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Refining Edges to Sub-Pixel Level
in Images of Molten Metals and Alloys

1. Introduction

One of the crucial problems in machine vision is edge detection in digital images [1, 2].
Edges define location and geometrical features of the objects of interest. Therefore, quality
of edge detection (which is performed during low level processing) conditions accuracy of
image analysis performed in the following steps of the processing.

Variety of methods for edge detection has already been proposed [3—6]. However they
can be grouped into two main categories: (i) search based methods [7] and (ii) zero-crossing
based methods [8].

Search based methods look for extremes in the gradient (first derivative) of an image.
Most commonly, they utilize local directional maxima of the gradient magnitude which
correspond with abrupt changes in image intensity. Gradient of the image is approximated
by convolving input image with directional gradient masks. Popular methods belonging to
this group were proposed by Sobel, Prewitt, Roberts, and Canny [1, 2, 7].

Zero crossing based methods search for zero crossings in the second derivative of the
image in order to determine the edges. The second derivative is approximated using discrete
Laplace filter. Because the filter is very sensitive to noise the input image is often smoothed
by Gaussian filter before edge detection [1, 2, 8].

Although their popularity, well traditional, established methods for edge detection are
often insufficient for practical applications in the measurement vision systems. The accura-
cy of edge-detectors is limited by the discrete structure of a digital raster. Moreover, the
detected edge is approximate and ambiguous as different methods often produce different
results for one image. It causes problems, especially when object dimensions are mea-
sured [9]. Therefore recently sub-pixel approaches are under the development.

Sub-pixel techniques are rarely used in traditional image processing. However, they
are often applied in the specialized applications in photogrammetry, georeferencing and
remote sensing for high-precision edge detection. Known sub-pixel approaches to edge
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detection can be qualified into two main groups: the moment-based approaches and the
reconstructive approaches.

Moment — based approaches to sub-pixel edge detection express image moments by
means of edge parameters. Obtained relationships are next solved in order to determine
edge position with sub-pixel accuracy [10-14].

The reconstructive methods use various interpolation and curve fitting techniques in
order to build continuous image functions based on discrete intensity sample values
assigned to consecutive pixels. The sub-pixel location of an edge is next determined by the
relevant property of the continuous image function [15-20].

This paper considers problem of refining edges in images of heat-emitting specimens
of molten metals and alloys using reconstructive approach to sub-pixel edge detection.
Because specimen geometrical parameters are related into surface parameters the accuracy
of edge determination is crucial for the measurement process. In the considered images
edges are significantly blurred due to the thermal effects. The method for improving quality
of edge detection is introduced. The proposed approach determines edges with sub-pixel
accuracy and eliminates weaknesses of the traditional methods for edge detection. The
influence of the proposed approach on the determined values of surface tension validates its
quality.

2. Definition of the problem

The aim of the research described in this paper is to determine the exact position of the
border between the background and the specimen in images of heat-emitting objects. The
exemplary images used in this paper are presented in Figure 1. They were obtained from
computerized system for high temperature measurements of surface properties [21] and
present specimen of gold at 1079 °C. The images were obtained using infrared filters of
different strength. Specifically, image presented in Figure 1b was obtained using stronger
filter than the one used when acquiring image from Figure 1a.

a) b)

1078.95 0.00 - 2010-04-25 12:43.16 1078.62 0.00 - 2070-04-25 12:43:15

Fig. 1. Exemplary images of gold at 1079 °C: a) image obtained with filter NG4 2.5 mm;
b) image obtained with filter NG4 5 mm
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The considered images present bright objects on the contrasting background. How-
ever, the edges are not well defined. It’s because they are significantly blurred by an “aura”
i.e. glow which forms itself around the specimens due to their intense thermal radiation. An
“aura” effect can be diminished by infrared filters but it can not be eliminated.

The edge between the object and the background is supposed to be located inside an
“aura”. However, its exact position is not clearly defined. Well established (derivative-
based) methods for edge detection produce different results when applied to the same
image. This effect is presented in Figure 2 which shows edges detected in image from
Figure 1b using popular methods for edge detection. Most commonly, an “aura” is joined
with object what increases object dimensions. This in turn influences determined values of
surface tension which is calculated based on characteristic dimensions of the specimen [22].

In order to increase the accuracy of edge detection the mathematical methods,
described in this paper, were applied. Approximating image derivative properties allow to
refine edges detected by popular approaches to sub-pixel level. The detailed description of
the proposed method is given in the following section.

a) b) ¢)

Fig. 2. Results of edge detection in exemplary image from Figure 1b obtained by the traditional
approaches: a) Roberts masks; b) Sobel masks; ¢) Canny edge detector; d) Laplace masks;
e) operator LoG; f) pixels qualified to the edge by all tested methods

3. The proposed approach

The main concept of the proposed method is to create continuous functions out of the
image derivative values provided by the popular approaches to edge detection. Specifically,
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Sobel gradient method and LoG edge detector are considered. The neighborhood of each
coarse edge-pixel provided by these methods is examined in order to build continuous
image derivatives in a given direction. When image first derivative (gradient) is considered
edge position is indicated by maximum of the created (i.e. continuous) function. In case of
the second image derivative, zero-crossing of the continuous function determines the edge
position. This concept is explained in Figure 3.

