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(ABSTRACT) 

The objective of this study was to develop an inexpensive automated device for grading raw oyster 

meats. The automation technique chosen was digital imaging. Typically, a computer vision system 

contains a microcomputer and a digital camera. An inexpensive digital camera connected to a 

personal computer was used to measure the projected area of the oyster meats. Physical charac

teristics of the oyster meats were important in designing a computer vision grading system and the 

necessary data were not found in the literature. Selected physical characteristics of oyster meats, 

including the projected area, weight, height, and volume were measured by independent methods. 

The digital image areas were found to be highly correlated to oyster meat volumes and weights. 

Currently oysters are marketed on the basis of volume. The results from this study indicated that 

the relationship between the oyster meat area as measured by computer vision and volume can be 

used as a grading criterion. The oysters ranged in volume from 3.5 cm3 to 19.4 cm3
• A three di

mensional image was not required because the height was not important. Tests showed that the 

system was consistent and successfully graded 5 oysters per second. The system was calibrated, and 

the prediction equation was validated with an estimated measurement error of ± 3.04 cm3 at a 950/0 

confidence Ie. el. The development of automated graders using digital imaging techniques could 

help improve the quality and consistency of the graded oyster meats. 
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Chapter I. Introduction 

Oysters are one of the most important products of the seafood industry in the Gulf and Atlantic 

regions. The oyster industry is still dependent exclusively on hand labor for shucking and grading. 

After shucking, oyster meats are nonnally graded and sorted into several categories, by hand, based 

on oyster volume. Rising labor costs, shortage of experienced labor, and increasing operation costs 

have affected the viability of the oyster industry. In addition, manual grading and sorting are sub

jective and susceptible to hwnan error. Factors such as eye fatigue, personal bias, and variations 

in lighting conditions influence the decision of an individual in grading and sorting operations. 

Automation of the grading and sorting process would help to solve these problems. Automation 

of the oyster grading and sorting process would lower labor costs, improve tedious and uncom

fortable working environments, increase production rates, and improve performance and quality 

assurance. Data obtained from automated operations are usually nondestructive, and increasingly 

affordable as technolob'Y improves. Removing human analysis from the grading and sorting lines 

not only will eliminate error associated with manual techniques but also will increase the analytical 

precision. The tasks can be repeated in the same way by using software controlled procedures and 

necessary feedback information from the process can be obtained. The operational flexibility of the 

system can be increased due to the capability of reprogramming the system software. These ad-
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vantages could be achieved by attaching a grading device to a host computer which would allow 

accurate record keeping of the process. 

A preliminary requirement for designing autonlated devices is a knowledge of the physical proper

ties of the specimen to be graded (i.e., oyster meat). The natural biological variation of living 

creatures increases the difficulty of developing automated devices for handling agricultural products. 

There are no conunercially available automated machines for shucking or for grading oysters be

cause of the difficulty in handling the oyster meats and the natural variation between individuals. 

This biological variation has not been controlled, however, this difficulty should not stop the in

troduction of automation to the oyster industry. 

At the present state of technology, there are many automation principles and techniques which can 

be used, especially with the application of digital electronics. Of all the possibilities, the technique 

of machine vision has generated the most interest. There are already many examples in the litera

ture on the use of machine vision, but still there is a great potential for improvement and expanded 

applications. One of the greatest human inventions of this century was the robot, a machine that 

can "seeR, "'think", and "move", Since the sixties, engineers have known how to furnish machines 

with sight using computers and television cameras - the brain and the eye of the machine, respec

tively, Software tells the machine's brain how to manipulate and interpret the image formed by the 

machine's eye, and the machine can see what it is doing, But the earlier technology required high 

computing power, only available on expensive mainframe computers, for performing simple tasks. 

Only recently has it become possible for sophisticated tasks to be performed by inexpensive 

microcomputers. New applications are thereby available for machine vision in factories, in 

academia, and in research and development institutions. The various tasks performed by machine 

vision in agriculture are much the same as in other production environments such as inspection, 

location, measurement, or recognizing different kinds of objects. 

The widespread application of digital image processing techniques for agricultural use is new. 

However, extensive research and development has taken place in recent years in the areas of com-
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puter vision and pattern recognition in agricultural food processing. The promising results obtained 

by several researchers indicate that there are many more potential applications. Recent decreases 

in microcomputer costs and the development of specialized hardware and software open a new 

range of applications of this technology. As Naugle and Rehkugler (1987) stated recently, 

" .... Digital imaging for agricultural field applications is a technology whose time has come. With 

the development of new computers which are faster and increasingly more powerful, using smaller 

and smaller components, the possibilities are endless .... H • The main goal of this study is to dem

onstrate whether oyster meats can be graded by size using inexpensive computer vision techniques. 
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Chapter II. Objectives 

The overall goal of this study was the development of an inexpensive microcomputer based system 

for grading raw oyster meats. In this thesis, grading was defmed as classifying the objects (Le., 

oyster meats) into several categories without separation, and sorting was described as classifying and 

separating the objects into several categories. The specific objectives of this study were: 

1. Determine the selected physical properties of the oyster meats. 

2. Design and construct an electronic device for demonstrating a grading mechanism. 

3. Determine the accuracy and speed of the electronic device. 
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Chapter III. Literature Revielv 

By deftnition, digital image processing operates upon pictorial information in a digital form. A 

typical image processing system includes a camera, lighting equipment, image processor, host 

computer (minicomputer or microcomputer), image display monitor, programming tenninal, and 

memory storage. Figure 1 shows the block diagram of a typical image processing system. An unage 

from a television (TV) camera or solid-state sensor array is usually digitized to form a matrix of 

discrete points (pixels) of defmed brightness which will be held in memory for further computer 

manipulation and interpretation. 

A system can be purchased as a complete development package or can be build up from individual 

bus-based components thereby reducing the system cost (Kranzler, 1985). Usually the custom 

software development is supported by high-level languages. The cost and the speed of a system are 

influenced by the resolution of the imaging devices. Although the reliability and flexibility of a 

system are improved as the resolution increases, the speed of the system is reduced and the cost of 

the system increases due to additional hardware requirements. Typically, an imaging device has a 
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Figure 1. A Block Diagram of a Typical Image Processing System 
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resolution ranging from 64 x 64 to 512 x 512 pixels (or picture elements) and the resolution re

quirement is dependent on the application (Gonzalez and Safabakhsh, 1982). 

The applications of digital image processing can be classified into three categories, as described by 

Kranzler (1985): 1. image analysis, 2. robotics vision, and 3. inspection. In image analysis, tech· 

niques are used to enhance infonnation from the digitized image. Robotics vision refers to the use 

of camera·coupled image processing to provide real-time visual infonnation. Machine vision in

spection usually involves product identification, defect removal, and grading and sorting of raw and 

processed food products. It is the most frequent application of image processing in agriculture. 

Several machine vision systems are now available commercially, and they are beginning to con

tribute significantly in the agricultural food processing industries. Many of the shape characteristics 

of the agricultural and biological products are not easily defmed mathematically. Precise measure

ments of their physical characteristics are required before actual machine vision development is 

carried out. 

3.2. Digital II11agillg Methods 

Whatever the application, machine vision always includes the following procedures which are used 

to extract, characterize, and interpret information obtained from the image (Gonzalez, 1983, 

Hollin gum , 1984, and Kinnucan, 1983): 

1. Image sensing - Acquiring a picture image of the object. 

2. Image analysis - Processing the image in order to extract and quantify the important features 

of the image. 
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3. Image Interpretation - Identifying and classifying the necessary information based on certain 

characteristics. 

3.2.1. Image Sensing 

The basic element in obtaining an image is a light sensitive array which emits an electrical signal 

whose strength is proportional to the intcnsity of light falling on it. The image is broken into a 

matrix of pixels, or picture elements. Each pixel is converted to a number representing its relative 

lightness in a range of values called a gray scale. The number of gray scale levels which may be 

detected vary, depending on the image sensing device. Some devices only detect two levels, black 

and white. These are called binary systems. Others can detect a gray scale ranges from 64 to 256 

levels. The image obtained for processing need not come from radiation in the visible range. 

Special infrared cameras are used for thermal imaging, and ultraviolet lights are used in crack de

tection. The image also can be derived from an x-ray or radar source. The digitized image is usually 

stored in computer memory for latcr processing. 

3.2.2. lInage Analysis 

Image analysis begins with segmentation. Segmentation is the process of dividing an image into the 

regions of interest. The method of segmentation which is used depends on the actual image ap

plication. There are three basic segmentation techniques. Thresholding is the most commonly used 

approach because of its speed and ease of implementation. The basic idea of thresholding is to 

divide the image into separate areas by looking at the image intensity. In the simplest case, a pixel 

having intensity above a certain threshold value is treated as part of the object and a pixel with an 

intensity below the threshold value is considered as part of the background. With well-controlled 

illumination a single constant threshold value can usually isolate the object from the background. 
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A silhouette of the object is produced. For cases involving gray scale images, where the difference 

between the object and background is not clearly defmed, several threshold values might be needed 

to separate the object from the background. In edge detection, the image is transferred to an outline 

drawing, usually by a mathematical technique called convolution. Convolution changes an image 

from a representation of variation of light intensity over a scene to a representation of rate of change 

of light intensities over a scene. This effectively reduces the image to a line drawing, since light 

values typically change most rapidly at object edges. Region-growing detection is applicable when 

thresholding or edge detection fails to differentiate the objects from others or from the background. 

In region-growing detection, the image is divided into batches of similar levels of gray scale. This 

method is seldom used because it requires intensive computation power. Many of the problems 

that would require region-growing detection can be handled by one of the previous two methods, 

through special illumination techniques or by other enhancement techniques. 

3.2.3. Image Interpretation 

Once an object is extracted from the background, the vision system must recognize and classify the 

object. Object recognition is the key to interpretation. Recognition is a labelling process, identi

fying each object and assigning a name or a label. The basic idea of recognition is to select a set 

of descriptive features from the extracted object and later use them to classify the object. The de

scriptive features include things such as area, perimeter, centroid, moment of inertia, Euler number, 

principal axis and other parameters. Image interpretation can be simple or complex depending on 

the application. Image interpretation ends with assigning a meaning to the labeled object, or deci

sion making. The system will flISt go through 1earningU sessions. This can be done by showing 

a number of "good" parts to the system. The system will then build up a numerical model of what 

constitute a H good" part. There are two basic forms of classification techniques: template matching 

and feature-matching. In template matching, the actual image of the object is stored. In feature 

matching, features of the object/s image such as area and perimeter are stored. The input image is 
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matched or compared with the symbolic models stored and the classification is based on a prese

lected matching criteria or similarity measurements (e.g., correlation). 

3.3. Illunlillatioll Tec/zlliqlles 

Illumination is critical in designing an efficient computer vision system. Computer vision is very 

sensitive to lighting and reflection might be a problem. A well-designed illumination system will 

minimize the complexity of the resulting image and enhance infonnation required for inspection 

and decision making. There are a number of illumination techniques developed to make detection, 

extraction, and interpretation of object features easier for recognition algorithms. Some of the il

lumination techniques and their applications in machine vision designs, as described by Gonzalez 

(1983) are: 

1. Diffused front lighting - This technique can be used for objects characterized by smooth and 

regular surfaces. 

2. Backlighting - Suitable for applications where object silhouettes are sufficient for recognition 

and other measurements. 

3. Spatially modulated lighting - This method involves projecting points, stripes, or grids onto 

an object. The distortion of the light pattern is detected in the image and is used to detennine 

the object curvature. 

4. Directional lighting - This technique can be used particularly for the inspection of rough 

surfaces. Flaws on the surface can be detected with careful choice of projected light. 

S. Laser sources - They are occasionally used for their brightness, coherence, and beam 

directionality. 
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Figure 2 shows the basic illwnination techniques frequently used in vision system designs. Paulsen 

and McClure (1986) examined the effects of illwnination on computer vision systems. They stated 

that diffused lighting is essential to enhance surface features, eliminate shadows, reflections, and to 

obtain well def1l1ed edges. 

