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Abstract: Cadra (Ephestia) cautella (Walker) is a moth that attacks dates from ripening stages while on tree, throughout 
storage, and until consumption, causing enormous qualitative and quantitative damages, resulting in economic losses.  
Image-processing algorithms were developed for detecting and differentiating between three Cadra egg categories based on the 
success of Trichogramma bourarachae (Pintureau and Babaul) parasitization.  These categories were parasitized (black and 
dark red), unparasitized fertile unhatched (yellow), and unparasitized hatched (white) eggs.  Color, light intensity, and shape 
information was used to develop detection algorithms.  Two image processing methods were developed based on three 
randomly selected images and were tested on a larger validation image set of 40 images: (i) segmentation and extractions of 
color and morphological features followed by Watershed delineation, and is referred to as Algorithm 1 (ALGO1), (ii) finding 
circular objects by Hough Transformation followed by convolution filtering, and is referred to as Algorithm 2 (ALGO2).  
ALGO1 and ALGO2 achieved correct classification rates (CCRs) for parasitized eggs of 92% and 96%, respectively.  Their 
CCRs for unhatched eggs were 48% and 94%, and for hatched eggs were 42% and 73%, respectively.  Regarding parasitized 
eggs, both methods performed satisfactorily, but, in general, ALGO2 outperformed ALGO1.  These results ensure automatic 
evaluation of the efficiency of biological control of Cadra cautella by the egg parasitoid Trichogramma bourarachae by 
quantifying the rate of parasitization.  The developed detection methods can be used by producers of biocontrol agents for 
online monitoring of Trichogramma and similar insect natural enemies during mass production and before release against crop 
pests.  Moreover, with few adjustments these methods can be used in similar applications such as detecting plant diseases. 
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1  Introduction  

Date palm (Phoenix dactylifera L.) occupies the top of the fruit 
crop list in the Kingdom of Saudi Arabia (KSA).  The KSA is the 
world's second largest producer of dates, supplying 17.6% of the 
world market[1].  Currently, dates production in KSA is about    
1 million tons annually.  Dates encounter serious economic losses 
in both quantity and quality caused by warehouse insects.  Among 
the insects attacking stored products is the date moth Cadra 
cautella. E. cautella (Walker) (Lepidoptera: Pyralidae), which is a 
common cosmopolitan pest in most of the temperate world as well 
as in warmer areas.  It causes damages to dry fruits, stored grains, 
and their products[2,3].  Cadra cautella is also considered a pest of 
other stored materials, such as dried fig, wheat flour, chocolate 
dried fruits, nuts, grain and their processed products[4].  Moth 
larvae can cause considerable damage to stored foods by feeding 
and contamination with dead bodies and materials they produce 
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such as excreta, webbing, silk and feces.  
1.1  Biological control using Trichogramma bourarachae 

The use of insecticides and other chemical treatments against 
the pest implies the risk of adverse ecological, toxicological, and 
economic effects[5].  An alternative biological control method to 
synthetic chemical insecticides for combating E. cautella is to 
release parasitoid wasps of the genus Trichogramma Westwood 
into the stored-product environment[6,7].  Trichogramma are 
extremely tiny wasps in the family Trichogrammatidae and they 
exist naturally in almost every terrestrial habitat and some aquatic 
habitats as well.  These wasps lay their eggs into the E. cautella 
eggs, thus killing the eggs and preventing their development.  
Trichogramma species are the most frequently used natural 
enemies for the control of lepidopteran pests of fruits and cereals in 
the field[8].  Worldwide, egg parasitoids of the genus 
Trichogramma (Hymenoptera: Trichogrammatidae) have been 
successfully utilized for bio-control of several Lepidopteran pests.  
Because of their low host specificity, Trichogramma can be mass 
reared easily in large numbers and on different natural and 
factitious hosts[9].  More than 150 different species of 
Trichogramma are known from various biotopes[10].  Nine species 
of Trichogramma are reared in private or government owned 
insectaries around the world and released annually on an estimated 
80 million acres of agricultural crops and forests in 30 
countries[8,11]. 