A A A
! ‘ ]
o .{ Lo refined edge
/ ~ v
- Y 1
-— ‘ —e Coarse edge
— ' m
original image 1% " image 2"
Image derivative derivative

Fig. 3. Refining edges to sub-pixel level using the proposed approach

The proposed method allows to overcome limitations imposed by a discrete structure
of a digital raster. It determines edge position “inside pixel with the accuracy of tenths or
even hundredths of a pixel.

Both the interpolation and the approximation can be applied for creating continuous
functions out of the image derivative values. An interpolation determines function which
accurately fits all image derivative values. An approximation search for function which is
the closest to the given data points but not necessarily fits all of them. Their influence on
properties of the refined edge is discussed in the following section.

4. Results

In this section results of applying the proposed approach to edge detection (see Sec. 3)
to exemplary image from Figure 1b are presented. Specifically, Subsection 4.1 refers to results
obtained using an interpolation for creating continuous functions out of the image derivative
values. In Subsection 4.2 results obtained using approximation are presented. These methods
were applied to refine edges provided by both the search based and the zero crossing based
edge detectors. As a representative of the first group of edge detectors, Sobel gradient opera-
tor was used. The second group of edge detectors was represented by LoG operator.

4.1. Refining edges using interpolation

The following interpolation techniques provided by MATLAB environment [23] were
regarded:
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nearest neighbor interpolation (referred as nearest),

— linear interpolation (referred as /inear);

— piecewise cubic spline interpolation (referred as spline);

— piecewise cubic Hermite interpolation (referred as by cubic).

Figures 4 and 5 show image derivatives in the horizontal neighborhood of the most left
pixel of the gold specimen from Figure 1b compared to interpolating functions build using
techniques listed above. Specifically, Figure 4 refers to image first derivative obtained using
Sobel gradient masks and Figure 5 refers to image second derivative obtained using LoG
operator. On the horizontal axis x-coordinate of the pixel is given. The interpolating func-
tions were obtained with the accuracy of 0.01 of pixel. The new position of the most
left edge point determined (with sub-pixel accuracy) based on the interpolating functions is
given in Table 1.
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Fig. 4. Image first derivative in the horizontal neighborhood of the most left pixel
of the specimen shown in Figure 1b compared to interpolating functions
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Fig. 5. Image second derivative in the horizontal neighborhood of the most left pixel
of the specimen shown in Figure 1b compared to interpolating functions

Results presented in Figures 4-5 and in Table 1 show that interpolation is insufficient
for refining edges using the proposed approach. Results obtained from analysis of the inter-
polated functions are identical with those provided by traditional (i.e. Sobel and LoG) edge
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detectors. The difference between edge detected by image first and second derivative based
method is not reduced. This is valid for all points of the coarse edge. Significantly better
results are obtained when approximation is used. More details are given in the following

subsection.
Table 1
The new position of the most left edge point determined based on interpolating functions.
Interpolating technique | Image 1% derivative | Image 2™ derivative
None (51.0, 87.0) (50.0, 87.0)
Nearest (51.0, 87.0) (50.0, 87.0)
Linear (51.0, 87.0) (50.0, 87.0)
Cubic (51.0, 87.0) (50.0, 87.0)
Spline (50.91, 87.0) (50.0, 87.0)

4.2. Refining edges using approximation

In the described work least-square approximation was used. The method approximates
derivative function by polynomials. As previously, the technique provided by MATLAB
environment was used [24].

In order to model image first derivative (gradient) second order polynomial was used.
Extensive experiments have proven that in this case the trinomial square ensures the least
approximation error. Gradient in the neighborhood of the most left pixel of the specimen
from Figure 1b and approximating polynomial are shown in Figure 6a.

Image second derivative is approximated by linear function. Simulations have proven
that in this case approximation error is the least. Image second derivative in the horizontal
neighborhood of the most left pixel of the specimen from Figure 1b and approximating
function are shown in Figure 6b.
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Fig. 6. Image derivative functions in the neighborhood of the most left pixel of the specimen shown
in Figure 1b compared to approximating functions: a) 1% derivative; b) 2™ derivative.

On the horizontal axis x-coordinate of the pixel is given
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The new position of the most left edge point determined with accuracy of 0.01 pixels
based on the approximating functions is given in Table 2.