3.4. AgJ-icultuJ"ai Applications 

With the present advancement of electronics technology, the use of artificial vision in agricultural 

applications is receiving increasing attention. There has been much research recently in using digital 

image techniques in product identification, quality inspection, grading and sorting, separation, and 

other functions. 

A low resolution binary image processing system was described by Kaminaka, et al. (1982). The 

image processing system contained a Periphicon 511 camera and an Apple II microcomputer with 

a disk memory storage. The inexpensive system included algorithms for comparison of simple 

shapes and orientations. These images were compared with the images previously stored in the 

memory. This system could be used for measuring the size of simple objects. 

In product identification and inspection, image processing has been used in a number of food 

processing applications. Nakahara, et al. (1979) used image processing on a large scale in the au

tomation of a cucumber sorting line. The system consisted of a photo-diode line sensor, an image 

processor, a controller, an illumination source, and a multi-row tilting tray conveyor. Cucumbers 

were sorted into three shape categories and five size categories at rates up to 10 per second. 

Sarkar and Wolfe (1985a) worked on digital image analysis and developed algorithms for orientation 

of fresh market tomatoes and for classifying them based on size, shape, color, and surface defects. 
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Results from their study demonstrated the feasibility of applying computer vision to inspecting to

matoes. Proper illumination was important in designing their computer vision system. In their 

later study (Sarkar and \Volfe, 1985b), they constructed an illumination chamber to minimize the 

reflections from the tomato surface. A flat white latex paint was used to paint the inside wall of a 

52 cm diameter metal cylinder and a single layer of 1 mm thick translucent polyethylene sheeting 

was used to make the inner half cylinder. The illumination was provided by a 33 watt fluorescent 

tube. Tomatoes were transported through the illumination chamber by a belt conveyor. The 

complete tomato sorting system demonstrated a sorting error of 3.50/0. However, the system was 

not suitable for commercial use because of the speed limitation, which was approximately 6 seconds 

per tomato. 

Apple sorting with computer vision was investigated by Rehkugler and Throop (1986). They de

veloped and tested an apple handling and sorting device for bruise detection and classification of 

apples into United State Department of Agriculture (USDA) grades. A rotating cone and wheel 

mechanism were built to rotate the fruit 3600
, with the stem calyx axis in the vertical direction. 

Their vision system used a 64 pixel line scan camera. They developed a simplified image processing 

algorithm with a possible real time processing rate of 30 apples per minute. A correlation ranging 

from 0.63 to 0.84 was observed between the predicted and measured bruise areas. A strong corre

lation between bruise depth and measured bruise surface area was confumed. 

Sunkist, the well known citrus packer and distributor, developed unique sorting and packing 

equipment that perfonned functions not commercially available on other equipment (Jonhson, 

1985). The citrus was sorted based on volume. The features of the machine included a singulator 

loader which loaded the cups on the sizing conveyor. The two electronic cameras above the cup 

took pictures of each fruit passing by. The computer determined the volume, the number of fruit 

in each size, and the total number of pieces handled. The sizer was modular, so lanes could be 

added at later date. The theoretical speed was 6 citrus per second per lane. However, the system 

was 90% efficient with a sorting rate of 5.4 citrus per second per lane considered as its maximum 

capacity. 
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Sistler, et aI. (1983) worked on a video image analyzer which measured surface areas, volumes, and 

centroids of irregular shape objects. The object to be measured was rotated and several images were 

taken. They used a Data Cube VG 120d Video digitizer board to acquire and digitize the video 

image sent from a Cohu 4400 monochrome video camera with a 320 row x 240 column pixel 

configuration. The camera had a 70-210 zoom lens with close-up rings. The computer system was 

an Intel 86/330A and programs were written in FORTRAN 86 running under Intel's iR.il,lX 86 

operating system. The object lighting was provided by a combination of incandescent and flu

orescent light sources. Initial testing on sweet potatoes showed the volume error to be less then 

50/0 for most samples and with a maximum of 130/0 for a very irregularly-shaped potato. 

Recently, McClure and Morrow (1987) constructed a computer vision system for sorting white 

potatoes by size. They installed a Chorus Data Systems PC-EYE video capture system with a 320 

row x 200 column pixel resolution and with 4 bits grey level into an IBM peTM. Two closed circuit 

video cameras were connected to the PC-EYE board for screening the side and top views of the 

potato. A light shielding box was constructed to keep extraneous light out. The object lighting 

was provided by four thirteen inch fluorescent lights. In addition, warm white fluorescent bulbs 

were used to :pve more surface defmition. The software was written in MS-BASIC and machine 

language subroutines provided by the PC-EYE programmer reference software disc. The overall 

error for the major axis, intermediate axis, and minor axis were recorded to be -10/0, 00/0, and -20/0 

respectively. Results also showed that weight can be predicted to within 5% for regularly shaped 

potatoes and the system might be usable for separation of misshapen potatoes. The root mean 

square value of the boundary directions was able to separate some misshapen potatoes. 

The use of computer vision systems to recognize physical properties of small objects such as seed 

was investigated by several researchers. Berlage, et al. (1987) examined a computer vision system 

to classify diploid and tetraploid ryegrass seeds. Oriented seeds were sitting on a black rubber (2 

cm x 2 cm) background so that high seed/background contrast could be achieved. Backlighting 

provided through translucent stage and top lighting was provided by a Schott KL 1500 fiber optic 

ring to eliminate shadowing. With this method, 850/0 of the seeds were correctly classified. 
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Rigney and Kranzler (1986) presented a real-time computer vision system for grading southern pine 

seedlings. Singulated seedlings were inspected on a moving non-reflective black conveyor belt. Il

lumination was provided by fluorescent room lighting and strobed Xenon flash. The classification 

criteria were based on stem caliper, shoot height, and projected root area. Seedlings were graded 

in approximately 0.25 seconds with an average classification error rate of 5.70/0. 

Image processing has not only been successfully used in recognizing small particles, but was also 

capable of detecting stress cracks in com kernels as examined by Gunasekaran, et aI. (1987). They 

used a Hitachi KP·120 solid state video camera for image acquisition. The processing module 

consisted of an 8 MHz 8086 central processing unit and an 8087 numeric coprocessor. They also 

investigated different illumination schemes such as front lighting, back lighting, and side lighting. 

The sources of lighting were provided by the Schott KL 1500 fiber optic light source. Their results 

indicated that white light in the back lighting mode with a black-coated background having a cir

cular opening of 2.4 mm in diameter produced high contrast between the stress cracks and the rest 

of the kernel surface. The image processing algorithm was successful in detecting stress cracks in 

90% of the kernels examined. 

Image processing techniques were applied in the development of a system for measurement of the 

size and surface appearance of raw silk thread by Ohura, et al. (1987). The light source was a 

tungsten-type iodine lamp with a miller capacitor and a light guide, which was a bundle of quartz 

fibers each having a diameter of 16 micrometers. The light source emitted through the light guide, 

had a good :'l'.umination intensity, and was positioned in an appropriate angle so that the profile 

of both thread edges were distinctively illuminated. An image guide composed of optical fibers was 

used to detect and transfer the optical image of the thread to an lTV digital camera using a mag

nifying lens system. The data processing system included an image processor, a microcomputer 

with peripheral devices, and an electrical circuit to actuate mechanisms for size control. The system 

also contained a cathode ray tube (CRT) display, a printer, and floppy disk storage. It was con

fmned that the image processing system could measure the size and width of the thread and display 

the thread image on the monitor screen. 
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3.5. Conlll1ercialized Maclzille Visioll Systel1ls 

Several food processing applications have recently been successfully commercialized. These ma

chines are sophisticated and capable of high speed operation. They have potential for improving 

quality control for the food processing industry. The price of these machines are considered ex

pensive and ranged from $10,000 to $100,000; however, the payback periods were usually short, 

within two years or less (Swientek, 1987 and Wagner, 1983). 

There are many food grader and sorter systems available in the market. Moore Brothers' Farms, 

a blueberry processor in North Carolina, reported that an automatic color sorter made by 

Clayton-Durand Manufacturing Company had reduced sorting costs 16% and had a sorting accu

racy of 900/0 at a rate of 2400 lb/hr. Six hand sorting stations and blow sorting equipment were 

removed and the sorting rate rose by 33% (Wagner, 1983). Octek developed a system to classify 

fish by species, size, and weight (Swientek, 1987). Allen Machinery manufactured an electronic 

potato grader to sort potatoes according to their length and diameter. Their 8-1ane grader handled 

about 48,000-50,000 Ib of potatoes per hour. Accuracy of the grader was approximately 95% based 

on the length and diamcter of the potatocs or a length or diameter difference of ± 0.1 inches 

(Swientek, 1987). Opti-Sort systems by Key Technology and Simco/Ramic was used to detect and 

segregate defective potato chips, peas, diced vegetables and sliced fruits and the Sortek 4000 

bichromatic color sorter detected and rejected defective peach halves, potato chips, cereal flakes, and 

whole and peeled tomatoes at line speeds up to 25 tons per hour (Przybyla, 1986). 

In August 1986, D & K Frozen tested an Opti-Sort automatic defect removal system manufactured 

by Key Technology for handling sliced carrots at 6000 Ib/hr (the maximum sorting speed). Carrots 

fed from a dewatering vibratory shaker on a high-speed belt (500 ft/min). The carrot pieces were 

propelled frOftl the end of the belt and were inspected on all sides by four cameras. The illumi

nation source was standard fluorescent lamps enclosed in polycarbonate tubes. The machine re-

Chapter Ill. Literature Review 16 



placed 13 manual inspectors and paid for itself in 2 years. The flnal product met all grade standards 

(Robe, 1988). 

Vision systems have been developed to sort and pack citrus products, lemons were sorted into tlrree 

grades (i.e., premium, table, and juice) based on skin blemishes, cucumbers were sorted into three 

grades according to shape and flve sizes according to length, and several other vision grader and 

sorter systems are under development and investigation (Swientek, 1987). In 1983, several large 

companies were working on machine vision application in the food industry. Machine Intelligence 

Corp and its joint venture Yaskawa Electric Co. of Japan, the world largest robot builder, had the 

intention of entering food plants in the next few years. General Electric, the world largest intelligent 

systems manufacturer had few applications under development, and needed a few years before it 

become mature (\Vagner, 1983). 

3.6. Oyster Pllysical Properties and Grading Alltomatioll 

There is very little literature or research done solely on physical properties of oyster meats, but there 

is some literature on physical properties of the oysters in the shell. In 1950, Newcombe (1950) 

analyzed certain dimensional relationships of the Virginia oyster. Length, width, total weight, total 

volume, shell weight, shell volume, wet weight, and dry weight of body tissue were measured. 

Volume was determined by the overflow displacement method. The values of correlation coeffi

cient between all the measured parameters were found to be large enough to suggest an approxi

mation to a straight line relationship. His results also showed that the dimension of inner volume 

and dry weight are regarded to be reliable in indicating size. Nascimento, et al. (1980) conducted 

a study to determine the optimum commercial size for the Mangrove oysters. Growth character

istics were studied by comparing the relationships between total live weight, volume of the shell 

cavity fluid and yield of meat, and dry body weight to size. The size was defmed as the long axis 
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of the shell from the hinge to the opposite edge. A strong correlation was found between total live 

weight and size. 

Riley and Smyth (1979) discussed the mechanization of handling and processing Maine's cultivated 

European oyster industry. Rotating tip-up weight graders for grading shellfishes such as oysters 

have been in use in Europe for many years. But these graders were huge and had a high-capacity 

and were therefore only feasible for large processing plants. A smaller version of these graders was 

investigated for use in Maine. In fact, Riley and Smyth (1979) built several experimental units 

consisting of 2 or 4 pans pivoted at the ends of 0.2 m rotating arms. The pans were designed to 

stop momentarily at every 90° of rotation and were driven by a geneva mechanism. A spring or 

counterweight mechanism was attached to the end of each pan. If the pan contents were above a 

set weight the pan tipped; if below it was carried to another discharge point. A fixed guide ring 

returned the pan to its horizontal position after tipping. In its most successful form, the machine 

graded up to 4000 oysters per hour, but hand feeding was still required. Some work was also 

conducted in conveying and singulating the oysters before they dropped into the grading pans. 

