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ABSTRACT. The aim of this study is to select from the autofocusing algorithms developed
for wvisible image devices such an algorithm that is the most successful for thermal im-
age devices. For this purpose, 500 different thermal images were processed by the widely
used autofocusing algorithms such as Variance, Autocorrelation, Brenner and Squared
Gradient, and the average rate of successful autofocusing for each algorithm was deter-
mined. From these results, it was derived that the best performance for thermal images
is provided by the Squared Gradient algorithm. The analysis of the results of experiments
showed that the success of the Squared Gradient algorithm is significantly affected by the
resolution of the thermal images. Therefore, we developed this algorithm so that it can
be adaptive to the resolution of the thermal image camera to be autofocused. Due to this
improvement, the average rate of successful autofocusing for thermal images has been
increased from 87 to 96 percent.
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1. Introduction. The problem of autofocusing of digital image cameras becomes more
and more important with rapid development of digital imaging systems [1-4]. To solve
this problem, two types of autofocusing techniques called active autofocusing and passive
autofocusing are used [1,3,5].

The active autofocusing technique emits ultrasonic or infrared electromagnetic waves
and determines the correct focus by measuring the reflections of these waves from the
surface of the imaged object [1,3,5]. This technique is fast since it requires taking only
a single image from the object. Therefore, it can be utilized for real time applications
[6,7]. Unfortunately, this technique might not yield good results for objects with different
depths and reflecting surfaces [6,8]. Moreover, active autofocusing technique is highly
costly and it requires high power consumption [1,3].

The passive autofocusing technique does not measure the distance between the object
and the camera. It performs the autofocusing by exploiting various features of the image
being taken [1,3,5]. The passive autofocusing technique-based algorithms are divided into
four groups [1,8-12]: derivative-based [1-3,8-14], statistics-based [1,10-12], histogram-based
[10,12,13] and intuitive-based [5,6,10-12] algorithms.

It is well known that the contrast between neighboring pixels of an image increases with
the increase of the high-frequency content of the image [1,2,10]. That is, the neighboring
pixels in images with high-frequency content have large differences in terms of intensity.
Consequently, the larger these intensity differences in an image are, the sharper the edges
of the image [1,2,10] become.
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The derivative-based algorithms use the fact that an image at the focus has more high-
frequency content than defocused images [10]. In these algorithms, to calculate the magni-
tudes of derivate vectors, the methods such as Threshold Absolute Gradient, Squared Gra-
dient, Brenner Gradient, Tenenbaum Gradient, Sum Of Modified Laplace, Energy Laplace
and Wavelet are used [1-3,6,9-11,14]. Unfortunately, these methods are highly sensitive
to high-frequency noise.

The statistics-based algorithms use methods such as Variance, Normalized Variance
and Correlation. These methods are much less sensitive to high-frequency noise than the
derivative-based ones [1,10,11]. Although this feature constitutes an advantage in terms
of image clarity, the ability to capitalize on the edge sharpness arising from intensity
differences between the high-frequency pixels of these algorithms significantly decreases.

The histogram-based algorithms utilize the histogram of the pixels of an image to analyze
the frequency and distribution of intensities of the pixels [10,12,13]. Yet, the focusing
capability of the histogram-based algorithms is significantly lower than the others because
they do not take into account the intensity differences between the pixels.

In the intuitive-based algorithms, a threshold for the gray level is determined. To obtain
the maximal focus value, the count of the pixels with gray levels either above or below
this threshold is used [5,6,10]. Nevertheless, the focusing capability of intuitive-based
algorithms is even lower than that of the histogram-based algorithms because they do not
take into account the intensity differences between the pixels.

The autofocusing algorithms explained above have been developed for visible imaging
devices. However, unfortunately, despite the frequent use of the thermal image devices
in many fields such as quality control in production environments, process monitoring,
nondestructive testing, research and development of new products, condition monitoring
and surveillance, predictive maintenance, military and medicine, there are no autofocusing
algorithms for these devices. Moreover, there are no studies evaluating the behavior of
existing autofocusing algorithms for thermal image devices.

