-
mary support. This often necessitates its prompt application, thus limiting the time
available for mapping. Given such production constraints it is hence imperative to
develop a quick and reliable methodology for recording structural data. This
necessity has been the motivation for the present work to compare the perfor-
mance of a series of algorithms in recognizing geological small-scale features from
photographs.
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2. Definitions

For the purposes of this paper, the following definitions are used with reference to
digital images of discontinuities in rock:

a. Edge: A boundary between two regions of an image that have relatively distinct
grey levels. Fig. 1 shows how an edge defines a joint.

b. Line: Curvilinear structure in an image that defines a joint in the rock mass,
Fig. 1.

c. Topographic feature: A grey scale image is considered as a topographic map
with dark pixels corresponding to low elevation and light pixels to high eleva-
tion. An example of a topographic feature is the 3D representation of an inci-
sion in Fig. 2b, which represents the joint shown in Fig. 2a.

A detection algorithm is used to delineate all pertinent geological features from
digital images of discontinuities in rock. This is accomplished by assigning a rela-
tive intensity value to each pixel in the image. Thresholding is then used to estab-
lish the range of interest for the foreground in the resulting binary image. Figure
3a is an example where the relative intensity of each pixel in the image, is repre-
sented by a numerical value. If a threshold value of 5 is used then all pixels having
a relative intensity greater than 5 are identified, as shown in Fig. 3b. The threshold
is used as a filter, whereby only those pixels that meet the threshold are retained.
This results in the transformation of the image to that represented in Fig. 3c.

A successful algorithm identifies all pixels that constitute a discontinuity trace
at their proper location in the image. The performance of the investigated algo-
rithms was evaluated based on the following criteria described in Fig. 4:

a. Detection criterion: A succesful algorithm has a high probability of extracting
true features (pixels) and a low probability of extracting false features. Refer-
ring to Fig. 4a, the dark pixels represent the features to be detected. In Fig. 4b,
it is noted that only some of the pixels of Fig. 4a are recognised. Furthermore,

Fig. 1. a A well defined blocky rock mass; b A close up of the image identifying the distinction between
lines and edges
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in certain cases, pixels are recognised even when no discontinuity trace is pres-
ent. This detection criterion is implemented by quantifying recognition and
error rates, further defined as:

i) Recognition Rate ¼
P

ðdetected pixels corresponding to a featureÞ
P

ðpixels representing the featureÞ � 100%

ii) Error Rate ¼
P

ðdetected pixels not corresponding to a featureÞ
P

ðpixels in the imageÞ � 100%

Applying these definitions to Fig. 4b results in a recognition rate of 71.4% and
an error rate of 7.8%.

b. Localization criterion: The extracted points should be as close as possible to the
true points of a feature. Ideally, the localization of a detected trace should
correspond to its actual location in the image. In Fig. 4c, all pixel features from
Fig. 4a are in fact recognised. However, their localization in space is not nec-

Fig. 2. a Discontinuity trace grey level image and b its corresponding light intensity function

Fig. 3. An example application of a threshold

Image Analysis Algorithms for Constructing Discontinuity Trace Maps 165



essarily correct. For example, in the diagram on the right, all pixels are trans-
lated to the right of the actual trace localization.

c. Multiple response criterion: In a successful application of a digital image anal-
ysis, it is necessary to ensure that the detection operator produces a unique
result for a given feature. In Fig. 4d, the detection process results in multiple
responses. Referring to Fig. 4a, the object to be detected is composed of 7
pixels. The detected features shown in Fig. 4d consist of 14 pixels.

For the purposes of this paper, in identifying discontinuities in rock, any
localization errors and multiple responses were interpreted as failure of the detec-
tion algorithm.

3. Discontinuity Characterisation Using Image Analysis

In the past, stereoscopic methods have been employed to characterize geological
structures from visual detection of discontinuity traces (Allam, 1978; Hagan, 1980;
Rorke and Brummer, 1985; Harrison, 1993; Beer et al., 1999). An advantage of
stereoscopic methods is that it is possible to determine joint orientation. Cheung et
al. (1996) developed an imaging system based on a scanner that projects a light
stripe illuminating the rock face and a pair of video cameras that captures the

Fig. 4. Definition of feature detection criteria used to evaluate the performance of edge and line rec-
ognition algorithms
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image. This has allowed one to compute the 3D geometry of a rock exposure.
Nevertheless, at the present time it would appear that the stereoscopic approach
has several drawbacks including time-consuming fieldwork and data interpretation
that requires expensive and somewhat cumbersome equipment. Recently Feng et
al. (1999) developed a mapping system, using a Total Station, that determines the
co-ordinates of selected points in the rock mass.