Later, Riley and Smyth (1979) found that precise weight grading was not necessary, and it was 

possible to grade the oysters by size. Several statistical analysis were performed to examine the 

correlation between weight and size. The results showed that the best correlation was between 

weight and minimum diameter and the grading based on this criterion would be acceptable. 

They also suggested several possible mechanical sorting mechanisms: vibrating tables, mechanical 

shanking sieves, and rotary drum sorters. Their study showed that the most successful method of 

grading oysters larger than 2.5 cm in diameter was the rotary drum sorter. The rotary drum sorter 

consisted of a drum perforated with desired diameter holes mounted at a slight pitch downward, a 

inlet hopper, and rollers with motor driven chain. The pitch angles were adjustable. The HstandardH 

size sorter used an aluminum drum 91 cm long and 30.5 cm in diameter. They made several 

interchangeable drums perforated with holes of a diameter ranging from 1.25 em to 9.5 em, so that 

the oysters were separated into several size categories after passing through different drums. Several 
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tests were canied out with different pitch angles, feeding rates and drum speeds. Experimental re

sults showed that the sorting efficiency was highest at slow drum speed, lower pitch angles, and slow 

feed rate. Since the goals of high sorting efficiency and high feed rate were conflicting, compromise 

settings for drum speed and pitch angle were selected. After studying several combinations, a pitch 

angle of 3.50 and a drum speed of 15.3 meter per minute at a feed rate of 120 oysters per minute 

(the maximum feed rate for these settings) was selected and gave a sorting accuracy of 95 %
• 

The researchers in the department of Agricultural Engineering, University of Maryland looked into 

the potential use of a computer vision system in orientation and shucking oysters. Shays and 

Wheaton (1980) conducted a study on the biological properties of shellfish shells such as oysters. 

The internal and external shell dimensions were taken from machine photocopies of the oyster shell 

valves. A projected image of the valve was made by laying its internal side down on a piece of 

precision transparent grid material and the shell with the grid were placed on the copy machine. 

Their results show that if portions of the shell were more than 1.2 cm above the copier, edge dis

tortions occurred. Indistinct edge defmition was found on 84 out of 490 oysters measured on the 

photocopy machine. These oysters were measured again by using a ruler and calipers. In their later 

study, Wheaton, et al. (1985) used a computer vision technique. Their system consisted of a TV 

camera coupled through a digitizer to a digital computer and projected on a TV screen. Data were 

collected by projecting horizontal (side) and vertical (top) images of the oyster onto a flat surface 

containing a precision grid measurement paper. Length and width were measured from the vertical 

view and thickness was measured from the horizontal view. Data were measured manually by 

counting the number of grids and entered into the computer for further analysis. A total of 2430 

oysters were measured. Linear regression analysis was used to develop empirical equations to relate 

the various parameter measurements. 

After making the required measurements of the physical properties of the oysters, the researchers 

in University of Maryland carried out the actual computer vision machine development. A study 

on computer vision applied to oyster orientation was done by Tojeiro and Wheaton (1987). They 

felt that oysters must be fIrst oriented before entering any shucking machines. A computer vision 

Chapter III. Literature Review 19 



system was set up to take a horizontal and vertical view of the oyster simultaneously. They 

mounted a mirror to an orientating plate which was driven by a stepping motor and a 35.5 cm x 

35.5 cm plane mirror at 45° to the horizontal plane. Oysters were viewed by a Sony model 

AVC-3200 black and white TV camera with a 1:18 zoom lens. The illumination was provided by 

two 100 watt soft white incandescent desk lamps. The image processing unit was a Video van 

Gough board incorporated with an IBM PCTM plus a 8087 coprocessor. The image was displayed 

on a Sony model CUM 950 black and white monitor. The system correctly oriented 98.2% of the 

oysters. The software proved the capability of measuring oyster shell dimensions and efficiently 

identified the hinge from bill end of an oyster. 

Chen and Wheaton (1987) developed a computer vision system to process oyster hinge-end images 

and extract oyster features. They used a Sony model AVC-3200 TV camera with a focal length of 

50 mm lens to view the trimmed hinge end and produce an analog video image. The oyster was 

placed on a white plate as background and was illuminated by a General Electric 22 watt, 20 cm 

diameter fluorescent light. A Video van Gough board digitizer incorporated with an IBM PCTM 

was used to convert analog image to a digital computer compatible form. The analog and digital 

images were stored on a video tape and floppy disk, respectively. The system was successfully ap

plied to process oyster hinge-end image data and extract oyster features data. A sample size of 513 

oysters was analyzed and the system had an average error rate of 3.20/0 in locating the oyster 

hinge-end. The ultimate goal of their study was to develop an automated shucking device. 
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Cllapter IV. Measurement of Physical Properties 

Physical characteristics of agricultural products are important in many engineering design and re

search applications. Knowledge of the volulne, height, weight, and projected area of the oyster 

meats is essential in the development of grading devices. Oyster meats are soft, almost jelly like, 

and are easily pierced, cut, or torn. Because of the irregularity and variability encountered between 

individual oyster meats, the task of characterizing these physical parameters was not trivial. 

The oyster meats used in this study were Eastern Shore oysters and were obtained from the Atlantic 

Ocean side of Virginia. Their weight, height, projected area, and volume were measured. The 

knowledge of the optical properties of the biological materials were also important in the develop

ment of a computer vision system. The measurement of the optical properties was not conducted, 

because it was previously reported by Wheaton, et aI. (1985). Figure 3 shows the absorbance of 

oyster meat and oyster shell. The absolute intensity varied from oyster to oyster even when the 

same illumination conditions were used. 

Chapter IV. Measurement of Physical Properties 21 



e; 
(.) 
c 
a -u 
~ 

1.0 l-

~ 0.8 >

~ 
CIt 
o 
..J 

WO.6 -
o 
Z 

'" en 
a: o 0.41-
(I) 

m 
<t 

0.2 -

o 

O.OL~~IL-____ L-I ____ L-l ____ ~, ____ ~I ____ ~' ____ ~t ____ ~I ____ ~l __ __ 

5000 7000 9000 1100 1300 
WAVELENGTH~ (A~9stroms) 

Figure 3. Absorbance of Oyster Shell and i\-teat as a Function of Wavelength (\Vheaton, et aJ., 1985) 
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4.2. Methodology 

Oyster meats were obtained from a packer on the Atlantic Ocean side of Virginia. A total of 250 

oyster meats were analyzed. They were in two batches, 125 standards and 125 selects. Each oyster 

meat was placed on a glass plate in a manner that would imitate an oyster laying flat, but no special 

attempts were made to spread the gills. The following sequence of measurements were conducted: 

projected area, weight, height, and volume. The correlations between each pair of the measured 

physical properties were examined. An appropriate grade classification criterion was then estab

lished based on the results obtained from these correlation analyses. 

4.2.1. Projected Area Measurement 

The projected areas of the oyster meats were done by digital imaging technique. In order to de

tennille the accuracy of this method, area measurement was also done independently by a photo

graphic technique. Although error was expected in both methods due to the irregularities of the 

oyster meats, reasonable accuracy was assumed if no significant differences were observed. 

In the photographic technique, a camera operating in an automatic exposure setting mode was 

fastened stationary on a tripod. A piece of grid paper was placed underneath the camera and the 

camera was then focused based on the grid paper. The same camera settings were used throughout 

the tests. The grid paper was to assist the area detennination of the oyster meats. A oyster meat 

resting on a glass plate was positioned beneath the camera and a picture was then taken. The 

photographs were analyzed by a digital planimeter. The collected data were stored in the computer 

for future statistical analysis. 
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The digital camera used for this measurement consisted of an I S32A Optic RAM, and a 16 mm 

C-mount lens. The digital camera was connected to an IBM PCTM through a prefabricated circuit 

board. An excelerator 80286 turbo board (Everex Systems, Inc., 1986) was added to the 

IBM PCTM and software was developed in Turbo PASCAL version 3.1 with the intention of 

speeding up the process. Proper illumination was essential in designing the computer vision system. 

The illumination technique which was chosen was backlighting. A illumination box was built for 

the backlighting and the illwnination was provided by four 15 watt cool white fluorescent tubes. 

Detailed descriptions of the development of the digital vision system and illumination technique 

used will be covered in the next two chapters. 

Lens aperture affected the focus sharpness, the evenness of field illumination, and the amount of 

light transmitted; therefore, appropriate focal length and aperture were chosen. The camera lens 

was focused on an opaque target on translucent paper in the field of view of the camera. The target 

consisted of lettering and the camera was focused until the image of the letters appeared to be as 

clear as possible as shown in the monitor screen. 

The camera was remarkably light sensitive. From preliminary work, it was observed that any 

change of the lighting conditions affected the number of pixels counted. This also meant that the 

area measurement varied significantly as the lighting conditions changed. In order to eliminate this 

lighting effect, a filter was constructed from three layers of Kodak \Vratten gelatin filter N.D. 0.2 

which allowed about 400/0 transmittance of light. The F-stop of the camera was then adjusted to 

give about 500 dark pixels. TItis was when approximately 2/3 of the image of the filter was dark 

pixels and the other 1/3 was bright. Oyster meats were partially translucent, with this lighting ad

justment scheme a complete image of the oyster meat could be produced. 

The field of view was proportionally related to the working distance. The working distance was 

defmed as the distance from the object to the camera lens. The field of view must be big enough 

to cover a '1arge'" oyster. Though several experiments, the field of view was found to be roughly 
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5 cm x 13 cm and the camera height was approximately 1 meter. The same working distance and 

lens setting were maintained throughout the tests. 

Before the actual testing, the digital camera system had to be calibrated. Several metal targets of 

known area were used to fmd the area-pixel relationship. The area was determined by counting the 

number of pixels which appeared to be dark in the image. A linear regression with intercept was 

performed to determine the area-pixel relationship. It was natural to assume that an oyster of zero 

area will have no pixel counted. Through several observations, it was confumed that this was not 

the case. For example, a thin wire did have area. But under the digital camera system no area was 

recorded (no pixel was counted). This was due to the lighting effect at the edge of the object. To 

further prove this issue, a statistical analysis was carried out. A significance test on dropping one 

parameter of the linear model (Le., intercept) was conducted. The conclusion was that the model 

with an intercept was a better model in estimating the relationship between area and pixel and 

showed a much better scatter of the residuals. Table I shows the calibration statistics of the linear 

regression model with and without intercepts. Appendix A tabulates the raw calibration data. 

The area-pixel least squares equation was found to be: 

A = 15.3961 + 2. 1726P [1] 

where : A = the area in mm2
, and 

P = the number of pixels in the digital image 

with an estimated measurement area of ± 52.38 mm2 at 950/0 confidence level and R 2 value of 

0.9989. The measurement error was determined based on the following principles. The sum of 

square error was the variability unexplained by the model and the mean square error was the sum 

of square error divided by the degrees of freedom. The mean square error could be viewed as the 

sample variance owing to the model error or experimental error. Therefore, root mean square error 

was the sample standard deviation due to the model error or experimental error (Myers, 1986). 