In Germany and Austria, the control of the Indian meal moth, 
Plodia interpunctella (Huebner) and the Mediterranean flour moth 
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Cadra kuehniella (Zeller) in food processing facilities is achieved 
by releasing large quantities of Trichogramma evanescens 
Westwood using the inundative release strategy[12].  They 
parasitize insect eggs, especially eggs of moths and butterflies.  
Some of the most important caterpillar pests of field crops, forests, 
and fruit and nut trees are attacked by Trichogramma wasp.  In 
Canada, Trichogramma species are commonly reared and used to 
control field and glass house insect pests[13].  One of the major 
considerations in the design of an augmentative biological control 
program using egg-parasitoids is the selection of the parasitoid 
species or strain, which is in turn determined by its performance in 
the field[14]. 
1.2  Machine vision techniques for evaluating parasitization  

The performance of Trichogramma is assessed by egg 
parasitism which can be estimated by counting the numbers of 
parasitized (black and dark red) and unparasitized (white and 
yellow) eggs in the sample.  Currently, this process is done 
manually through visual counting of parasitized eggs by skilled 
technicians.  Thus, it is subjected to several limitations.  Visual 
detection and counting of eggs is tedious, laborious, time 
consuming and, therefore, is vulnerable to inaccuracy due to human 
errors.  To overcome these limitations and eliminate errors, this 
research was carried out to develop procedures for automatic 
identification and counting of the number of Cadra cautella eggs 
parasitized by Trichogramma using machine vision technology.   

Machine vision is the technology that uses digital image 
capturing and analysis to automate tasks such as inspection, process 
control, gauging, counting, and robot guidance in industry, in 
addition to reading barcodes and optical characters[15-17].  While 
human inspectors can visually inspect parts to judge the quality of 
workmanship, machine vision systems use advanced hardware and 
software components to perform these functions at higher speeds 
and with improved reliably and precision.  Image analysis 
techniques have been applied in the process and food industries for 
several decades[18] and are being used more frequently in 
agriculture to discriminate between objects[19-21] and to count 
items[21,22] with different visual characteristics.   

Most automated image systems perform counting by 
segmenting the item to be counted from the background using 
various thresholding techniques.  Chiu et al.[23] used local adaptive 
binarization and size filtering to distinguish contour features of 
bruise areas in Golden Delicious apples for quality control.  Back 
et al.[24] developed an image-based system to monitor the fertilizer 
application rate of variable-rate applicators, which was estimated 
from the diameter and number of granules counted.  Choi et al.[25] 
developed a machine vision system for counting the number of 
citrus fruit drops using an image processing algorithm that included 
steps for intensity normalization, citrus fruit detection by a logistic 
classifier, and least square circle fitting.  Shariff et al.[22] developed 
an image analysis algorithm based on fuzzy logic using color, 
shape and texture features to automatically identify and count the 
total number of six pest species found in paddy fields.  Pearson et 
al.[21] counted the number of pink bollworm eggs on oviposition 
pads using histogram features of grayscale images of the pads. 

This research aims at automatic evaluation of the efficiency of 
biological control of Cadra cautella using Trichogramma.  The 
specific objectives were to: 

1) Establish a database of digital color images of Cadra eggs 
after being subjected to Trichogramma parasitization for seven days. 

2) Extract features that characterize the parasitized and 
unparasitized Cadra eggs based on color and shape information in 

egg images. 
3) Design, develop, and test algorithms for segmentation, noise 

removal, separation of touching eggs, classification, recognition, 
and counting of parasitized Cadra eggs in digital images. 

