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S. Ćosović Bajić
Polytechnic of Zagreb, Croatia, sbajic@tesla.vtszg.hr

Keywords: PCA, honeybee, landmine, explosive, image, processing

ABSTRACT: The honeybees were recognized and approved as very sensitive biosensors
and a very intensive research is underway, aimed at developing technology for the survey
of the areas and objects contaminated by bio and chemical pollutants and explosives,
detection of the explosives in vehicles, containers, ships, buildings, small objects. Here
we consider applications of the preconditioned and trained honeybees whereas the
method provides an assessment of the spatial-temporal density of the swarms of
honeybees above an area contaminated by landmines. The method is based on the
processing of the second principal component PC2i; iþ1 of the sequence of the N images
registered on the selected reference image and on the reduction of clutter. This method
shows advantage in comparison with the method based on the application of the Lidar.
The novel steps of the processing are presented with the selected example, following
experimental verification and discussion of the results, limitations and conclusions.

1 INTRODUCTION

The symbiotic use of honeybees as a multitude of the acquisition biosensors and the
conventional digital processing techniques has potential not achievable by the other
remote sensing technologies. The honeybees were recognized and approved as very
sensitive biosensors and a very intensive research is underway. It is aimed at developing
technology for the survey of the areas and objects contaminated by bio and chemical
pollutants and explosives (D. Barisic D., J.J. Bromenshenk, N. Kezic, A. Vertacnik,
2002), (SRI, 2000), (A. Rudolph, 2003). The other direction of the research is detection
of the explosives in vehicles, containers, ships, buildings, small objects, all that appear
in the security cases (A. Rudolph, 2003), (J.A. Shaw et al., 2005), (Inscentinel, 2005),
(R. Carson, 2006). One of the most important possible applications of the
preconditioned and trained honeybees as biosensors could be the detection of landmines
(explosive vapors and explosive particles) for the needs of the humanitarian mine action.
This paper considers mine detection in wide areas by the honeybees. For this purpose,
two different approaches are described in published papers (S. Ćosović Bajić et al.,
2004) and (J.A. Shaw et al., 2005), (J. McFee, 2006). In the early phase of the research
of the considered problem, the detection and counting of particular honeybees was used
(SRI, 2000). Later the generalized problem was defined: the method shall provide an
assessment of the spatial-temporal density of the swarms of honeybees above an area
contaminated by landmines, (M. Bajic, N. Kezic, 2003). One hive provides 20000 to
30000 foraging honeybees. They can be aimed to fly in a required direction, therefore
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the usage of several hives can provide a required density of the honeybees above the
contaminated area. The principal obstacles that expect the implementation of any
method for detection of landmines or minefields are requirements to work from the safe
distance, without the need to mow vegetation and to enable coverage of wide area. In the
next section the basic concept of a new method is presented (S. Ćosović Bajić et al.,
2004) and compared (J.A. Shaw et al., 2005). It follows basic discussion of the
refinement of the usage of the second principal component PC2 of the consecutive
images of the image sequence for the detection of swarms of the honeybees. In the third
section steps of the processing are presented with the selected example, following
experimental verification and discussion of the results, limitations and conclusions.

2 METHOD DEFINITION

2.1 Environment and targets

The goal of the method is to assess spatial – temporal distribution of the preconditioned
and trained honeybees above an area that is contaminated by the explosive of the buried
and surface laid landmines. Several models describe the behavior of the explosive
plume and the influence of a different terrain and a microclimate. For our purpose, we
will consider the model derived in (G.S. Settles, D.A. Kester, 2001), Figure 1, Figure 2.
In stable weather conditions, during the night, early in the morning or in the evening, the
stable low layer above ground is expected. At the afternoon of the sunny day, the
unstable conditions disturb the uniform layer, Figure 1. In the worst case, the combined
unstable thermal conditions and the wind do shift the plume in downwind direction,
Figure 2. The honeybees fly over the minefield and the location of the plume is identified
by their increased dwell time while flying.