Statistically, 2 standard deviations were roughly equal to 95% confidence level which was also equal 
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Table 1. Results of the Linear Regression Model with/without Intercepts 

No Intercept 'VUh In tercept 

Sum of Square Error (SSE) 101784.88 94672.7561 

lVlean Square Error (1\ISE) 732.2653 686.03446 

Degree of Freedom (DF) 139 138 

Root Mean Square Error (RMSE) 27.0604 26.1923 

Intercept 15.3961 
Standard Error 4.7817 

Slope 2.1902 2.1726 
Standard Error 0.002948 0.006163 

R Z 0.9997 0.9989 

Sum of Residuals 461.9418 1.1SS1E-09 

Complete Model (c) : With Intercept 

Supplement Model (5): Without Intercept 

Null Hypothesis: Intercept = 0 

Alternative Hypothesis: Intercept::f= 0 

Test Statistic : SSE(drop) = SSE(s) - SSE(c) 
MSE(drop) = SSE(drop) I ( DF(s) - DF(c) ) = 7112.124 
F(obs) = MSE(drop) I MSE(c) = 10.367 

Rejection Region: F(O.OS, 1,138) = 3.84 

Conclusion : Since F(obs) > F(0.05, 1,138), reject Null Hypothesis 

Chapter IV. Measurement of Physical Properties 26 



to 2 root mean square errors. Therefore, a measurement error with a 950/0 confidence level could 

be estimated by taking 2 root mean square errors. This was a conservative way of estimating the 

error and it wJ1 be used throughout the text. 

Mter calibration, the system could be used to measure projected areas based on the digital images 

of the oyster meats. An oyster meat on a glass plate was placed underneath the digital camera and 

then a digital image was taken and stored for further statistical analysis. 

4.2.2. Weight Measurement 

The weight was measured by a Sartorius Model 1712 MP8 (Brinkman Instruments Co., 1983) 

electronic analytical balance with a resolution of 0.0001 grams. The initial weight of the glass plate 

on which the oyster meat rested was measured and subtracted from the total weight in order to get 

the oyster weight. 

4.2.3. Height lVleasurement 

The height was measured by an Instron Model 1123 Universal Testing Instrument. This instru

ment was chosen due to its precision and movement controllability. Figure 4 is a diagram of the 

device used for height measurements. The height measurement was conducted with an L VDT 

(Schaevitz Engineeirng, 1987). With a 15 VDC excitation, this LVDT gave a voltage output linear 

to displacement of ± 10 volts over a ± 2.54 nun range. 

A simple circuit was assembled using the electrical conductivity of the oyster meat. The circuit 

contained a 4.5 VDC source and a 10 Kn resistor in series with the oyster meat. The circuit was 

isolated from the testing component by a glass plate (on which the oyster meat rested) and by a 
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nylon bolt and nylon washer between the upper contact and the crosshead. The circuit was linked 

to an Apple II plus 48K microcomputer with a 12 bit A/D converter and an 1/0-32 board (Applied 

Engineering, 1988). The microcomputer was used as a sampling, control, and data acquisition de

vice and software was written in BASIC. 

The operation principles were as follows. The crosshead was lowered at a rate of 5 111111 per minute. 

At the moment the upper contact touched the oyster meat, the circuit was closed. Consequently, 

this caused the voltage across the resistor (which was zero when the circuit was opened) to leap to 

a higher value. When the voltage reached 300 mY, the control software stopped the crosshead and 

voltage from the L VDT was read and converted to height. The calibration was fIrst done by ze

roing the LVDT with a standard height. To prevent oysters from exceeding the range on the high 

side, the standard was chosen to be slightly higher than most oysters. Conversely, to adjust for 

oysters that 1 [Jight fall outside the lower region, calibrated fIll plates were used to get those oysters 

within range. 

From initial testing, this measurement method was verified to be accurate and consistent. A vari

ation of ± 0.001 111111 was observed when repetitive measurements were carried out on exactly the 

same point under the upper contact. The variation came from the crosshead movement between 

successive checks on whether contact was made. With zeroing at the center, repetitive measure

ments on different spots under the upper contact showed a maximum variation of ± 0.06 mm 

compared to measurements in the center. The variation was due to the upper contact not being 

completely paralleled to the plate on which the oyster meat rested. 

During actual measurements, an oyster meat on a glass plate was positioned under the upper con

tact with its highest point as centered as possible. At the end of the negative junction of the wire, 

a piece of copper was soldered which was positioned under the oyster meat. A measurement was 

started when a key on the Apple's keyboard was pressed. The control software controlled the 

measurement and returned the crosshead to its initial position after the measurement was com-
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pleted. When an oyster meat was too thin, a warning was given and the measurement was redone 

with a fill plate. The upper contact was cleaned before each successive measurement. 

4.2.4. Volume Measurement 

The volume was measured by an air-comparison pycnometer. The air-comparison pycnometer 

used air as the Himmersion medium H and was initially designed to measure porosity of granular 

materials. An air-comparison pcynometer was modified and refmed to measure volume of the 

oyster meats (Diehl, et al., 1988). Figure 5 shows a schematic of the air-comparison pycnometer. 

A typical pycnometer consists of two chambers (sample and reference), a pressure valve connecting 

the two chambers, a differential pressure indicator, and two pistons which control the chamber 

movement. At the beginning, the differential pressure indicator is zeroed by balancing the pressure 

in both chamber. Inserting an object into the sample chamber would cause a pressure differential 

and would be recorded by the differential pressure indicator. The observed pressure differential is 

proportional to the volume being measured. 

The pycnometer designed for this volume measurement used the same principles. The air pressure 

in the reference tank was allowed to rise when pneumatic valve 2 (PV2) was closed and pneumatic 

valve 1 (PV1) was opened. When the pressure in the reference tank reached 7 Kpa (1 psi), PVl 

was closed. After waiting 20 seconds for equilibrium, the pressure in the reference tank was re

corded. Subsequently, solenoid valve 3 (SV3) was opened, pressurizing the air spring which closed 

the sample tank. Then PV2 was opened and after the pressure reached a steady state, the pressure 

was recorded. The operation cycle was completed by closing PV2 and SV3. The air spring was 

depressurized by closing SV3. The sample volume can be determined by the following expression: 
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Figure 5. Schematic of the Air-Comparison Pycnometer 
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where : Vs = sample volume, 

V2e = empty sample volume, 

VI = reference tank volume, 

PI = initial reference tank pressure, and 

Pf = fmal equilibrium pressure in both tanks. 

All the volumes were measured in em 3 and pressures were measured in Kpa. The pycnometer was 

calibrated by putting prescribed volumes of water and aluminum blocks of 9 different known vol

umes into the sample tank. Ten measurement were obtained from each volume. The R 2 was 

found to be 0.9993 with a measurement error of ± 0.57 cm3 at the 95% confidence level. 

The pycnometer was connected to an Aplle II plus microcomputer and used the same hardware as 

described in height measurement. The control program was written in BASIC for recording the 

pressures and controlling the valves and solenoids. 

4.3. Statistic Analysis 

Several statistical analyses were performed on the collected data. All the statistical analyses were 

done by SAS (Statistical Analysis System Institute Inc., 1982) software, which was available on the 

mainframe computer. The collected data are listed in Appendix B. Pearson correlation coefficient 

analyses were conducted to examine the correlation between each pair of measured physical prop~ 

erties. The Pearson correlation coefficient is the measure of the strength of linear relationship be

tween two variables on a sample of n paired measurements and is designated as R. Additionally, 

the R 2 is the measure of the total variability of the dependent variable that is accounted for by the 

independent variable in the linear model (Ott, 1984). Table 2 shows the results obtained from 

Pearson correlation coefficient analysis. 

Chapter IV. Measurement of Physical Properties 32 



Table 2. Pearson Correlation Coefficient Analyses 

Volume Height Weight Digital Photo 
Area Area 

Volume 0.6143 0.9805 0.9161 0.9053 

Height 0.6143 0.5999 0.3944 0.3853 

\Veight 0.9805 0.5999 0.9312 0.9224 

Digital 
Area 0.9161 0.3944 0.9312 0.9969 

Photo 
Area 0.9053 0.3853 0.9224 0.9969 
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By examining the statistical results, the correlation of weight with volume or projected area with 

volume would form the grading algorithm since oyster meats are currently graded based on volume. 

The volume was highly correlated with the weight and the projected area with R values of 0.9850 

and 0.9161, respectively. Figure 6, 7, and 8 show the plots of volume versus height, weight, and 

projected area, respectively. The R value for the volume and height was 0.6143 which was the 

. lowest of those analyzed. The height was also poorly correlated to the weight and projected area 

with a R value of 0.5999 and 0.3944, respectively. 

The weight was also strongly correlated with the projected area with a R value of 0.9312. Ulti

mately, the basis of grading criteria depended on the reliability of the grading unit. It would have 

been difficult to achieve the design operation speed with weight type sizers because too much time 

would be needed for the weighting instrument to be stabilized before an accurate weight measure

ment of the oyster meat could be recorded. Although the weight type sizers should accurately de

termine the volume, they would give no indication of the shape of the oysters, which could be 

detected by projected area measurements. Therefore, the one physical parameter chosen for this 

oyster meat grading machine was the projected area. 

A high correlation was also observed between area obtained by digital imaging and photographic 

technique. The R value was found to be 0.9969. From this analysis the digital imaging technique 

was confmned to be sufficiently reliable. Figure 9 shows a plot of area obtained from digital im

aging technique versus area obtained from photographic technique. 

Several nonlinear models were tried for modeling the volume-area relationship. None were found 

to fit the data and the linear least squares model was selected as the best model. The linear re

gression model chosen was without intercept, since an oyster of zero volume had no area. The 

volume-area least squares equation was: 

v = 0.005426'" A [3] 
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where: V= the volume in cm3
, and 

A = the projected area in mm2 

with an estimated measurement error of ± 2.56 cm3 at the 950/0 confidence level and R" value of 

0.9823. A volume-pixel equation can be derived from from Equation 1 and 3 and as shown below: 

Volume = 0.08354 + 0.01179* Pixels 

with an estimated measurement error of ± 2.84 cm3 at the 95% confidence level. Since the con

version from area-pixel to volume-pixel was a linear transfonnation, the estimated measurement 

error could be determined by summing the measurement error due to the volume-area relationship 

with the measurement error due to the area-pixel relationship. Before the measurement error could 

be estimated, the measurement error due to the area-pixel relationship must be converted to volume 

by substituting the measurement error into the volume-area equation. This method was used 

throughout the text for detennining the transformed measurement error. This accuracy was ade

quate for grading oyster meats into several categories based on the volume of the oyster meats. 

A linear regression analysis was also done to predict the weights from the areas. The resulting least 

squares equation was: 

W = 0.00534 t A 

where : W = the weight of the oyster meats in grams, and 

A = the projected area in mm2 

[5] 

with an estimated measurement error of ± 2.74 grams at the 950/0 confidence level and R2 value 

of 0.979. The weight-pixel equation was: 

~Veight = 0.08222 + 0.01 1 6 + Pixels [6] 
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with an estimated measurelnent error of ± 3.02 grams at the 950/0 confidence level. The accuracy 

obtained from the weight-pixel relationship also suggested that the oyster meats could be graded 

into several categories corresponding to the weight of the oyster meats using a digital image tech

nique. Figure 10 shows a plot of weight versus projected area. Table 3 shows the statistics of the 

linear regression of the volume-area and weight-area models. 

4.4. COllc/usioll 

From the measurement and analysis of physical properties of oyster meats, it was concluded that 

the volume was highly correlated with the weight and the projected area. The height was found to 

be unimportant for grading purposes because it exhibited a low correlation with the volume, weight, 

and projected area. The image area was proved to predict the oyster volume and weight satisfac

torily. As a result, the projected area was chosen as the grading criterion. 
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Table 3. The Linear Regression for Volume-Area and \Veight-Area Models 

Volume-Area W eight-Area 
(em3

) (grams) 

Sum of Square Error (SSE) 334.7857 385.3800 

Mean Square Error (MSE) 1.63310 1.8799 

Degree of Freedom (DF) 205 205 

Root Mean Square Error (Rl\1SE) 1.2779 1.3711 

Slope 0.005426 0.005340 
Standard Error 0.00005 0.00005 

RZ 0.9823 0.9790 

Sum of Residuals 20.5726 -22.8491 
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Chapter V. Digital Camera System Testing 

5.1. General 

Some fluctuation in the number of pixels counted was observed with the object in the same position 

under the same illumination conditions. This was because not all the pixels change state at the 

same condition, nor did a single pixel always change state at exactly the same condition, as stated 

in the manufacturer's specification sheet (Personal Computing Tools, Inc., 1988). This explained 

why the confidence bands were found to be larger than preferred. But, these results were still 

considered to be tolerable for a material with wide biological variability. Two independent tests 

were done to investigate the seriousness of these fluctuations. The tests were the lighting readjust

ment and oyster replacement tests. 
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5.2. Lightillg Readjustmellt Test 

A test was conducted to determine how repeatable the lighting conditions were. The original seven 

metal targets which had been used for calibration were used in this test. The number of pixels for 

each target was recorded, and then the light adjustment was changed. The filter was used to read-

just the light settings and the number of pixels was again recorded. The test was repeated four 

times. 