2  Materials and methods  

2.1  Rearing of Cadra cautella 
Cadra cautella was successfully reared in laboratory cultures 

on standard diet composed of a mixture of a half  part of crushed 
date fruit, one part barley, one and a half parts of broiler feed  and 
one and a half parts layer feed  (by weight) as described by 
Al-Azab[26].  The sterilized diet was mixed with 400 mL of 
glycerol.  Newly emerged male and female adults were paired in 
wooden cage with screen sides.  A piece of white paper was put 
under this cage for collection of eggs.  The eggs that fell through 
the wire mesh were collected in open dishes, then fifteen mg eggs 
of E. cautella were checked under the microscope to remove any 
impurities or deformed eggs.  The E. cautella eggs were 
transferred into one-liter glass jar containing 200 gm of the 
previously mentioned sterilized diet.  The glass jar was covered 
with a layer of cheesecloth and placed in an incubator with 
50%-60% relative humidity, at (29±1)°C with 12 light photoperiod. 
2.2  Rearing of Trichogramma bourarachae 

Two species of Trichogramma, namely Trichogramma 
bourarachae and T. cordubensis (Hymenoptera: 
Trichogrammatidae), were reared in the lab.  The first species is 
arrhenotokous, producing both females and males through 
parthenogensis reproduction while the second species produces 
only females (Thelytokous).  These two species are known to be 
adapted for harsh arid and semi-arid conditions.  Two cycles of 
rearing both Trichogramma and Cadra were carried out so far.  
Only Trichogramma bourarachae was used in all experiments and 
the other species was used as backup because these tiny wasps are 
very sensitive and require special handling during mass production.  
Colonies of Trichogramma bourarachae used in this study were 
brought from Egypt.  The parasitoids were reared on Cadra 
cautella (Lepidoptera: Pyralidae) eggs under laboratory conditions.  
The eggs of Cadra were obtained as described above. 
2.3  Collection of parasitized Cadra eggs used in the 
experiments 

The method described by Roriz et al.[27] was followed for 
parasitization of Cadra eggs by T. bourarachae with slight 
modifications.  Fifty Cadra eggs were selected from the egg lots, 
as described above, with the aid of stereoscope (Figure 1) and a 
fine camel hairbrush.  The selected eggs were then carefully glued 
with agar onto small piece of paper cardboard (sentinel egg cards).  
The sentinel egg cards were put into small glass tubes (6 cm in 
length and 1 cm in diameter) and then females of T. bourarachae 
were introduced in these tubes for 24 h to parasitize the Cadra eggs.  
At the end of the parasitization period, Trichogramma parasitoids 
were removed from the glass tubes and the parasitized Cadra eggs 
on the cards were incubated for 7 d under the same laboratory 
conditions for the development of the parasitoids.  After the 
incubation period, the Cadra eggs in each sentinel card could be 
easily differentiated into three categories; parasitized (black and 
dark red), unparasitized fertile unhatched (yellow) and 
unparasitized hatched (white) eggs.  The sentinel egg cards each 
containing the three different categories of Cadra eggs were used 
for image acquisition. 
2.4  Image acquisition and analysis 

RGB color digital images of Cadra eggs after subjection to 
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parasitization by Trichogramma were captured using a DIGI 
Optika camera mounted on an Optika Tri Zoom Stereoscope with a 
magnification of 16.5x.  The experiment was conducted under 
laboratory conditions at the Agriculture and Veterinary Training 
and Research Station, King Faisal University, Al-Ahsa, KSA.  All 
images were acquired under the same imaging conditions (i.e. same 
background, illumination (1960 lx), resolution (3200×2400 pixels), 
and working distance (11.5 cm) (Figure 1).  The Matlab Mathworks 
software was used for digital image processing and analysis.  

 
Figure 1  The experimental setup 

3  Development of detection and classification 
algorithms 

Two image processing methods (algorithms) were used to 
count cells of different colors in the images.  The first method was 
segmentation and extractions of color and morphological features 
in the digital images followed by Watershed delineation, and it will 
be referred to as the Algorithm 1 (ALGO1).  The second method 
used the Hough Transformation function to find circular objects 
followed by convolution filtering, and it will be referred to as the 
Algorithm 2 (ALGO2).  The algorithms were developed based on 
three randomly selected images and were then tested on a 
validation image set of 40 images taken under the same imaging 
conditions.   
3.1  Algorithm 1   

The overall flowchart of ALGO1 program used for detecting, 
classifying, and counting different egg categories is shown in 
Figure 2.  The program identified and counted the black and dark 
red cells (parasitized eggs), the yellow cells (unparasitized 
unhatched eggs), and the white cells (unparasitized hatched eggs) 
in an image.   