The physical area of a honeybee is assumed in (J.A. Shaw et al., 2005) as 0.375 cm2

(an average of 0.5 at the sides and 0.25 at the front and the back), Figure 3. This basic
information can assist us in defining the requirements regarding the parameters of the
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Figure 1. Phases of a explosive plume behavior: e the stable, unstable to combined unstable and

wind. (G.S. Settles, D.A. Kester, 2001).

Figure 2. Down wind changes density of the explosive plume. (G.S. Settles, D.A. Kester, 2001).



camera. Note that the presented method is not based on the direct detection of bees,
the method uses features obtained by the processing of the second principal component
(and possibly higher components) of the consecutive images in a time sequence.

2.2 The basic characteristics and the comparison to the lidar based method

There are only two ways of detecting swarms of honeybees: a) Imaging of the target area
at nadir by the high-resolution digital cameras in the visible or in near infrared or
in thermal infrared wavelengths (S. Ćosović Bajić et al., 2004), b) detection of bees by
the nearly horizontally scanning lidar, in visible wavelengths (J.A. Shaw et al., 2005).
The main operational characteristics of these two approaches and the differences are
shown in the Table 1 and Figure 4.

3 DETECTION OF THE HONEYBEES BY PROCESSING HIGHER PCA
COMPONENTS OF IMAGE SEQUENCE

The main task of the current method is to cope with the natural background clutter. The
overview of the background subtraction methods, is mainly focused at the man made
objects and the similar scene, e.g. (S. Ribaric, J. Krapac, 2005). Therefore, we start from
the well-known feature of the principal components analysis (PCA) method, that the
higher principal components are decorrelated to the first one and to the images and that
enable change detection. Despite this fact, the lack of the interpretation of the change
detection based on the PCA is well known, e.g. (I. Javorović, 1996). The principle of the
application of the higher components of the PCA for detection of the honeybees by the
change detection is for the first time published in (S. Ćosović Bajić et al., 2004), without
a deeper insight into the processing of the higher PCA components. Therefore, in this
and the further section we will provide some examples. For this purpose, a short
sequence of eight red channel images was selected, each 1392�1039 pixels, 8 bits,
collected by camera MS-3100 (S. Ćosović Bajić et al., 2004). The near infrared images
were of similar quality or even better. The thermal infrared images of the same scene
provide very good contrast of the target (honeybee) to the clutter ratio, but here we will
not discuss this. The radiometry of all the images was improved. For further processing,
a subset was extracted, having eight images of 512�512 pixels, 8 bits each. The first
image of the time sequence of images was selected as the reference for the registration.
Other images were registered onto the image 1. Registration error was less than 0.5
pixels in both directions, horizontal and vertical. While the spots of the honeybees that
are visible at the parts of images with low clutter in the considered examples have
between 22 and 45 pixels, the accuracy of the spatial registration is excellent.
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Figure 3. The honeybee.



The visual inspection of the whole sequence confirms that the honeybees have less
than 70 pixels. This is correct for the considered example only. Minimum number of
pixels was not estimated yet and for further analysis, we have voluntarily selected it to be
16. In the future research, we will analyze the influence of the estimated or assumed
minimum and maximum number of the pixels that present the honeybees on the images.
After the improvement of the radiometry and geometry, the PCA was performed on the
N images, combining the image Ii and the next image Iiþ1; i = 1, N�1, Figure 5. In this
case, PC1 and PC2 have the redundancy. The other combination is without the
redundancy, the PC1 and PC2 were derived by the use of the image Ii and the image
Iiþ1; i = 1, 3, 5,..., N�1. In the work redundant PCA was applied, while each step
contains the history of the previous step and can serve for the quality control. In further
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Table 1. The basic characteristics and the differences between two considered methods.