This test can be analyzed as a randomized block design with the different lighting adjustments as 

the treatments and the metal targets as the block effects. By using this design, the variability due 

to the use of different metal targets was filtered out and a precise comparison among the treatment 

(Le .• lighting adjustment) means could be made. The test statistic used to test the equality of the 

treatment means was an F-test. The F-statistic was expressed as a ratio between variance explained 

by the model divided by variance due to model error or experimental error (Myers, 1986). Based 

on the F-test it was concluded that the differences observed in each lighting readjustment were not 

significant at both 0.05 and 0.01 levels. To further verify the results, the collected data were ana-

lyzed with Duncan's multiple range test (Ott, 1984). Duncan's multiple range test was developed 

to obtain all pairwise comparisons among treatment means. It was a powerful test in that there 

was a high probability of declaring a difference when there was actually a difference between the 

popUlation means. The procedure was as followed: I) Rank the treatment means, and 2) Two 

treatment means were declared significantly different if the absolute value of their sample differences 

exceeded 

JMSE W, = q('J.(r,v) -n- [7] 
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where: n = the number of observation in each treatment means, 

MSE = mean square error obtained from the analysis of variance table, 

v = the number of degree of freedom for MSE, 

r = the number of mean steps apart, and 

qa.(r,v) = the critical value. 

Based on this test, it was concluded that the differences observed in each treatment mean were not 

significantly different at 0.05 level. Table 4 summarizes the statistical results of the lighting read

justment test. 

The lighting readjustment test was repeated with 6 oyster meats and analyzed with the same sta

tistical methods. The identical conclusions were drawn that there were no differences due to light

ing. These statistics are tabulated in Table 5. 

The results of these tests showed that the lighting can be adjusted by the futer technique. This was 

important so that the device can continue testing without recalibration of the area-pixel relation

ship. 

5.3. Replacement Test 

It was observed that by placing the oyster in different areas in the camera's field of view the number 

of pixels counted was different. Therefore, a test consisting of removing and replacing the oyster 

meats in the field of view was conducted. The purpose of this test was to examine the variation 

of the estimated area caused by placement in the camera's field of view I and to provide an estimate 

of the repeatability of the oyster area measurements. The test was done by replacing the oyster 

meat twice with an attempt of slightly shifting the oyster meat to the left and to the right from its 
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initial position (less than 1 em). The reason for doing this was to arbitrarily create three treatments 

(i.e., left, center, and right) so that the randomized block design could be used for analyzing the 

collected data. A total of 7 oyster meats were tested. Based on the F -test it was concluded that the 

differences observed in each treatment were not significant at both 0.05 and 0.0 I levels and the 

Duncan test confumed that the differences observed in each treatment were not significantly dif

ferent at 0.05 level. The test results were summarized in Table 6. This test suggested that placement 

of the oyster meat in the field of view has minimum effect. 

5.4. COllclusion 

The results from the readjustment test indicated that the lighting can be adjusted by the filter 

technique, and can be readjusted between tests so that testing can continue with no recalibration 

of the device. The results from the replacement test showed that the exact placement of the oyster 

meats in the field of view was not important. These test results were important because it would 

be impossible to maintain unchanging lighting conditions in a working environment and it would 

be also impossible to assure identical placement of the oyster meats in the field of view. 
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Table 4. Lighting Readjustment Test Results with Metal Targets. 

a) F-statistic 

Nulillypothesis, Ho : /1-1 = J.l.2 = /1-3 = /1-4 
Alternative Hypothesis. H 1 : 

Test Statistic, T .S. : 
At least one of the means are not equal 
F(obs) = 0.1621 

Rejection Region, R.R. : F(obs) > F(critical) 

Conclusion: Since F(obs) < F(3,6) = 4.76 at 0.05 level, Accept Ho 
Since F(obs) < F(3,6) = 9.78 at 0.01 level, Accept Ho 

b) Duncan's Multiple Range Test 

Metal Plate Lighting Readjustment (pixels) 
No. 501 

1 1755 
2 858 
3 462 
4 513 
5 779 
6 352 
7 204 

mean 703.286 

Treatment 1 

Alpha Level, (J. 

Degrees of Freedom, DF 
Mean Square Error, MSE 

505 

1751 
879 
465 
509 
781 
355 
207 

706.714 

2 

= 0.05 
= 18 
= 38.254 

N umber of mean steps apart, r : 2 
Critical value: 6.9351 
Ranked Mean: 709.571 706.714 
Treatment : 3 2 
Grouping: 

500 

1753 
887 
469 
509 
782 
360 
207 

709.571 

3 

3 
7.28054 
703.286 
1 

Means with the same letter were not significantly different. 
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1753 
870 
464 
489 
777 
358 
207 

702.571 

4 

4 
7.51919 
702.571 
4 

47 



Table 5. Lighting Readjustment Test Results with Oyster Meats 

a) F -statistic 

Null Hypothesis, Ho : /1-1 = /1-2 = /1-3 = /1-4 = /1-5 
Alternative Hypothesis. HI : At least one of the means are not equal 
Test Statistic, T.S. : F(obs) = 0.8205 
Rejection Region, R.R. : F(obs) > F(critical) 

Conclusion: Since F(obs) < F(4,S) = S.19 at O.OS level, Accept Ho 
Since F(obs) < F(4,5) = 11.39 at 0.01 level, Accept Ho 

b) Duncan's Multiple Range Test 

Oyster 
No. 

Lighting Readjustment (pixels) 
496 503 508 

1 1100 
2 902 
3 1006 
4 912 
S 1295 
6 719 

mean 989.000 

Treatment 1 

Alpha Level, IX 

Degrees of Freedom, DF 
Mean Square Error, MSE 

1101 
897 
999 
927 

1307 
725 

992.667 

2 

= 0.05 
= 20 
= 102.367 

Number of mean steps apart, r : 2 
Critical value : 12.1687 
Ranked Mean: 995.833 994.333 
Treatment: 4 3 
Grouping: 

1098 
896 
996 
925 
1317 
734 

994.333 

3 

3 
12.7791 
993.000 
5 

Means with the same letter were not significantly different. 
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1096 
896 
986 
936 
1329 
732 

995.833 

4 

4 
13.2011 
992.667 
2 

502 

1086 
889 
988 
921 
1339 
735 

993.000 

5 

5 
13.448 
989.000 
1 
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Table 6. Replacement Test Results with Oyster Meats. 

a) F-statistic 

Null Hypothesis, Ho : JLl = JJ.2 = JLl 
Alternative Hypothesis. HI: 
Test Statistic, T.S. : 

At least one of the means are not equal 
F(obs) = 0.6384 

Rejection Region, R.R. : F(obs) > F(critical) 

Conclusion: Since F(obs) < F(2,6) = 5.14 at 0.05 level, Accept Ho 
Since F(obs) < F(2,6) = 10.92 at 0.011evel t Accept Ho 

b) Duncan's l\'lultiple Range Test 

Oyster No. Replacement Position 
Left 

I 471 
2 567 
3 419 
4 784 
5 722 
6 392 
7 855 

mean 601.429 

Treatment 1 

Alpha Level, oc = 0.05 
Degrees of Freedom, DF = 12 
Mean Square Error, MSE = 11.3413 

Number of mean steps apart, r : 
Critical value : 
Ranked Mean : 601.429 
Treatment: 1 
Grouping: 

Center 

474 
562 
415 
788 
719 
387 
854 

599.857 

2 

2 
3.91459 
601.286 
3 

Means with the same letter were not significantly different. 
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Right 

479 
563 
421 
791 
720 
388 
847 

601.286 

3 

3 
4.10067 
599.857 
2 
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Chapter VI. Oyster Meat Grading System 

Development 

6.1. Gelleral 

One of the constraints in developing a grading device is that it must be as simple and as inexpensive 

as possible. In addition, the overall cost of developing the necessary hardware and software must 

be below the current system costs. The accuracy and speed of grading were two additional impor

tant factors and were analyzed carefully. 

The testing system consisted of a rotating disc, a grading section, and a host microcomputer. A 

motor driven translucent disc was used to move the oyster meats or the metal targets one at a time 

into the grading sensing area. The grader consisted of a low cost (approximately $250) 

2-dimensional direct-output digital analyzer connected to a microcomputer. A suitable illumination 

scheme was tested to give a maximum contrast between the oyster meat and the background. 

Spreading of the oyster meats due to gravitational force provided the prof.t.le for the camera to take 

a good picture. After "'visualizing'" an oyster meat in the camera's field of view, the image processing 
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unit converted the optical infonnation into a digital image. The digital image was then transmitted 

to the host microcomputer. In this case, the required shape parameter was the projected area of 

the oyster meat as concluded in Chapter 4. Finally! the computer software analyzed the image and 

a category was assigned to the oyster meat. Figure 11 is the schematic of the completely assembled 

system. 

6.2. Systeln COll1pOllellts 

The system hardware can be separated into three sections, the digital camera system, the illwni

nation equipment, and the conveying device. 

6.2.1. Digital Camera 

The same digital camera used in physical properties measurements was used. The Digital camera 

(Micromint, Inc., 1984, Ciarcia, 1983a, and Ciarcia, 1983b) contained a 16 mm C-mount and an 

IS32A Optic random access read/write memory (RAM) chip. The 16 nun C-mount lens had a 

variable aperture and a focus adjustment. The lens was designed for viewing objects from a distance 

of at least 45 cm. The Optic RAM was made up of two 128 x 256 arrays of pixels. The arrays 

were separated from each other by a Hdead zoneH about 25 pixels in width. The arrays consisted 

of light-sensitive capacitors which were arranged in a lloneycombN configuration. Alternate 

capacitors from even rows from one array were used (Figure 12). The arrays were exposed to light 

through a glass lid. Table 7 shows the array dimensions of the Optic RAM. 
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Figure 11. Schematic of the Completed System 
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Figure 12. The 256 x 256 Optic RAM and The NHoneycombN Pixel Arrangement 
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Table 7. Optic RAi\-J Dimension 

Element Dimension (mm) 

128 x 256 ARRAY 5.504 x 1.088 

Pixel 0.008 x 0.009 

Horizontal Spacing 0.0085 

Vertical Spacing 0.0215 
(Center to Center) 

Alternate Pixel Spacing 0.043 

Dead Zone Spacing 0.15 
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6.2.1.1. Principle of Operation 

A digital image was fonned on the Optic RAM when light from the viewed object passed through 

a lens, and was focused (optically) onto the Optic RAM surface. The individual light sensitive 

capacitors, initially charged to 5 volts, began to discharge when exposed to light photons. The rate 

of discharge was proportional to the light intensity throughout the duration of the exposure. There 

were only two gray-scale levels, black and white. The light sensitive capacitor was accessed as a 

memory cell and the capacitor's voltage was read. This voltage was then compared to a fixed 

threshold voltage. If the potential was above a threshold voltage of + 2.1 volts it was considered 

a black surface (logic 1), and if the potential was below the threshold value it was a white surface 

(logic 0). The camera aperture (size of opening) which passed the light to the Optic RAM surface 

was mechanically controlled and measured in F-stops. The exposure time (shutter speed) was 

controlled electronically through software by a "'SOAK'" command which "'opened'" the shutter and 

kept it open for a specified exposure. The "REFRESH" command "closed" the shutter and ufroze" 

the memory cells. Then the control circuitry activated the intenupt stage and the value of each cell 

was fetched and transmitted to the host microcomputer. Mter transmitting all the values the cells 

were returned to their nominal voltage (logic 1), and the image sensing cycle was restarted. 