Tsoutrelis et al. (1990) and Crosta (1997) report on identifying and manually
tracing discontinuities from photographic images. Manual tracing, however, is
time consuming and has limited potential for practical applications. Maerz (1990),
Reid and Harrison (2000) have developed methods to construct discontinuity trace
maps by employing algorithms that consider an image as a continuous two di-
mensional light intensity function f ðx; yÞ. In this case, x and y represent spatial
co-ordinates at a point in the image plane. The value of the function at any point
represents the brightness or gray level of the image at that point. The gray level
image of a discontinuity trace, and its corresponding light intensity function, can
be described by a three-dimensional surface as shown in Fig. 2. In this example,
the discontinuity trace is easily recognizable by a deep and steep valley.

Maerz (1990) used a line detector developed by Dony (1988) to extract lines
from an image using the first derivative of the filtered image in conjunction with a
zero crossing detector. The elevation minima or maxima of the light intensity
function correspond to changes in the sign of the first derivative of the image. The
detected curves were then linked based on a series of simple geometrical conditions
(distance and orientations). Reid and Harrison (2000) proposed a semi-automatic
method for line reconstruction whereby an operator selects a seed pixel at one of
the extremities of every perceived discontinuity. Once this is established, it is pos-
sible to reconstruct each discontinuity by joining all segments, constructed by
pixels forming incisions in the image.

The works of Maerz (1990), Reid and Harrison (2000) demonstrate the great
potential of digital face mapping. It would appear, however, that the employed
algorithms were only tested for a limited range of rock conditions.

Furthermore, representing discontinuity traces as dark visible lines is not sat-
isfactory for all types of ground conditions. This is illustrated in the photo of the
blocky rock mass, Fig. 1. Using the definitions for edge and line adopted in this
paper and referring to Fig. 1b it can be seen that rock blocks are defined by both
edges and lines. A methodology that can accommodate both line and edge recog-
nition, can then be applied to the majority of cases analysing the geological
structures observed in a rock mass. These requirements define the basis of current
work described below.

4. Evaluation of Edge and Line Detection Algorithms for Recognition of
Discontinuity Traces

The authors conducted a critical review of image analysis literature and identified
six detection algorithms for their potential for edge or line detection: Sobel
described by Gonzalez and Wintz (1987); Johnson (1990); Canny (1986); Dony
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(1988); Steger (1998) and a topographic operator reported by Wang and Pavlidis
(1993), Lee and Kim (1995) as well as Reid and Harrison (2000). The selected
algorithms along with a short description of their basic principles are summarized
in Table 1.

The Sobel and Canny algorithms are probably the most popular edge detection
algorithms. Both rely on filters to compute the image’s first derivative. The John-
son algorithm is a modification of the Sobel detection algorithm that can account
for varying conditions of scene illumination. The e¤orts of Dony (1988) and Reid
and Harrison (2000) were of particular interest given their application to extract-
ing discontinuity traces from rock exposures. Steger’s implementation (1998), in
the same way as Dony’s algorithm, extracts lines using the first and second deriv-
atives of a filtered image. Once applied to an image of a rock exposure, the algo-
rithms result in a binary image with the black pixels corresponding to the detected
features, and the white pixels to the others.

Université Laval has an extensive database of scanline and photographic data
from several mines in the Canadian Shield. A series of photographic images were
selected representing diverse field conditions. It should be noted that the photo-
graphs were taken during mapping, using a 35 mm camera and a flashlight as a
source of illumination. At the time the photographs were taken, no e¤ort was
made to consider ideal lighting for image analysis. A main objective of this work is
to develop procedures that can eventually be applicable for a range of geological
and structural conditions.

The performance of the selected algorithms was evaluated with reference to the
six images in Fig. 5. All images are of a standard size of 150 � 150 pixels corre-
sponding to a rock face area of 30 � 30 cm.

In order to compare the performance of the selected algorithms, the detection,
localization and multiple response criteria, summarized in Fig. 4, were used. As a

Table 1. Algorithms evaluated for the detection of discontinuity traces

Detection algorithm Detected object Basic principle

Sobel Edge Thresholding of the first derivative of the light intensity
function calculated at each pixel.