 
Figure 2  Flowchart of Algorithm 1 

 

3.1.1  Counting black/red (parasitized) eggs 
An original RGB color image is shown in Figure 3a.  The 

procedure for identifying and counting the black/red parasitized 
eggs included the following steps: 
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1) Separating black/red cells from the yellow/white cells and 
background by converting the RGB image to an HSI image, 
followed by thresholding, morphological filtering, and binarization.   
The resulting binary image contained only black and red cells 
(Figure 3b).   

2) Identifying individual black/red cells through Watershed 
delineation and labeling.  Distances between the resulting objects 
were then calculated.  Objects with very close distances were then 
combined.  The centers of the resulting objects were identified as 
the base for counting.  Figure 3c shows the detected parasitized 
eggs with their centers marked.  This included eggs on the edge of 
the image with only a part visible and eggs touching each other in 
the image. 

 
a b 

 
c 

Figure 3  (a) An original RGB color image of Cadra cautella eggs 
after being subjected to parasitization by Trichogramma 

bourarachae, (b) the binary image for the black/red (parasitized) 
eggs after thresholding, morphological filtering, and binarization, 

(c) black/red eggs with centers marked through Watershed 
delineation, labeling, and distance analysis 

 

3.1.2  Counting yellow eggs (unparasitized unhatched)  
After the black/red eggs were identified, they were removed 

from the image, leaving only the yellow cells and pixels with 
similar colors.  Thresholding and morphological operations were 
then conducted to narrow down the possible areas that may contain 
yellow cells (Figure 4a).  Subsequent Watershed analysis and labeling 
operation were then used to further separate cells.  Yellow eggs 
were finally identified by examining the areas of labeled regions 
and the distance between potential cell centers (Figure 4b). 
3.1.3  Counting white eggs  

Among the three categories of eggs, the white eggs 
(unparasitized hatched eggs) were the most difficult objects to 
identify.  This was mainly due to the uneven illumination within 
the image.  To solve this problem, the intensity of the image was 
adjusted using a second-order polynomial model based on the 
average intensities of six 50×50 pixel sample areas in the image – 
four at the corners and two within the image.  The average 
intensities of the six sample areas were used to calculate the 
parameters of a complete second-order polynomial surface to be 
used to adjust the intensities of all pixels in the image.  Figure 5a 
shows an original egg image with non-uniform intensities and the 
six sample areas in the images selected for intensity adjustment.  
Figure 5b is the intensity-adjusted image.  After the adjustment, 

pixels representing the white eggs were identified through 
thresholding using the hue and adjusted intensity (Figure 6a).  The 
white eggs were finally identified through filtering, morphological 
operations, and labeling.  Large labeled regions were divided into 
multiple eggs based on the area of the region.  Thus, a labeled 
region may be considered to contain multiple eggs, as shown by the 
numbers displayed in Figure 6b.  The number of white eggs was 
then counted. 

 
a b 

Figure 4  (a) Potential yellow egg areas segmented from the image, 
(b) yellow eggs extracted through Watershed delineation, labeling, 

and area/distance analysis 
 

 
a b 

Figure 5  Procedure for detecting white eggs: (a) an original 
image with six sample areas designated to develop the complete 

second-order polynomial surface for intensity correction,  
(b) intensity-corrected image 

 
a b 

Figure 6  (a) Areas of white eggs identified through thresholding, 
(b) white eggs detected after labeling with blue locations showing 

the number of multiple eggs 
 

Figure 7 gives the complete classification results using 
ALGO1 method, showing the original image and an image 
containing only the detected eggs.   

 
a b 

Figure 7  Comparison between the original image and the 
classification result: (a) the original RGB image, (b) the 

classification result of Algorithm 1 method, showing eggs of all 
categories- black/red, yellow, and white, in respective colors 
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3.2  Algorithm 2  
The second image processing method emphasized on finding 

circular objects in the image using the  Hough Transformation 
function.  Selection of this function was based on the fact that all 
the eggs, regardless of their colors, had a circular shape in the 
images, and the radii of these circles are similar.  This method 
required a minimum amount of image processing.  The flow chart 
of this method is shown in Figure 8. 