The time (in milliseconds) required to transfer an image from the digital camera to the microcom

puter was shown in Table 8 and can be calculated from the following equation. 

TIME = Rows x Bytes-per-row x 10000 
Baud rate 

[8] 

The digital data was transferred from the camera to the microcomputer for display and manipu-

lation at a baud rate of 153600 bits per second (bps), which was the maximum allowable speed. 

The baud rate controlled the operating speed of the digital camera and different baud rates could 

be obtained by setting the appropriate baud rate jumpers. The minimum time required for trans

mitting an image with this speed was 67 milliseconds. 
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Table 8. Picture Transmission Time (in l\1iHiseconds). 

Rows Bytes- Baud Rate 
per-row 9600 19200 76800 153600 

64 16 1067 533 133 67 

64 19 1267 633 158 79 

64 32 2133 1067 267 133 

64 37 2467 1233 308 154 

128 16 2133 1067 267 133 

128 19 2533 1267 317 158 

128 32 4255 2133 533 267 

128 37 4933 2467 617 308 

128 64 8533 4267 1067 533 

128 73 9733 4867 1217 617 

256 32 8533 4267 1067 533 

256 37 9867 4933 1233 617 

256 64 17066 8533 2133 1066 

256 73 19466 9733 2433 1217 
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6.2.1.2. Control Hardware 

A prefabricated TTL (Transistor-Transistor Logic) serial control board was used to interface the 

camera with the host microcomputer. The board contained two sections with five wires between 

the computer and camera, carrying the transmit, receive, clock, + 5 volt power, and ground signals. 

The frrst section of the image interface controlled the camera operation and received data from the 

optical image. It consisted of a timing-generator, a command-receiver, an address register, address 

de scramble and array soak circuitry, a transmitter and interrupt generator, and adder and end-of

frame circuits. The timing-generator circuit was used to generate timing signals for the operation 

of the Micro D-Cam. The commands sent from the computer to the camera were carried by a serial 

command line. The data entered the command-receiver circuit a bit at a time according to the 

following protocol. The start bit was the frrst bit to arrive, followed by 8 data bits and then a stop 

bit. The address registers circuit latched the row-address, column-address, and refresh pointers for 

the Optic RAM addressing. The address-descramble circuit unscrambled the data from the address 

registers into a new address, which the Optic Ram decoded to access the desired pixel. The purpose 

of the SOAK circuit was to prevent the refresh addresses from reaching the Optic RAM during the 

exposure cycles. The transmitter and interrupt-generator circuit was used to transmit the pixel data 

serially to the host microcomputer by inserting start and stop bits where appropriate, and to gen

erate interrupt signals for fetching the pixel formation from the Optic RAM. The adder and the 

end-of-frame section was used to add the proper increments to the row, column, and refresh regis

ters and to generate signals indicating end-of-frame (EOF) in the Optic RAM. 

The second section contained a general-purpose type 6850 asynchronous communication interface 

adapter (ACIA) which manipulated and transferred the picture data to the host computer. The 

ACIA comprised a data register and a status register. The ACIA was frrst initialized to the appro

priate configuration before the host computer could access the camera. This was done by wri~g 

two bytes, a 03 Hex followed by a 14 Hex, into the status register. The frrst byte was used to reset 
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the ACIA and the second byte was used to specify the serial "transmit protocol" which included 1 

start bit, 8 data bits and 1 stop bit. Reading the status register allowed the control program to de

tennine when new data have been received and when the ACIA was ready to send data. When bit 

° of the status register was set to 1, data had been received from the camera and could be accessed 

by reading the data register. In nonnal application, only bit 0 was checked to see if data was 

available from the camera. When bit 1 of the status register was set to 1, a command could be sent 

to the camera by writing to the data register. The status and data registers could be acc~ssed by the 

host computer through addresses 0318 and 0319 Hex, respectively. 

6.2.1.3. COlnmand Functions 

The digital camera has several operating modes as specified by the command byte written into the 

status register of the ACIA. A command byte has the following organization: 

Bit ° -0, SEND mode 1, NO SEND mode 

Bit 1 - 0, REFRESH mode 1, SOAK mode 

Bit 2 - 0, lARRAY mode 1, 2ARRAY mode 

Bit 3 - 0, 7BIT mode I, 8BIT mode 

Bit 4 - 0, Wide pixel mode (WIDEPIX) 

1, No-wide pixel mode (NOWIDPIX) 

Bit 5 - 0, Alternating bit mode (ALTBIT) 

1, No alternating bit mode (NOALTBIT) 

Bit 6 - Always 1 

Bit 7 - Always 1 

In the ALTBIT mode, the digital camera transmitted only from even rows and alternate columns 

of pixels. While in the NOALTBIT mode, all the data were transmitted to the host computer. 

Figure 12 illustrated the image sensing elements used in the ALTBIT mode which were represented 
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by dark spots. The figure also indicated that everything lines up better in ALTBIT than 

NOALTBIT mode. NOALTBIT mode was used exclusively. 

The WIDEPIX mode double transmitted each pixel in the array. Since each image sensing element 

was rectangular in shape, a proper ratio between the height and the width of the picture could be 

maintained by double transmitting the pixels. The \VIDEPIX mode was used. 

The 7BIT mode was compatible with APPLE's high resolution fonnat and 8BIT mode was used 

by all other computers. The 8BIT mode caused the camera to transmit in normal bit map fonnat, 

where all 8 bits in the byte contained image data and it was used in this study. 

The lARRA Y mode used only one of the two 128 x 256 pixel arrays and it was selected for this 

study. If 2ARRA Y mode was selected, the data from both arrays were be transmitted and caused 

a split-screen effect due to the spacing between the two arrays in the Optic RAM chip. 

In order to develop a properly fanned image, capacitors must receive a sufficient amount of light. 

Too much light will overexposed the image, and too little will underexposed the image. The ex

posure time was determined by how long the control program allowed the Optic RAM to be ex

posed to light without its capacitors being refreshed. In the REFRESH mode, the capacitors were 

charged up to 5 volts while the camera was transmitting an image. When capacitors were not re

freshing, they were said to be in the SOAK mode. The SOAK mode allowed the capacitor charges 

to leak away at a rate proportional to the intensity of the light focused on them. The SOAK mode 

was invoked automatically when the camera ended the transmission of an image and was retained 

until another command was received. 

The SEND mode was invoked by setting bit 0 of command byte to 0 which initiated the trans

mission of an image. If the SEND mode was set to 1, the camera did not transmit any image and 

the refreshing or soaking depended on the status of the second bit (Le., bit 1) of the command byte. 
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It was also necessary to set bit 4 to 1 in order to prevent a I-bit-offset of the next picture image if 

the NO SEND mode was selected. 

The operating modes chosen for this study were: SEND, SOAK, IARRA Y, 8BIT, WIDEPIX, 

and ALTBIT. \Vith these operating modes, the setting for the command byte was 5B Hex. 

6.2.2. Illumination Technique 

The illumination must be uniform and controllable. The development of a good illumination sys

tem was a matter of experimentation. From earlier investigation, backlighting was known to be 

an excellent "yay of obtaining a high contrast image of the oyster meats. The oyster meats appeared 

to be black on a white background and accurate measurement of the projected area could be 

achieved without interference from its irregular surface. The oyster meats were transported across 

a translucent surface with illumination from the bottom. With this translucent surfaceJ the incident 

light energy was scattered from its original direction of travel and provided a more distributed illu

mination scheme. 

Normal human eyes respond to light from the range of 350 to 700 nm (violet to red) with a peak 

response at 550 nm (yellow-green) under completely illurninated light conditions. A typical 

photo diode sensor responds in a spectral range of 200 to 1100 nm with a peak response at 750 run 

with about one-half of the detector sensitivity outside the human visible regions (Paulsen and 

McClure, 1986). In order to fully use the sensitivity of the photodiode, the light source must has 

a peak response at a wavelength near 750 nm. Incandescent light sources emitted light predomi

nantly outside the visible region and in the infrared (IR) region with a peak response at 850 run 

(Kaufman, 1968). Figure 13 shows a typical spectral response of photodiodes and an incandescent 

light source at 3000° K. The photo diode sensor intercepted with the incandescent light source at 

a wavelength of 825 nm with a relative response of 0.95. For this particular Optic RAM, the peak 
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Figure 13. Spectral Response of Photodiodes and an Incandescent light Source 
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response was at 700 run (Personal Computing Tools, Inc., 1988). Figure 14 shows the reciprocal 

fluence versus wavelength for 1832 Optic RAM. Reciprocal fluence is a measurement of sensitivity. 

The response curve of this 1532 Optic RAM was shifted slightly to the left of the typical photodiode 

response curve. As a result, the combination of this 1832 Optic RAM with an incandescent light 

source produced a relative response of 0.9 at a wavelength of 750 nm. In other words a 900/0 sen

sitivity could be maintained by using this 1832 Optic RAM with incandescent light sources. At the 

wavelength of peak source-detector response, the absorbance of the oyster meat was approximately 

0040 (Figure 3). TIlls was the reason why part of the oyster meats were translucent when illumi

nated. Although, fluorescent lamps could reduce the high amount of infrared light produced by 

incandescent lights they could not solve the problem of missing features owing to the photodiode 

response and the fluorescent lamp's low production of 700 nm light. 

Mter learning the Optic RAM had a peak sensitivity to illumination near the infrared region the 

four 15 watt cool white fluorescent tubes were replaced with twelve 60 watt incandescent light 

bulbs. A piece of diffusing paper was placed over the window in the light box in order to provide 

more uniform illumination. The dimensions of the window were 10.5 cm x 17 cm, larger than the 

field of view of the camera which was 5 em x 13 cm. A small ventilation fan was added to the box 

to remove the heat produced by the light bulbs. 

6.2.3. Conveying Mechanism 

Mter designing the digital camera system and the illumination equipment, the next step was to de

sign a transportation mechanism for conveying the oyster meats through the field of view of the 

camera. For experimental purposes, a rotating disc was used instead of a conveyor belt. The ro

tating disc was easier to construct and was able to produce the same results as a conveyor belt. 

Therefore, a translucent disc driven by a gearmotor controlled by an adjustable speed motor con

troller was used. 
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6.2.3.1. Gearmotor 

The geannotor was a Dayton mode14Z382 geannotor. was constructed from high strength alurni· 

num die cast alloy, and was rated for continuous duty (10 hour/day) with a 1.0 service factor 

(Dayton Electric MFG. CO., 1988a). The gearmotor was a pennanent magnet motor with an input 

horsepower of 1/8 and a gear ratio of 28 to 1. The motor was operated under a 90 VDC source 

with an average current of 1.5 amperes. The full load RPM of this motor was 64 and the full load 

torque was 113 in-Ibs. The motor could be operated under a maximum ambient temperature of 

40°C with class B insulation. Figure 15 shows a diagram of the gearmotor. 

6.2.3.2. Speed Controller 

The speed controller was a Dayton SCR model 4Z829 motor controller (Dayton MFG. CO., 

1988b). The Dayton SCR controller was an adjustable speed controller designed for applications 

requiring constant (or diminishing) torque such as conveyors, fans, and blowers. The speed con

troller was designed for use with DC pennanent magnet and DC shunt wound motors rated from 

1/8 to I horsepower. The controller can be operated in the FOR\VARD, REVERSE and BRAKE 

modes. There was an internal dynamic braking circuit for stopping the motor smoothly in the 

BRAKE mode with no appreciable external inertia. As a precaution. the braking mode was not 

used more than five times a minute. There was a built-in "'soft start II' circuit in the controller. 