Digital high resolution camera Lidar
(S. Ćosović Bajić et al., 2004) (J.A. Shaw et al., 2005)

Sensing Camera images minefield area A�B from Lidar mechanically scans sectors nearly
geometry nadir in short exposure time (less than 50 ms) horizontally above ground surface, with

and can repeat snapshots at the rate of 4 to scan rate 1.46 degrees per second. The
30 images per second. bottom edge of the beam has to vary over

a range of approximately 18–60 cm.
Spatial Ground resolvable area dx � dy, depends on Sample volume a�b�c at the front end
resolution altitude H above ground level (from 3�4 mm, of the mine field is 30�30�15 cm at the

H ¼ 10 m, to 3.2�3.5 cm, H ¼ 100; for field horizontal distance R ¼ 83 m.
of view 258� 208)

Imaging Images the projection of the honeybees swarm Images the side projection of the
the swarm looking from above (bird’s view) in the area honeybees swarm, looking from a side.

A � B. The depth B of a imaged volume is
controlled by a range gating.

Vegetation Introduces a clutter if vegetation moves due Because of a direct-detection lidar
to the wind. Rejection of the clutter is cannot distinguish between scattered
contribution of the current work. signals from the honeybees and the

vegetation, the grass throughout the field
has to be mowed.

Terrain Variations of a terrain elevation allowed. Shall be flat, otherwise there is losse of
the coverage due to shadows.

Sensor Passive digital camera in visible and near Active, lidar at a wavelength 523 nm, 30
infrared. In the reported work MS-3100 pulses per s. Horizontally mechanic
Redlake was used. The thermal infrared sector scanning rate is 1.46 degrees per s.
sensing provides significant signal to the
clutter ratio.

Physical Detection of the bees is limited due to the strong A measurement of the back scattering of
background clutter of vegetation on the ground surface. the honeybees in free space, without the

Therefore current method uses the decorrelation clutter. The further R&D considers the
due to a change of the position or of the detection of Doppler feature due to a
movement of the honeybees in the sequence high frequency of wings.
of images.

Processing A modification of the second and higher Very complex due to an active sensor.
principal components. Detection of the blobs
(particles or spots). Digital image processing.

Platform Mast or tethered aerostat or an unmanned Ground based mechanic scanner.
helicopter.



research, the redundant vs. to irredundant PCA should be analyzed. The potential of the
PC2i; iþ1 is visible at Figure 5c, where white and black spots present small decorrelated
changes between images Ii, and Iiþ1. Besides the contribution of the honeybees, they
contain a contribution of the clutter that shall be filtered out. The number of pixels that
present the honeybees will serve as input for the clutter suppression, in the next section.
The PC2i; iþ1 component shows decorrelated contribution of the first image Ii, as white
spots and the contribution of the second image Iiþ1 as black spots, Fig. 6, Fig. 7, Fig. 8,
and is used in further processing.
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Figure 4. Geometry of mapping the minefield plane (x – y) by digital camera (S. Ćosović Bajić

et al., 2004) and lidar (J.A. Shaw et al., 2005).

Figure 5. Principal components processing of two successive images. Note a bright plate of a

hive in upper part of the images. a) image Ii, b) image Iiþ1, c) second principal component

PC2i;iþ1 of both images.



4 PROCESSING

The processing of the images Ii and PC2i, iþ 1, i ¼ 1, N � 1 is identified in following
steps, from step 1 to step 10. The processing methods that are usual in the community of
the digital image processing or in the community of remote sensing interpretation, that
are supported by COTS or by a public software (e.g. LabView, Matlab, ImageJ,
TNTmips, TNTlite, ErMapper, Multispec, Statistica), will not be discussed and
referenced here. Only the new processing steps and interpretation are commented in text
that follows.

Step 1. Radiometric improvement of N images in the sequence

Step 2. Selection of the reference image

The registration of the images on the reference image is relative, image Ii to Ireference. If
the land cover (vegetation and other types) does not provide elements that could serve as
ground control points, before imaging, markers should be put into the field of view.
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Figure 6. The honeybees visible in the bright plate of a hive in the upper part of the image Ii .