 
Figure 8  Flowchart of Algorithm 2 

 

For this method, the dark-colored and light-colored cells were 
first handled separately.  Detected cells were then combined, with 
repeated cells removed.  The remaining cells were then classified 
based on their color and adjusted intensity attributes. 
3.2.1  Finding dark-colored cells  

With properly selected parameters (radius range, sensitivity, 
and edge threshold), the Hough Transformation function 
“imfindcircles” in Matlab successfully identified most dark-colored, 
circular objects in the image.  Figure 9 shows the detected dark 
cells.   
3.2.2  Finding light-colored cells 

ALGO2 had difficulties in finding circular objects with similar 
color and intensity as the background.  Thus, a more extensive 
preprocessing was performed for the light-colored cells.  The 
preprocessing started with intensity adjustment, which was 
identical to that used for the ALGO1 method – adjusting the 

intensity of the entire image using a second-order polynomial 
surface model as described in Section 2.4.1.3.  In order to obtain 
more smooth adjustment in intensity, the image was first smoothed 
using an area opening method.  Once the intensity was adjusted, 
the original color image was binarized through thresholding on 
colors and adjusted intensity.  Morphological operations were then 
performed on the binary image to fill small holes and remove 
discrete noise pixels.  Hough transformation was then performed 
on the resulting image to identify circular objects.  Figure 10a 
shows the light-colored cells detected through this procedure and 
Figure 10b shows the detected circular objects that most likely 
were the light colored eggs. 

 
Figure 9  Dark-colored eggs detected using Algorithm 1 

 

 
a b 

Figure 10  (a) Binary image of light-colored eggs detected through 
intensity correction, thresholding, and morphological filtering,  
(b) original color image showing light-colored eggs marked by  

red circles 
 

3.2.3  Combining detected cells, classifying, and counting 
After the centers of dark- and light-colored cells were detected, 

they were merged into a single image.  This image was then 
convoluted with a circular kernel to restore all detected cells.  
Distances between the cells were then checked.  If the distance 
between two adjacent cells were found to be shorter than the radius 
of the kernel, one of the cells was deleted.  Deleted cells were 
then removed from the array of detected cells.  All remaining cells 
were then going through a classification procedure based on their 
adjusted intensity and color attributes.  Counts for all categories 
were updated based on the classification results.  To visualize the 
results, all detected eggs were plotted in their respective colors in 
an image with white background.  Figure 11 compares this image 
with the original RGB image.  It can be seen that, in general, the 
image processing procedure correctly detected and classified most 
of the eggs. 

 
a b 

Figure 11  (a) Original RGB image, (b) dark-colored (black and 
dark red), yellow, and white eggs detected by Algorithm 2 method 
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4  Results and discussion 

To evaluate the performance of the algorithms, correct 
classification rates (CCRs) for individual egg categories and 
misclassification rates (MCRs) were calculated.  Three CCRs are 
defined as (1) percentage of black/red eggs correctly classified by 
the program over total number of actual black/red eggs in the 
image, (2) percentage of yellow eggs correctly classified by the 
program over total number of actual yellow eggs in the image, and 
(3) percentage of white eggs correctly classified by the program 
over total number of actual white eggs in the image.  
Accompanying these classification rates were misclassification 
rates across different egg categories.  The actual number of eggs 
in each egg category was calculated manually.  Performances of 
the ALGO1 and ALGO2 methods are evaluated and compared in 

this section. 
4.1  Performance comparison between ALGO1 and ALGO2 

ALGO1 algorithm was developed using three images, and was 
tested on the validation image set that included 40 images taken 
under the same imaging conditions.  The total counts of three 
categories of eggs – black/red, yellow, and white - detected in all 
40 images are listed in Table 1.  Also included in the table are 
CCRs for each category, MCRs across categories, numbers of eggs 
in each category misclassified from background, and numbers of 
eggs in each category not detected by the algorithm. 