Johnson Edge Thresholding of the first derivative of the light intensity
function calculated at each pixel. Local light intensity
is accounted for.

Canny Edge Thresholding of the first derivative of the light intensity
function calculated at each pixel.

Topographic Line Identification of pixels representing incisions in the
light intensity function by calculating the maximum
and minimum curvatures at each pixel.

Dony Line Identification of zero crossings of the light intensity
function’s first derivative calculated at each pixel. This
is represented by a sign change between neighbouring
pixels.

Steger Line Identification of zero crossings of the light intensity
function’s first derivative. This is calculated at each
pixel in the direction where the second derivative is
maximum.
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first check, the occurrence or absence of localization errors and/or multiple
responses was investigated. A quantitative assessment of the detection criterion
was undertaken by calculating error and recognition rates. For each image, a
threshold specific to each detection algorithm was adjusted in order to obtain a
maximum recognition rate while minimizing the error rate. The results are sum-
marized in Table 2 and in Figs. 6 to 11.

5. Analysis of Results

Referring to Table 2, the Sobel, Johnson and Canny algorithms revealed no
localization error or multiple response, for edge detection. An exception was when
edges with low contrast had to be extracted. The presence of irregular edges in the
images proved problematic for the Sobel and Johnson algorithms. Moreover,
when lines represent discontinuity traces, edge detectors produced both localiza-
tion errors and double responses corresponding to the two sides of the lines. This is
shown in Fig. 11c illustrating Sobel edge detector applied to image 6. Given that
the Dony and Steger algorithms are designed as line detectors it was not surprising

Fig. 5. Selected 30 � 30 cm photographic images of discontinuity traces: a Image 1 of a trace edge in a
volcanic ‘cap’ rock; b Image 2 of a trace edge in rhyolite; c Image 3 of a trace edge in basalt; d Image 4
of a trace edge or line in basalt; e Image 5 of a trace line in rhyolite; f Image 6 of a trace line in a vol-

canic tu¤
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that they had di‰culties to detect edges. With respect to line detection, Steger
creates well-localised lines while use of the Dony algorithm results in a localization
error of one pixel. The employed topographic algorithm systematically generates
both localization errors and multiple responses.

Referring to Figs. 6–11, the joints were manually traced and shown in Figs.
6b, 7b, etc. Recognition rates were evaluated by counting the number of pixels
found in a neighborhood of 2 pixels around the manually traced joints. When the
structural features are best described as edges such as in Figs. 6, 7 and 8, the
maximum recognition rates for the Sobel, Johnson and Canny edge detectors
were close to 100%. When lines best describe the joints, as in Figs. 10 and 11,
very high recognition rates were attained. Referring to Table 2, the Topographic
and Johnson operators were less successful with recognition rates of 93.3% and
92.6%.

It should be noted that one of the reasons for certain high recognition rates

Table 2. Relative performance of the detection algorithms for the investigated images

Images 1 2 3 4 5 6

Sobel
R.R. max (%) 96.8 98.6 99.3 98.2 98.6 98.0
E.R. (%) 23.4 21.1 15.9 8.8 7.2 0.1
L.E. yes yes no no yes yes
M.R. yes yes no yes yes yes

Johnson
R.R. max (%) 96.2 98.6 96.6 97.6 95.3 92.6
E.R. (%) 21.9 20.2 4.3 3.1 1.7 0.1
L.E. yes yes no no yes yes
M.R. yes yes no yes yes yes

Canny
R.R. max (%) 94.2 98.6 99.3 98.2 98.0 98.7
E.R. (%) 16.2 17.6 4.1 4.0 14.9 0.0
L.E. yes yes no no yes yes
M.R. yes yes no no yes yes

Topographic
R.R. max (%) 58.0 95.9 96.6 94.1 95.9 93.3
E.R. (%) 6.1 5.8 10.0 7.2 6.3 1.7
L.E. yes yes yes yes yes yes
M.R. yes yes yes yes yes yes

Dony
R.R. max (%) 94.8 95.9 97.9 97.0 96.6 98.7
E.R. (%) 20.2 17.3 20.2 18.1 7.2 2.0
L.E. yes yes yes yes yes no
M.R. yes yes yes yes no no