Figure 7. The honeybees visible in the bright plate of a hive in upper part of the image Iiþ1.

Figure 8. The honeybees shown in the second principal component PC2 of the images i (white

spots, red notation) and of image iþ 1 (black spots and blue notation).



Step 3. Registration of the N�1 images of sequence on the reference image

Usually this can be done using local elements on the images. Otherwise, the artificial
markers should be provided.

Step 4. Principal component analysis of the images in a sequence, derivation
of PC2i, i+1, i ¼ 1, N�1

The parameters that indicate quality of the PC2i, i+1 component are shown in the Table 2.
The most sensitive and the most important parameter is the PC2 eigen value percentage.
It is good in pairs 1 and 2, 2 and 3, 3 and 4, while in other pairs it is to high. This is the
consequence of a significant increase of the clutter in these pairs and the countermeasure
is to decrease the maximum number of pixels in the clutter suppression step 7. The
maximum of the correlation between the PC2i, i+1 and the input images Ii, and Ii+1

indicates an increase of the clutter influence too. Other parameters are of a less value for
the further processing.

Step 5. Estimation of the mean m, the standard deviation s of background intensity
of PC2i, i+1

As was shown in the previous section, the background in the PC2i, i+1 changes from a
pair to a pair. Our goal is to extract the white and black spots that are different from the
background. The thresholding can serve for this purpose. The mean m, standard
deviation s and threshold mþ ks; k ¼ 3 of the background of PC2i, i+1, i ¼ 1, N�1 was
estimated, Table 3. The conservative estimation was used for threshold mþ ks; k ¼ 3.

Step 6. Slicing PC2i, i+1 enhancement of spots

The slicing was performed for the white and black spots, using PC2i, i+1. For the white
spots the pixels above threshold mþ ks, are determined as detected, the same was
applied on the negative of PC2i, i+1, if the pixels are bellow thresholds m�ks, Fig. 10.

Step 6a. Slicing PC2i, i+1 bellow threshold m�ks, k ¼ 2 or 3, enhancement of the black
spots

Step 6 b. Slicing PC2i, i+1 above threshold mþ ks, k ¼ 2 or 3, enhancement of the
white spots
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Table 2. Parameters of the PCA quality, for redundant principal components.

Combination i, iþ 1 1, 2 2, 3 3, 4 4, 5 5, 6 6, 7 7, 8

Correlation Ii and Iiþ1 0.97 0.97 0.94 0.81 0.83 0.87 0.87
PC1 eigen value % 98.94 98.58 97.41 90.52 91.63 93.95 93.75
PC2 eigen value % 1.06 1.41 2.58 9.47 8.36 6.04 6.24
Correlation images 0.994 0.993 0.987 0.952 0.957 0.970 0.968
and PC1, maximum
Correlation images 0.103 0.119 0.162 0.309 0.289 0.248 0.252
and PC2, maximum



Step 7. Suppression of clutter by median filter

When the white and black spots were detected and summed for the i, iþ 1 pairs of
PC2i, i+1 the sum contains a joint information derived out of the images Ii and Ii+1,
Fig. 9a. The particular resulting sum contains a very strong contribution of the clutter.
Several methods were checked regarding the efficient filtering of this clutter and the
median filter (radius 2 pixels) was approved as very efficient, compare result on Fig. 9b
with 9a. Note, that this is only a first step of the suppression of clutter.

Step 8. Detection and localization of the white and black spots in PC2i,i+1 and the
additional suppression of a clutter

The detection of the filtered spots, Fig. 9b, can be realized by several methods and software
tools (e.g. LabView, ImageJ, Matlab). We have used ImageJ (ImageJ) and the function
‘‘Analyze Particles’’. The basic parameters for this processing are a minimum and
maximum allowed number of pixels of the spot. The images that were used in this analysis
had between 22 and 45 pixels, although the smaller minimum is expected. The maximum
number is important while it provides a suppression of the larger spots produced by the
clutter. The output of the processing ‘‘Analyze Particles’’ provides a map of the annotated
results, each is provided by the set of the selected parameters that in detail describe the
detected spot. Among others, there is an area of the spots, the coordinates (in spatially
calibrated image coordinates) of the centroids, of the mass centroids and of the major and
minor axis of the ellipse that encircles the spot. The correlation of the major and minor axis
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Figure 9. A suppression of the clutter in the image image of summed the white and black spots.