ALGO2 was developed using the three images and was tested 
on the same validation image set as the ALGO1 algorithm.  The 
counts for different categories of eggs and the CCRs and MCRs of 
various types are presented in Table 2. 

 
 

Table 1  Classification and misclassification rates of Cadra (Ephestia) eggs by Algorithm 1 for the validation image set 

Actual eggs 
Classified to 

Total 
Black Yellow White Background 

Black 1196 91.8% 10 0.8% 0 0% 97 7.4% 1303 100% 

Yellow 111 26.3% 203 48.1% 3 0.7% 105 24.9% 422 100% 

White 5 0.9% 33 6.1% 226 42.0% 274 50.9% 538 100% 

Background 389 22.8%1 108 30.5%2 95 29.3%3 N/A 592 20.7%4 

Note: 1. Percentage of black/red eggs misclassified from background over total number of eggs from all categories detected as black/red.  
2. Percentage of yellow eggs misclassified from background over total number of eggs from all categories detected as yellow.  
3. Percentage of white eggs misclassified from background over total number of eggs from all categories detected as white. 
4. Percentage of all eggs misclassified from background over total number of eggs detected. 

 

Table 2  Classification and misclassification rates of Cadra (Ephestia) eggs by Algorithm 2 for the validation image set 

Actual eggs 
Classified to 

Total 
Black Yellow White Background 

Black 1251 96.0% 23 1.8% 1 0.0% 28 2.1% 1303 100% 

Yellow 3 0.7% 395 93.6% 13 3.1% 11 2.6% 422 100% 

White 1 0.2% 15 2.8% 391 72.7% 131 24.3% 538 100% 

Background 38 2.9%1 35 7.5%2 99 19.6%3 N/A 172 7.1%4 

Note: 1. Percentage of black/red eggs misclassified from background over total number of eggs from all categories detected as black/red.  
2. Percentage of yellow eggs misclassified from background over total number of eggs from all categories detected as yellow.  
3. Percentage of white eggs misclassified from background over total number of eggs from all categories detected as white. 
4. Percentage of all eggs misclassified from background over total number of eggs detected. 

 

From these tables it can be seen that both ALGO1 and ALGO2 
methods were successful in detecting the parasitized Cadra eggs, 
which is the base for calculating the rate of parasitization.  The 
final results showed that ALGO1 estimated the rate of 
parasitization to be 53%, while ALGO2 estimated it to be 55%.  
Comparing these values with the actual rate of parasitization of 
57.6%, both methods seemed to have performed well.  
4.2  Performance of ALGO1 and ALGO2 in detecting 
individual egg categories 

From Tables 1 and 2, it can be seen that both ALGO1 and 
ALGO2 methods performed satisfactorily in detecting the 
parasitized Cadra eggs from the validation image set.  The CCRs 
for ALGO1 and ALGO2 were 91.8% and 96.0%, respectively.  
For the detection of yellow unparasitized unhatched Cadra eggs, 
ALGO2 outperformed ALGO1 with CCRs of 93.6% and 48.1%, 
respectively (Tables 1 and 2).  The CCRs of white eggs detected 
by ALGO1 and ALGO2 were 42.0% and 72.7% (Tables 1 and 2), 
respectively.  Although ALGO2 performed better than ALGO1 in 
detecting white eggs, neither method provided completely 
satisfactory results, probably because that the white Cadra eggs do 
not possess unique color characteristics, especially when compared 

with the background.  Upon hatching, some unparasitized Cadra 
eggs became creamy white while others became more transparent 
and almost colorless, which appeared very similar to the 
background.  Uneven illumination probably worsened the 
situation even further.  The consequence was that some white eggs 
were misclassified to background and some background areas were 
misclassified to white eggs.  