Steger
R.R. max (%) 84.3 93.9 89.0 92.9 98.6 98.0
E.R. (%) 15.4 11.1 14.4 6.5 8.9 0.1
L.E. yes yes yes yes no no
M.R. no yes yes yes no no

R.R. max ¼ Maximum Recognition Rate; E.R. ¼ Error Rate;
L.E. ¼ Location Error; M.R. ¼ Multiple Response
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Fig. 6. a Photo image 1 representing a trace edge in a volcanic ‘cap’ rock; b Pertinent structural feature;
c Sobel; d Johnson; e Canny; f Ravine pixel detection; g Dony; h Steger
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Fig. 7. a Photo image 2 representing a trace edge in rhyolite; b Pertinent structural feature; c Sobel;
d Johnson; e Canny; f Ravine pixel detection; g Dony; h Steger
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Fig. 8. a Photo image 3 representing a trace edge in basalt; b Pertinent structural feature; c Sobel;
d Johnson; e Canny; f Ravine pixel detection; g Dony; h Steger
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Fig. 9. a Photo image 4 representing a trace edge or line in basalt; b Pertinent structural feature; c Sobel;
d Johnson; e Canny; f Ravine pixel detection; g Dony; h Steger
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Fig. 10. a Photo image 5 representing a trace line in rhyolite; b Pertinent structural feature; c Sobel;
d Johnson; e Canny; f Ravine pixel detection; g Dony; h Steger
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Fig. 11. a Photo image 6 representing a trace line in a volcanic tu¤; b Pertinent structural feature;
c Sobel; d Johnson; e Canny; f Ravine pixel detection; g Dony; h Steger
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was a consequence of multiple responses. Consequently, recognition rates overes-
timate the actual performance of the topographic algorithm, as shown in Fig. 11f
and in Table 2. A further drawback of the topographic method is the number of
operations necessary to transform the high number of detected incision pixels, into
segments and eventually discontinuity traces.

Where detected pixels do not correspond to geological features of interest, this
results in high error rates (Table 2). Error rates are greatly influenced by image
contrast and rock texture. Where joint traces are delineated by edges, the Johnson
and Canny operators produce less erroneous responses than the Sobel algorithm.
It was not clear, at the time of the work, which line detection algorithm minimizes
the error rate when lines represent joints.

6. Conclusions

In a geological regime, structural features are not always as dominant as shown in
picture 11a. Consequently, the resulting binary images derived from photographs
can contain a large quantity of error pixels. Pre-processing techniques such as fil-
tering and subsequent processing based on specific characteristics of discontinuity
traces are thus required to remove erroneous responses. Furthermore, when lines
represent discontinuity traces, edge detectors produced a double response corre-
sponding to the two sides of a line as shown in Fig. 11c to 11e. A method pro-
ducing a systematic elimination of one of the responses could solve this problem.

In order to maintain high recognition and low error rates, individual threshold
values were adjusted for each operator. Furthermore, after fine-tuning, an optimal
threshold value was obtained for each image. The use of a di¤erent threshold
value for each image is an inconvenience in the creation of an automatic mapping
tool. If a more conservative threshold value was selected, this would eliminate this
problem, but it would result in a larger number of erroneous responses requiring
further filtering.

The grey level photographic images analysed in this work were taken in an
underground environment with a flashlight normal to the rock mass exposure.
This resulted in very weak contrasts complicating the recognition of discontinuity
traces defined by edges. Based on the results of this study a new methodology was
developed for taking pictures underground whereby the lighting source is oblique
to the rock exposure. This can result in stronger contrasts in images and improved
detection performance.

Most practising mining engineers recognize the importance of mapping.
Unfortunately due to time and production constraints it is often given insu‰cient
attention. This is becoming more and more critical in mining operations whereby
access is often limited as a result of development and can be obscured by the
application of supports such as shotcrete liners. A successful image analysis tech-
nique will contribute to alleviating these problems.

This note has presented work in progress towards developing a robust meth-
odology suitable for characterising the structural regime of rock masses. None of
the algorithms investigated in this study is independently reliable as a general tool
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for extracting discontinuity trace maps from digital rock face images. An inte-
grated approach distinguishing between edge and line structural features must be
developed. The comparative study of di¤erent edge and line detectors clearly
demonstrates the need for the development of further processing before seeking to
quantify the rock engineering properties of interest.
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