In this study, the autofocusing algorithms such as Squared Gradient Algorithm (SGA),
Brenner Algorithm (BA), Variance Algorithm (VA) and Autocorrelation Algorithm (AA)
were applied to 500 thermal images and the autofocusing performances of these algorithms
were evaluated. The results given in Table 4 show that in terms of autofocusing of thermal
images, the SGA, BA, VA and AA algorithms have success rates of 87%, 84%, 67% and
33%, respectively. According to these results, the SGA stands out as the most successful
autofocusing algorithm for thermal images. In addition, these results demonstrate that
this algorithm has produced varying performance of autofocusing depending on the res-
olution of the thermal camera and this performance can be increased by using a gap k
obtained for each given resolution. This allows us to adapt the SGA to the resolution of
the thermal image camera by adjusting the value of k. Therefore, in this study we mainly
focus on the problem of the effect of the resolution of an image to the detection of its
edges and on the problem of obtaining such a value for k that provides the best focusing
for the given object. Therefore, the SGA improved in this study is referred to as Adaptive
SGA (ASGA). The rest of this study is comprised of the following sections: Section 2
deals with the problem of finding the focus by the Adaptive Squared Gradient Algorithm;
Section 3 explains the experimental setup, and Section 4 presents the conclusions.

2. Finding the Focus by the Adaptive Squared Gradient Algorithm.

2.1. Optical focusing system. As it is well known, perfect focus is possible at a distance
where a point object forms a point image [15,16]. In Figure 1, the focal plane of a digital
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F1GURE 1. Focal plane of a digital camera with a convex lens

camera with a convex lens and an image formed on the sensor plane (SP) of an object
located on the focal plane are shown.

In order to get a normal image of an object, the distance S between the object and
the optic center (OC) and the distance V' between SP and OC are determined by the
conditions Spin < S < Smax and Vinin < V' < Vinax, respectively [14,15,17]. According to
the Gaussian lens law, the optimum value (V,,;) of V' providing to take a sharp image is
determined by Formula (1) given below [1,4].

Sxf
" (1)
S—f
where f is the focus distance of the lens. Additionally, in order to obtain the sharp image,
Formula (1) must provide the following condition:

V' — Vol = 0 (2)

As it is known, this condition can only be satisfied when the focus value (FV), ob-
tained from autofocusing algorithm by processing of the image of the object, is maximum
[1,4,5,11]. In the following sections, one of the methods of reaching this goal for thermal
images is elaborated on.

V;th -

2.2. The adaptive squared gradient algorithm. As mentioned above, among aut-
ofocusing algorithms developed for visible image devices, the most appropriate one for
thermal image devices is the SGA. Based on Formula (3), this algorithm determines the
focus value (FV gg4) by calculating the mean squared differences of adjacent pixels along
the horizontal and vertical axes of the image [6,9,10,13].

1 n m 2 2
Zizl Zj:l (Gi+15 — 9ig)” + (Gij+1 — 9i) (3)

n xm
where n and m are the vertical and horizontal dimensions of the image, respectively; g; ;
is the gray level of the pixel at coordinates ¢ € {1,2,...,n} and j € {1,2,...,m} of the
image.

It should be noted that all autofocusing algorithms including the SGA expressed by the
Formula (3) obtain the differences between the gray levels of the pixels of the neighboring
distance of 1. The application of the SGA to 500 different fields of the different thermal
images with resolution of 480x720 showed that the average success rate of this algorithm
is approximately 87%. However, as seen in Figure 2, the differences between the gray
levels of the neighboring pixels decrease with the increase in the resolution of the thermal
images. In the other words, the detection of mentioned differences becomes more and more
difficult as the resolution of the thermal images increases. This event leads to decreasing
the autofocusing success rate of the SGA for high-resolution thermal images. On the other

FVsga =
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FIGURE 2. The distribution of the pixels of the edges in the field determined
from the same thermal image taken at different resolutions

hand, use of the neighboring pixels that are further away from each other can also lead
to errors in the detection of the edges of the image. This is to say that we have to rewrite
Formula (3) as Formula (4) given below and find such a value for the gap k& between the
neighboring pixels that leads to the maximum of the focus value at the given resolution
of the thermal image.