Therefore, it took 1 to 3 seconds for the motor to accelerate from a stop to a set speed. The speed 

controller was suitable for controlling the geannotor mentioned above. Figure 16 shows a diagram 

of the speed controller. 
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6.2.3.3. Rotating Disc 

The translucent disc was made from a piece of plexiglas. The disc was 1 meter in diameter, which 

was slightly larger than the maximum design size. The reason for having an oversized disc was to 

allow for redesigning if needed. Figure 17 shows the detail of the rotating disc, including the 

physical dimensions of the disc and the location of the oyster meats. With this arrangement, the 

disc could accommodate 20 oyster meats. The oyster meats were 18° apart center to center so that 

no overlappL,g of the images occurred. Excessive speed of the motor would cause the oyster meats 

on the rotating disc to be propelled due to centrifugal force. As a result, detailed studies on the 

centrifugal force of the rotating disc, and the coefficient of friction between the oyster meats and the 

rotating disc were conducted. 

Centrifugal force is the force that directed a rotating oject away from the rotating axis. lbis force 

can be calculated by one of these equivalent expressions (Cook, 1960): 

[9] 

where: CF = centrifugal force in Newtons, 

M = mass in grams, 

(J) = angular velocity in radians per second, 

Pll = angular velocity in revolutions per minute, 

r = radius in meters, and 

v = linear velocity in meters per second. 

Friction is defmed as the resistance to relative motion between two bodies in contact. In this case, 

the two contacting bodies were the oyster meat and the rotating disc. The Coulombis Law of 

friction stated that under certain limiting conditions for unlubricated surfaces, the frictional force 

was proportional to the normal force, 
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where the dimensionless ratio J1. was the coefficient of friction (Cook, 1960). Since there was no 

published value for the coefficient of friction between plexiglas and oyster meat, an experiment was 

conducted to determine the coefficient of friction between these materials. The procedures of the 

experiment were as follows. An oyster meat was laid flat on a piece of plexiglas with no intention 

of flattening its gills and then the plexiglas was inclined very slowly until the oyster meat began to 

slide. This scheme has been used to determine the coefficient of friction of many materials (Cook, 

1960). The operating principle behind this was that by increasing the angle, a limiting angle at 

which sliding was impending could be determined. This angle was named angle of repose, a, where: 

J1. = tan a [llJ 

The sliding was due to the weight of the object (i.e., oyster meat) on the incline. The normal force 

was the reaction force due to the weight of the object. Therefore, Equation 5 can be expressed as 

where : F = limiting force in Newtons, 

J1. = coefficient of friction, 

M = mass of the oyster meat in grams, and 

g = gravitational force which is 9.81 m 2 / s. 

By equating Equation 9 and 12, the following expression was obtained. 

[12J 

[13J 

The maximum allowable angular velocity in revolutions per minute (RPM) can be obtained by 

rewriting Equation 13, 
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The only two unknowns in this equation were the angular velocity in RPM and the radius of the 

rotating disc. From Equation 14, it was clear that the maximum all<: 'vable angular velocity only 

depended on the radius of the disc and was independent of the weig . t of the oyster meats. The 

same result was observed in the coefficient of friction determination. I'he coefficient of friction of 

the oyster meats was found to be 0.087 with an estimated measurcL~cnt error of ± 8.7E-03, as 

shown in Table 9. The desired location for the oyster meats on the di~ .: was 0.255 meter away from 

the rotation axis. Therefore, the maximum allowable angular veloci':: in RPM, with this radius 

specification, was calculated to be approximately 17 RPM. With one c :\;ster each 180 the maximum 

grading rate was about 5.7 oysters per second. 

6.3. Systenl Soft}vare 

The image obtained from each oyster was analyzed and the decision { the oyster size category was 

made based on the image. The control program was written in Turl PASCAL (i.e., a high level 

language) so that the software development tasks were significantly si : plified and easier to under

stand compared to machine language. Three dimensional informatio; 1 could be achieved by using 

more than one camera, but the tasks of interconnecting the infonT .tion obtained from several 

cameras were difficult and time consuming (in terms of processing til ~;:!). Timings were critical in 

designing cO:11puter vision grading devices. The software must be as ~ . :nple as possible in order to 

reduce the image processing time. It was concluded that height meaS:irements were not necessary 

since they were not well correlated to volume. Therefore for this stU(:y, 2-dimensional planar im· 

ages were considered sufficient to provide the necessary informatior regarding the shape of the 

oyster meat and complicated feature extraction algorithms were not nc-:ded. 
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Table 9. Friction Coefficient of the Oyster Meats 

Oyster No. \Veight 
(grams) 

7.6325 

2 7.0265 

3 11.3305 

4 6.0535 

5 10.1755 

6 12.5565 

7 11.1225 

8 8.2155 

9 5.8535 

10 8.5765 

Coefficient of Friction, IL 

Angle of Repose 
(Degree) 

5° ±0.5° 

5° ±0.5° 

5° ±0.5° 

5° ±0.5° 

50 ± 0.50 

5° ±0.5° 

5° ± 0.5° 

5° ± 0.50 

5° ±0.5° 

5° ±0.5° 

= Tan (J 

= Tan 5° (± Tan 0.5°) 

= 0.08749 ± 8.7269E-03 
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The initial software was developed under Turbo PASCAL version 3.1. The software was capable 

of displaying the digital image on the monitor screen, counting the number of dark pixels repres

enting the image, and storing the image area in term of pixels on a floppy diskette. The graphics 

were done using Turbo PASCAL's TOOL BOX procedures. 

The initial software was slow and was rewritten in Turbo PASCAL version 4.0. Turbo PASCAL 

version 4.0 had more features and a faster compiler. Since displaying the image was not necessary 

for real time operation, the image display software was not converted to run under version 4.0. 

The source code for the image display software is listed in Appendix C. 

The system software can be broken into four major sections. They were image receiver- to acquire 

images from the digital camera, image detector - to detect and capture good images, pixel counter 

- to count the dark pixels made up the image areas, and image classifier - to classify the images into 

several groups by size. Appendix D is the listing of the source code for the system software. The 

software development was based on two conditions : 1) the oyster meats must be in the field of 

view, and 2) the oyster meats must be separated, i.e. no overlapping images were allowed. The 

second condition was accomplished by locating the oyster meats 18° apart on the rotating disc. 

But the first condition was more difficult to achieve. The degree of difficulty was increased because 

the oyster meats must be moved through the field of view of the camera. The software algorithm 

had to be intelligent enough to tell when there was a oyster meat in the camera's field of view. 

The image receiver algorithm used the preselected modes as specified in section 6.2.1.3. Command 

Functions. An intelligent detecting algorithm was developed to signal when a good image was 

captured by the camera. A good captured image also implied that there was an oyster meat in the 

view of the camera. By examining the moving images displayed by the display software, the char

acteristics of the moving images were understood. The actual size of the image frame was 64 x 128 

pixels (the image frame was not 128 x 256, because only alternate capacitors from even rows from 

one array were used). To cut down the processing time, only the center part of the image frame 
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was used. The size of the image frame which was analyzed was therefore reduced to 64 x 64 pixels 

(or 5 cm x 13 cm). 

The general approach of capturing a good image was as follows. The image detector was written 

to examine the fIrst row and the last row of the image frame. If there were any dark pixels en

countered in one of these rows, the only logical explanation was that the image was at one of the 

edges. As a result, the image was discarded and the detector algorithm continued with the next 

available image. Alternatively, if there were no dark pixels encountered in the fust and last rows, 

the detector algorithm then checked the center row, which was row 32. If there were any dark pixels 

encountered in this row, it was a good image and this image was analyzed further. If there were 

no dark pixel encountered in the center row, the detector algorithm then checked rows 16 and 48. 

If there were any dark pixels encountered in these rows, it was a good image and this image was 

analyzed further. This algorithm ensured that any image over 14 rows (or 1 cm oyster width) was 

detected. Figure 18 is a system flow chart with special attention to the image detecting scheme. 

From examining the displayed images it was noted that the oyster meats were placed far enough 

from each other that the image of two oyster could not be captured on one image frame at anytime. 

A good image may be discarded by the algorithm if the previous or next image lies on the edge as 

shown in Figure 19a. This was prevented by maintaining a center spacing between oyster meats 

greater than 64 rows. This still permitted partial images to appear on the edges of the image frame 

simultaneously as shown in Figure 19b. 

Mter detecting the existence of a good image, the next step was to count the number of dark pixels 

which made up the image. The fmal and most important algorithm was the grading algorithm. 

There were no official oyster standards set up by USDA. Therefore, the category standards were 

based on military grading standards for Eastern Shore oysters. The standards were based on count 

per gallon and the approximate volume for each oyster in each category was defmed as shown in 

Table 10. The Eastern Shore oysters were used in all the testing in order to be consistent with the 

standards. Since the relationship between the volume and the area was known and the relationship 

between area and number of pixels was also known, the relationship between the volume and the 
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image area in terms of pixels could be determined. After converting volumes into number of pixels, 

the information was then inserted into the system software. 
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Table 10. Industry Sorting Standards For Eastern Shore Oysters 

Category Count per gallon Approximate Volume 
(cnzl) 

Very Small > 500 < 7.57 

Standard 301 • 500 7.57 • 12.6 

Select 211 - 300 12.6 - 18.0 

Extra Select 160 - 210 18.0 - 23.7 

Extra Large < 160 > 23.7 
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Cllapter VII. System Testing and Evaluation 

7.1. General 

The two limiting factors in designing this computer vision system were the timing and lighting 

conditions. The later was previously discussed (see 6.2.2. Illumination Technique). There were 

several time factors involved in the system, the exposure time needed to obtain an image, the time 

required to transmit an image from the digital camera to the host microcomputer, the time needed 

to interpret the image, which was influenced by the processing time of the microcomputer, and the 

time required to convey an oyster meat through the camera/s field of view. The exposure time was 

closely associated with the image transmission time. The synchronization of the system was im

portant especially synchronization of the time required to convey an oyster through the camera field 

of view and the time needed for the camera to take a picture. Therefore, the system was tested with 

both moving and multiple targets. 
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7.2. P,lIocessing Time 

The processing time could be improved by utilizing a faster and more powerful microcomputer. 

The IBM perM was replaced by a Jameco model 1£1017 microcomputer (Jameco Electronics, 

1988) which used the 16 bit 80286 micro pressor and has processing speeds of 6 MHz, 8 MHz, 10 

MHz, or 12 MHz. A test was conducted to examine the effect of processing speed on the rate of 

acquiring images from the digital camera. A simple program was written to receive images without 

interpreting them. The test software continuously received 100 images and the required time was 

recorded with a stop watch. Since the time was recorded manually, five readings were obtained and 

the average time was calculated. From this test a rough estimate of the image acquisition rate was 

detennined. The test was repeated four times under the four different processing speeds. The test 

was also conducted with version 3.1, so that the speeds of these two versions could be compared. 

The test results were tabulated in Table 11. When examining the results, the differences were ob· 

served to be small, less than a second. But in computing time these time differences were consid· 

ered significant. The observed rates were less than the theoretical rate which was 14.93 images per 

second (the transmission time was 67 milliseconds per image). TIlls test also proved that software 

which ran under version 4.0 was faster than the software which ran under version 3.1. The rate of 

image acquisition increased with the speed of processing. The time needed to interpret an image 

was dependant on the structure of the software (see 6.3. System Software). 