Table 2
The new position of the most left edge point determined based on approximating functions

Approximating technique | Image 1% derivative | Image 2™ derivative

None (51.0, 87.0) (50.0, 87.0)
least-square (50.41, 87.0) (50.24, 87.0)
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Fig. 7. Results of refining edges provided by Sobel (gradient) edge detector: a) the neighborhood of
the top most pixel of the specimen profile; b) the neighborhood of the left most pixel of the specimen
profile; ¢) the neighborhood of the right most pixel of the specimen profile

Results of refining edges using approximation in the exemplary image from Figure 1b
are shown in Figures 7 and 8. Edges refined to sub-pixel level are compared with those
provided by the considered traditional approaches. Specifically, in Figure 7 results of
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re-fining edges provided by Sobel gradient detector are shown. Figure 8 presents results of
refining edges provided by LoG operator. In order to increase the readability of the results
only the most important details of the specimen shape are presented. Specifically, edges in
the neighborhood of the top most, left most and right most pixel of the specimen are regar-
ded. Position of these points influences determined values of surface tension. In order to
obtain edges presented in Figures 7a and 8a gradient sample values in vertical direction
were considered. Edges from Figures 7bc and 8bc resulted from gradient approximation in
horizontal direction.
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Fig. 8. Results of refining edges provided by LoG operator: a) the neighborhood of the top most pixel
of the specimen profile; b) the neighborhood of the left most pixel of the specimen profile; c) the
neighborhood of the right most pixel of the specimen profile.

Results presented in Figures 7-8 and Table 2 clearly show that approximation im-
proves edge properties. The refined edges are smoother and significantly more regular than
they were before. The improvement of edge smoothness is particularly noticeable when
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the edge obtained using Sobel method is refined. The edges refined after application the
LoG operator are more irregular but they are significantly better than the edges produced by
the traditional approaches.

In both cases (i.e. in case of method based on image first and second derivative), the
edges are significantly more consistent with the specimen shape after refining.

Presented results clearly show, that refining edges influences coordinates of the edge
points. Specifically, the top most, the left most and the right most are slightly moved. This in
turn influences determined values of surface tension. It should be also underlined that the
discrepancy between edges provided by first and second derivative based edge detector is
diminished due to refining.

5. Validation

The quality of the proposed method was assessed by means of the specimen characte-
ristic dimensions (see Fig. 9) and values of surface tension determined using Equation (1).

v=g-Ap-o (1)
where:
Y — surface tension,
g — gravity acceleration,
Ap — gradient of densities,

R
I

parameter determined using (2).

]

Fig. 9. Drop characteristic dimensions: d — maximum width, # — maximum height
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The obtained results of surface tension measurements, based on the refined edges,
were compared with the numerical data presented in the literature. For refining of edges
approximation was used. The presented comparison is only tentative as there is no “gold
standard” for surface tension of metals. The high-temperature measurements of surface ten-
sion are related to different problems arising from the activity of liquid metals and sensiti-
vity of surface phenomena to impurities, temperature, pressure and atmosphere. Therefore,
recent results vary, depending on the method used for the measurements [25].

In Table 3 comparison of drop characteristic dimensions d and % (see Fig. 9) calculated
for exemplary specimen from Figure 1b with the pixel and the sub-pixel accuracy is pre-
sented. Header “I* derivative” corresponds with Sobel edge detector and «“2" derivative”
corresponds with LoG operator. Specimen characteristic dimensions (in pixels) are given in
the first two rows. The last row presents values of surface tension calculated on the basis of
characteristic dimensions d and A. It should be underlined, that before calculation of surface
tension dimensions d and & should be multiplied by the pixel dimensions.

The comparison shown in Table 3 proves that refining edges using approximation im-
proves quality of edge detection. The improvement manifests itself in smaller difference
between edges produced by using the image first and second derivatives. The disparity in
specimen dimensions approximated after applying Sobel and LoG with pixel accuracy is
remarkably diminished.

Table 3
Comparison of drop characteristic dimensions and the determined values of surface tension

1% derivative 2" derivative
Pixel accuracy Sub-pixel Pixel accuracy Sub-pixel
accuracy accuracy
d [pixels] 256 255.48 255 255.48
h [pixels] 114 111.75 113 112.33

Surface tension

1227.59 1180.67 2935.91 1192.61
[mN/m]

According to the recent results [14], surface tension of gold at 1079 °C equals
1148 mN/m. Compared to this value, the results of a surface tension obtained using the
sub-pixel approach are more accurate than the results obtained before approximation based
refining. The improvement in accuracy of surface tension determination is apparent espe-
cially in case of edges determined by LoG operator.

6. Conclusions

In this paper problem of precise edge detection in images of heat-emitting objects was
considered. The approach for refining edges to sub-pixel level was introduced. The pro-
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posed approach creates continuous functions out of the image derivative values provided by
the other known methods for edge detection. Characteristic points of the continuous func-
tions (i.e. maxima or zero-crossings) determine edge position with sub-pixel level.

The influence of the technique used for creating continuous functions on the properties
of the refined edge was regarded. Interpolation and approximation methods were applied to
make image first and second derivative continuous. The simulation results proved that the
best results are obtained when image first derivative is approximated using the trinomial
square. The refined edge is most regular and accurately fits the specimen shape when the
second order polynomial is used. The visual impression is proven by the determined values
of surface tension.

Although the proposed method was developed for a certain class of images it can be
successfully applied in a wide spectrum of applications.
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