1
nxm

n m
FVasga = Zi:l Zj:l (Girkg = 9i)* + (Gijrr = 9ig)* (4)

where k is the gap between neighboring pixels and F'V 4554 is the focus value. We call
the SGA improved by this way as the Adaptive SGA (ASGA).

Since an analytical solution of Formula (4) does not exist, the range of the possible
values for k£ providing the maximum value of F'V 4554 could only be determined experi-
mentally. For this purpose, the value of £ was experimentally obtained for all 500 differ-
ent images at each of the 8 standard resolutions: 60x80, 120x160, 240x320, 480x640,
480x 720, 768x1024, 960x1200 and 1200x1600. The analysis of the obtained results
shows that, at each resolution, the maximal value for the F'V 4544 is provided at a single
value of k only. The values of k£ associated with the resolutions of the thermal images are
shown in Figure 3. As seen in this figure, k is to be equal to 1 for resolutions from 60x80
to 240x320. That is, in Formula (4), for resolutions from 60x80 to 240x320, k = 1 is
to be used. As seen in the same figure, for the widely used resolutions from 480x640 to
480x 720, k = 2 is taken in Formula (4). Figure 3 illustrates that for resolutions from
768x1024 to 960x1200 and for resolution 1200x1600, the gaps between the neighboring
pixels must be £ = 3 and k = 4, respectively. The autofocusing success rates of the ASGA
reached by using different values of k£ for different resolutions are given in Table 1.

While the values given in the first row of Table 1 are common for the SGA and ASGA,
the values in other rows belong to the ASGA only. The comparison of success rates of
the SGA and ASGA is shown more clearly in Table 2.

As seen in Table 2, the highest focusing successes of the ASGA for different resolutions
are obtained at different values of k. As it is seen in Table 2, beginning from the resolution
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F1GURE 3. The dependency of the value of £ on the resolution of the images

TABLE 1. The autofocusing success rate of the ASGA for different values
of k at different resolutions

s The percentages of the success for different resolutions
60x80 120x160 240x320 480x640 480x720 768x1024 960x1280 1200x1600
1 82 86 87 84 87 85 85 87
21 67 84 85 91 92 87 87 88
3 53 82 86 88 88 92 92 91
4 35 72 85 85 87 88 88 96
51 10 62 86 85 85 88 87 91

TABLE 2. The comparison of the success percentage of the SGA and ASGA

Resolution 60x80 120x160 240x3820 480x640 480x720 768x1024 960x 1280 1200% 1600
Success rate

for the SGA 82 86 87 84 87 85 85 87
(k= 1)
Success rate 82 86 87 91 92 92 92 96

forthe ASGA|(k=1) (k=1) (k=1) (k=2) (*h=2) (k=3 (k=3 (k=4

TABLE 3. The values of k£ to be selected for different resolutions

Resolution | 60x80 120x160 240x320 480x640 480x720 768x1024 960x1280 1200x1600
k 1 1 1 2 2 3 3 4

480640, the increase in the value of £ significantly affects the focusing success of the
ASGA. For instance, as it is seen from Table 2, while the success rate of the SGA for the
resolution 1200x 1600 is 87%, the success rate of the ASGA with & = 4 is to 96%.

Table 3, prepared based on Table 2, exhibits the values of £ to be chosen for providing
the highest autofocusing success of the ASGA.

In order to theoretically verify the results given in Table 3, we calculated the Mean
Squared Error (MSE) of the focusing performed by the ASGA. For this aim, we use the
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formula,
| N
MSE = > (ta, — td,) (5)
y=1
where ta is the real focus point of the object, td is the focus point found by the ASGA
for the same object, and N is the total number of the thermal images taken. The results
of calculations of Formula (5) show that depending on the resolution of the camera the
minimum focusing error is provided at the following values of k.

e For the resolutions from 60x80 to 240x320 at k = 1;

e For the resolutions from 480x640 to 480x720 at k = 2;

e For the resolutions from 768x1024 to 960x 1280 at k = 3;
e For the resolution 12001600 at k = 4.

As it is easy to see, this result is the same as that given in Table 3.