The ability of the algorithms to detect all eggs in the validation 
image set without missing eggs was analyzed.  This analysis was 
achieved by comparing the number of missed eggs to the number 
of eggs counted manually.  Missed eggs were eggs that existed in 
the image but were not detected by the program.  In the tables, 
missed eggs are shown as actual eggs in the image that are 
classified to background by the program.  ALGO1 and ALGO2 
methods performed satisfactorily in detecting parasitized Cadra 
eggs, they missed only 7.4% and 2.1% of parasitized eggs, 
respectively.  For the yellow eggs, ALGO2 outperformed ALGO1 
by missing only 2.6% of the actual yellow eggs, while ALGO1 
missed 24.9%.  The rates for white eggs were 50.9% and 24.3% 
for ALGO1 and ALGO2, respectively.  ALGO2 performed better 
than ALGO1, but neither method provided completely satisfactory 
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results.  This was the consequence of the creamy or colorless 
appearance of the white eggs. 

The abilities of the algorithms to avoid false detection are also 
studied.  False detection occurred when the program incorrectly 
recognized a segment of the background as eggs.  The false 
detection rate of ALGO2 (2.9%) was much lower than that of 
ALGO1 (22.8%) in detecting parasitized Cadra eggs.  ALGO2 
method also performed better than ALGO1 in detecting yellow 
eggs.  False detection rates of ALGO2 and ALGO1 were 7.5% 
and 30.5%, respectively.  Although neither algorithms performed 
well in false detection rate for white cells, ALGO2 still performed 
better than ALGO1.  The false detection rates for white cells by 
ALGO2 and ALGO1 were 19.6% and 29.3%, respectively.   

Probably the most important measure of the performance of the 
algorithms is their abilities to classify eggs into correct categories.  
This was examined by comparing the number of wrongly classified 
eggs against the number of manually counted eggs.  It can be seen 
that both methods did well for parasitized Cadra (black/red) eggs, 
but ALGO2 performed better than ALGO1 with wrongly classified 
black/red eggs into yellow, white, and background categories of 
1.8%, 0.0%, and 2.1% for ALGO2, and 0.8%, 0.0%, and 7.4% for 
ALGO1.  Also ALGO2 performed much better than ALGO1 in 
classifying yellow eggs.  ALGO2 misclassified only 0.71% of 
actual yellow eggs to the black/red category, while ALGO1 
misclassified 26.3%.  Similarly, ALGO2 misclassified only 2.6% 
of actual yellow eggs to the background category, while the rate for 
ALGO1 was 24.88%.   

Generally, ALGO2 method outperformed ALGO1 method in 
egg detection mainly because ALGO1 depends heavily on color 
and intensity information whereas the ALGO2 emphasizes on 
shape (geometric features) information of the objects.  When 
differences in color or intensity were not significant, using shape 
features may have strengthened the power of detection. 

5  Conclusions 

The study has met the objectives related to establishing a 
database of color digital images of parasitized Cadra eggs, 
extracting features characterizing the parasitized and unparasitized 
Cadra eggs, developing algorithms for segmenting objects from 
background, removing noise, identifying and separating touching 
eggs, recognizing, classifying, and counting parasitized and 
unparasitized Cadra eggs, and determining the rate of 
parasitization.   

Two image processing methods were developed to detect 
parasitized and unparasitized eggs.  Although both methods 
performed satisfactorily in detecting and counting the number of 
parasitized eggs and, hence, the rate of parasitization, ALGO2 
outperformed ALGO1 in the correct classification rates of all three 
egg categories.  Based on ALGO1 and ALGO2 methods the rates 
of parasitization were 53% and 55%, respectively, whereas the 
actual parasitization rate was 57.6%.  The developed detection 
methods will enable automatic evaluation of biological control of 
Cadra (Ephestia) cautella using Trichogramma bourarachae.  
This will facilitate their usage by industries dealing with biological 
control in online monitoring of Trichogramma and similar insect 
natural enemies during mass production and before release against 
crop pests.  Although this study aimed at evaluating effectiveness 
of biological pest control, yet with few adjustments, the developed 
methods can be used in similar applications, such as detecting plant 
infestation by insects or their eggs.     
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