a) Summed the white and black spots, b) the sum filtered by the median filter (window 2�2

pixels). c) Selection of the minimum and maximum number of pixels of the spots, provides next

level of a suppression of the clutter.

Table 3. Mean m, standard deviation s and threshold mþ ks; k ¼ 3 of the background of
PC2i;iþ1; i ¼ 1, N–1.

i, iþ 1 1, 2 2, 3 3, 4 4, 5 5, 6 6, 7 7, 8

� 128.62 129.20 131.73 126.78 128.92 128.86 128.67
s 20.19 19.29 12.09 9.69 9.95 12.95 12.50
�þ k� 189.20 187.09 168.00 155.86 158.792 167.72 166.20



of the encircling ellipse with the value x of the area of spots is additional information; the
regression of the axis to the area of spots has the form axis ¼ axþ b, that provides the
parameter for the control of the clutter suppression.

Step 9. The sum-up of the detected and localized spots in the whole sequence

After the processing of the pairs of the PC2i, i+1, i ¼ 1, N � 1, the results obtained by all
the pairs are summed.

Step 10. The analysis of the spatial density distribution of the honeybees

The coordinates of the detected spots, obtained by the described processing were
analyzed and the result is shown as the frequency scatter plot, Fig. 10. The frequency
scatter plot displays the frequencies of overlapping spots. The relative frequencies of the
number of spots, located at the same position (e.g., {x, y} coordinate pair) are indicated
by circles of varying sizes.

5 EXPERIMENTAL VERIFICATION AND DISCUSSION

The resulting map Figure 10, of the time – spatial density was derived by processing
PC2i; iþ1 of the sequence of eight images. The selected sequence was imaged near the
hives with aim to enable visual validation of the results at least at the part of the imaged
area. The processing started by assumption and estimation of the quantity of pixels in the
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Figure 10. A scatter plot of the frequency of honeybees, that were detected in the N–1 PC2

components of N images. The coordinates (in the pixels) are xstart, ystart . The radius of the

circle is proportional to the number of bees at the location of xstart, ystart.



white and black spots of the PC2i; iþ1 and the later steps showed that the minimum
number of 16 was too high. While the success of the suppression of the clutter depends
on this assumption, it is evident that the next iteration shall use smaller number (e.g. 4 to
8). The redundant PCA was applied; further analysis should clarify its advantages and
disadvantages, as well as the use of the indicators for improvement of the suppression
of the clutter. The described method of the change detection can be applied for
the detection of the movement of other types of targets, e.g. vehicles, people etc. In the
described analysis additional parameters were derived, while the most promising are the
area of the spots and the axes of the encircling ellipse, Figure 11, Figure 12.
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Figure 11. A histogram of the area of the spots that present the detected honeybees.

Figure 12. A linear regression of the axes of the ellipses in dependence to the area of the spots.



Although the component PC2i; iþ1 was considered in the paper, higher components,
from, PC3 to PC32, were analyzed too, but the results are not evaluated yet. The
continued research deals with the accuracy and the reliability of the results, the influence
of the spatial resolution, the additive noise, the wavelengths of applied images, and
should be published soon.

6 CONCLUSIONS

The method was developed for the assessment of the temporal – spatial distribution of
the swarm of the honeybees. This method is based on the processing of the second
principal component PC2i; iþ1 of the sequence of the N images registered on the selected
reference image and on the reduction of clutter. This method shows advantage in
comparison with the method based on the application of the Lidar, and, besides that, the
honeybee detection could be used for the detection of vehicles, persons etc.
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