3. The Experimental Setup. In this study, to obtain the thermal images, a manual
focus FLIR E45 thermal camera possessing uncooled Microbolometer Focal Plane Array
(FPA) detectors with a spectral interval of 7.5-13um was used. The other parameters of
the thermal camera are: 0.1°C thermal sensitivity at 30°C, the standard composite video
signal output, 120x160 pixels and operating temperature range from 0°C to +250°C.

(®) (h)

FIGURE 4. The examples of thermal images used for the tests: the human
images ((a) and (b)), the images of paper cups containing hot and cold
liquids ((c), (d), (e) and (f)), the hot soldering iron images ((g) and (h))
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FiGURE 5. Examples of fields determined on the thermal images

For practical applicability of this study, the thermal images were taken from mediums
with objects of various geometries and distances from the camera. As shown in Figure
4, these images are comprised of humans (Figures 4(a) and 4(b)), paper cups containing
hot and cold liquids (Figures 4(c)-4(f)) and hot soldering irons (Figures 4(g) and 4(h)).
For the experiments with thermal camera, 500 fields on different thermal images were
determined. Some of these fields are shown in Figure 5 as examples. In order to obtain
the success rate of each algorithm for the same image, the image fields were processed
by different autofocusing algorithms. Based on these results, the success rates for each
algorithm were determined (Table 4).

In this study, to determine the focal position providing to obtain the best image of
a given field of thermal image at hand, the images of this field are sequentially taken
starting from the distance Vi, towards Vi,.x (Figure 6). For each image taken at the
point ¢, the F'V, is calculated using Formula (4). In this case, F'V; will continue to rise
until V' =~ V,,;, and then begin to fall at the instant V' > V,,;. The process of taking the
image is sustained until reaching the point where F'V; < F'V, ; and focusing with respect
to F'V, 1 is deemed as the optimal one. Here, t = 1,2,..., L, and L is the maximum
possible number of points at which images can be taken.

In order to realize the autofocusing method described above, the distance ID between
Vinax and Vi, is divided into L steps (Figure 6) and at each step one image is taken. If the
optimal number of these steps is L, then L < L, would cause to take images less than

TABLE 4. Success rates of different autofocusing algorithms

Autofocusing | Total Number of Total Number of | Correct Autofocusing
Method Autofocus Tests | Correct Autofocusing Percentage
SGA 500 435 87
BA 500 420 84
VA 500 335 67
AA 500 165 33
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FIGURE 6. Image depth (ID) of the thermal camera

Image Capture Thermal
Card Camera
Computer ?
Motor St
*  Control - M t:p
Unit otor

FIGURE 7. The experimental setup’s diagram (a) and picture (b)

required and lead to incorrect finding of the focal position. Conversely, using L > Ly
would cause to take images more than required and lead to superfluous consumption of
memory and time. In this context, since no analytical methods exist for maintaining the
condition of L = L,,, the image depth of the thermal camera given by ID = V . — Vinin
(Figure 6), was divided into L = 60, 70, 80, 90 and 100 steps, and at each of them one
image was taken. By comparing the sharpness of these images, we concluded that it is
impossible to get a good image when L < 90. On the other hand, the sharpness of an
image reached its maximum at L closed to 100. Therefore, to move the objective of the
thermal camera, we used a step motor mechanism passing the distance ID = Viyax — Vinin
at L = 100 steps.

The experimental setup required for the autofocusing of thermal camera used in this
study is given in Figures 7(a) and 7(b).
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4. Conclusions. In this study, the AA, VA, BA, SGA algorithms that are commonly
used for autofocusing in digital imaging devices were applied to 500 different fields de-
termined on different thermal images. For each algorithm, the autofocusing success rate
was recorded. According to the results obtained, among these algorithms currently in
use, the most convenient one to be used in thermal imaging is the SGA. We observed
that the quality of a thermal image taken is significantly affected by the resolution of the
camera used and by the gap between the neighboring pixels. Therefore, we improved the
SGA so that it uses such a gap between the neighboring pixels that is best for resolution
of an image being processed. This approach denominated as Adaptive Squared Gradient
Algorithm (ASGA) improved the autofocusing success of the SGA from 87% to 96%.
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