7.3. Area Calibration at Different Target Velocities 

Several rotating speeds were tested which were 7.5 RPM, 10 RPM, 15 RPM, and 20 RPM. Al· 

though 20 RPM exceeded the maximum allowable angular velocity of 17 RPM, it was included to 

examine the behavior of the system with respect to different speeds. The system was recalibrated 
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Table 11. Results of the Processing Speed Analysis 

a) Time in Seconds per 100 Images With Turbo PASCAL version 3.1 

Processors Clock Speed: 6 MHz 8 MHz 10 l\'IHz 12 MHz 

7.30 ·7.26 7.13 7.12 
7.26 7.18 7.09 7.12 
7.28 7.18 7.13 7.08 
7.31 7.21 7.15 7.10 
7.32 7.20 7.16 7.10 

Average 7.294 7.206 7.132 7.104 

Images per Second 13.71 13.88 14.02 14.08 

b) Time in Seconds per 100 Images With Turbo PASCAL version 4.0 

Processors Clock Speed: 6 MHz 8 MHz 10 MHz 12 MHz 

7.27 7.16 7.11 7.07 
7.30 7.14 7.12 7.07 
7.31 7.21 7.13 7.02 
7.23 7.14 7.09 7.06 
7.28 7.19 7.06 7.08 

Average 7.287 7.168 7.106 7.06 

Images per Second 13.74 13.95 14.07 14.16 
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with stationary metal targets and with the metal targets moving at the different speeds. Linear re

gressions with intercepts were used to analyze the area-pixel relationship for each of the cases. 

Table 12 shows the least squares statistics at stationary position and at the different speeds. Ap

pendix E shows the raw calibration data of this new system at stationary position and at different 

speeds. As speeds increased, the root mean square errors increased. This also meant that the 

measurement errors increased and the R 2 values decreased. 

As speeds increased, the size of the images decreased. Figure 20 and 21 show sample images ob

tained at each different speed. The percent decrease in image sizes was studied at a motor speed 

of 15 RPM and were tabulated in Table 13. It was interesting to notice that the size decreased more 

in the horizontal directions (from the top to bottom rows) than in the vertical directions (columns). 

This was expected and was due to the lag time where the digital camera failed to record the fust few 

rows and the last few rows of a image. As the speed increased, the lag time increased and the digital 

camera missed more rows. The results also showed that metal targets had a lower percentage de

crease in apparent area as compared to oyster meats. This was because the metal targets had well 

defmed edges. The percent of decrease in the image size for the oyster meats were scattered and 

depended on the shape of the oyster meats. 

7.4. Gradi1lg Rate 

With motor speeds of 7.5 RPM, 10 RPM and 15 RPM, the grading rates were 2.5, 3.33, and 5.0 

oysters per second, respectively. As mentioned before, a motor speed of 20 RPM exceeded the 

maximum allowable rotating speed for oysters so the system was not evaluated at that speed. From 

this point onward, the system was evaluated at 15 RPM with a theoretical grading rate of 5 oysters 

per second. Table 14 shows the grading rates for the different motor speeds. The calibrated area

pixel1east squares equation was: 
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Table 12. The Linear Statistics at the Different Speeds 

Motor Speed (Revolutions per l\'linute) 

Stationary 

SSE 12635.77 

MSE 200.57 

DF 63 

R~ISE 14.16 

Intercept 207.7567 

Standard Error 6.4293 

Slope 2.02616 

Standard Error 0.008688 

R2 0.9988 

Sum of Residuals 1.08E-IO 

SSE 

MSE 

DF 

RMSE 

7.5 10 

26821.65 58221.29 

425.74 924.15 

63 63 

20.63 30.40 

203.4747 220.4811 

9.3985 13.7147 

2.5876 2.8395 

0.01618 0.02619 

0.9975 0.9947 

l.05E-10 1.09E-I0 

= Sum of Square Error 

= Mean Square Error 

= Degree of Freedom 

15 

124634.86 

1978.33 

63 

44.48 

306.7860 

19.0023 

3.4556 

0.04678 

0.9886 

1.08E-lO 

= Root Mean Square Error 
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156488.28 

2483.94 

63 

49.84 

468.2210 

18.9877 

3.8397 

0.05833 

0.9857 
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Figure 21. Display Showing the Oyster Images Stationary and at 15 RPM 
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Table 13. Percent of Image Size Decreases at IS RPl\1 Compared to Stationary 

Vertical (\Vidth) Horizontal (Length) 
Actual Reduced Percent of Actual Reduced Percent of 

Object (cm) (cm) Decrease (cm) (cm) Decrease 

1. Metal Target 3.8 2.5 34.21 % 3.2 3.0 6.250/0 

2. Metal Target 3.3 2.3 30.300/0 2.6 2.1 19.230/0 

3. Metal Target 4.6 3.0 34.780/0 2.8 2.6 7.140/0 

4. Oyster Meat 3.0 1.8 40.000/0 3.4 3.0 11.760/0 

5. Oyster Meat 3.4 2.0 41.180/0 4.8 3.7 22.920/0 

6. Oyster lVleat 3.2 2.0 37.500/0 5.3 4.5 15.090/0 

7. Oyster l\leat 3.9 2.3 41.030/0 6.3 5.9 6.350/0 

Actual = The measured area of the stationary image 

Reduced = The reduced size of the image at motor speed of 15 RPM 
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Area 306.7860 + 3.4556*Pixefs [15] 

with an estimated measurement error of ± 88.96 mm2 at the 95% confidence level and R 2 value 

of 0.9886. A volume-pixel equation can be derived from this area-pixel equation for the motor 

speed of 15 RPM and the volume-area relationship (Equation 1) developed previously as shown 

below: 

Volume = 1.6645 + O.OI875"'Pixel [16] 

with an estimated measurement error of ± 3.04 cm3 at the 950/0 confidence level. 11Us was a slight 

increase over the measurement error obtained at stationary position which was 2.84 em3 

Since the image acquisition rate was approximately 14 images per second excluding the image in

terpretation time, the system should be able to grade 5 oysters per second. By doing a rough esti

mation, there were 2.8 images for every oyster at the rate of 5 oysters per second. Including the 

image interpretation time, the actual images per oyster was less. 

wough preliminary testing the system software worked well at a processing speed of 8 MHz and 

oyster meats could be graded at the rate 5 per second. It took substantial time for the computer 

to display the grading results on the monitor screen and in real time operation display was not re

quired. Therefore, the system software was modified to grade 5 oysters at once and then display 

the results. Figure 22 shows a monitor display format of the graded oyster meats. The display 

indicated the category of each oyster and the total number of oyster graded. 
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Table 14. Grading Rates at Different lVlotor Speeds. 

l'Vlotor Speed (Revolutions per l\linute) 

7.5 10 15 20 

Seconds per Revolution 8 6 4 3 

Oysters per Revolution 20 20 20 20 

Oysters per Second 2.5 3.33 5 6.67 

Oysters per Minute 150 200 300 400 
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7.5. Systel11 Testing 

A small routine was inserted to the system software for examining how many images were required 

for each oyster including the image interpretation, classification, and displaying times. It was found 

that there were on average one good image out of two received images at the rate of 5 oysters per 

second or roughly 10 images per second. A simple test was also implemented to study whether the 

system missed any target (i.e., oyster meat) at any time. Five of the original metal targets were 

placed on the rotating disc and viewed at the rate of 5 per second. The system analyzed 100 good 

images and the number of target missed was recorded. The test was repeated four times with five 

different targets and at different positions. The system successfully analyzed all the targets for all 

the five tests. 

A cross validation was conducted to detennine the performance of Equation 15, the calibrated 

area-pixel least squares equation. The validation data were obtained by placing five metal targets 

at one time on the disc rotating at 15 RPM and ten measurements were recorded for each of the 

five targets. The collected data were then substituted into the area-pixel least squares equation to 

get the predicted area. A sample correlation coefficient, p, was detennined between the area pre

dicted and the actual area, and then a hypothesis test on p was conducted, as shown in Table 15 

(Myers, 1986). This hypothesis test was based on the principle that if the calibrated equation could 

accurately predict the area of the oyster meats then the sample correlation coefficient between the 

actual area and the predicted area should be high and positively correlated. The test result con

frrmed that the calibrated area-pixel least squares equation was successful in predicting the actual 

area at a 99% confidence level. Appendix F shows the collected data including the actual and 

predicted areas. 
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Table I S. Cross Validation for Determination of l\'lodel Performance 

Null Hypothesis, Ho : 

Alternative Hypothesis, HI: 

Test Statistic, T .S. : 

Rejection Region, R.R. : 

p(Actual area,Predicted area) = a 

p(Actual area,Predicted area) > a 

T(obs) = rJ 7= ~ 
where sample size, n = 50 

and r = 0.9916 

T(obs) = 75.27 

T(obs) > T(n-2,O.99) = 2.423 

Conclusion: Since T(obs) > T(48,99%), reject Null Hypothesis. 
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Table 16. Oyster's Category Standards in Term of Area and Pixels at 15 RPM 

Category Volume Area Pixels 
(emJ) (mm2

) at 15 RPM 

Very Small < 7.57 < 1370.48 < 309 

Standard 7.75 • 12.6 1370.48 ~ 2281.12 309 - 568 

Select 12.6 - 18.0 2281.12 - 3258.75 569 - 848 

Extra Select 18.0 - 23.7 3258.75 - 4290.68 849 - 1143 

Extra Large > 23.7 > 4290.68 > 1144 
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7.6. Systelll Evaluation 

After size-volume standards were established from the commercial grading standards, the system 

was tested with oyster meats. Table 16 shows the approximate volume, area, and pixels of each 

category at the motor speed of 15 RPM. The grading rate of the system was 5 oysters per second 

and five oyster meats were placed on the rotating disc and five measurements of the set of 5 oysters 

were recorded. A total of 25 manually graded oyster meats (10 of category select and 15 of category 

standard) were tested with results shown in Table 17. The vision based system measured the oyster 

meats size as smaller than the commercial category. Out of the 10 select oysters, the system graded 

them as 4 selects and 6 standards. The 15 standard oysters were graded as 1 select, 4 standards, and 

10 very smalls. For each of the five trials the results were consistent. The observed fluctuation in 

the number of pixels counted for each oyster was also consistent (as it was proven that these fluc

tuations were not significant). 

When measuring oysters which were not moving, the system also undergraded the oyster meats. 

This was observed during the physical properties measurements. Figure 23 shows two plots of the 

volume versus the area for the select and the standard oysters. Overlapping between the graded 

oyster sizes could be seen from these plots. For these observations, it was believed that there was 

a significant error in manual grading, and the discrepancy was due to the commercial grader and 

was not due to the developed system. 
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Table 17. Data Collected and Analyzed for the 25 Oyster Meats 

Oyster No. Trial 1 Trial 2 Trial 3 Trial 4 TrialS 

1. Select • 1 673 Se 671 Se 654 Se 649 Se 652 Se 
2. Select - 2 843 Se 824 Se 805 Se 797 Se 805 Se 
3. Select - 3 483 St 469 St 460 St 457 St 469 St 
4. Select· 4 456 St 443 St 444 St 438 St 438 St 
5. Select· 5 671 Se 648 Se 657 Se 654 Se 650 Se 
6. Select - 6 351 St 352 St 350 St 348 St 346 St 
7. Select - 7 642 Se 625 Se 637 Se 655 Se 637 Se 
8. Select - 8 492 St 484 St 489 St 487 St 486 St 
9. Select· 9 474 St 476 St 475 St 464 St 462 St 

10. Select - 10 477 St 475 St 467 St 472 St 455 St 
11. Standard - I 536 St 533 St 532 St 529 St 522 St 
12. Standard - 2 619 Se 612 Se 613 Se 616 Se 611 Se 
13. Standard - 3 483 St 479 St 495 St 486 St 473 St 
14. Standard - 4 226 Vs 219 Vs 219 Vs 228 Vs 223 Vs 
15. Standard - 5 270Vs 264 Vs 265 Vs 269 Vs 264 Vs 
16. Standard - 6 284 Vs 279 Vs 279 Vs 277 Vs 270 Vs 
17. Standard - 7 354 St 364 St 361 St 356 St 347 St 
18. Standard - 8 460 St 460 St 460 St 473 St 443 St 
19. Standard - 9 258 Vs 255 Vs 257 Vs 261 Vs 249 Vs 
20. Standard· 10 165 Vs 154 Vs 153 Vs 158 Vs 157 Vs 
21. Standard - 11 277 Vs 266 Vs 276 Vs 278 Vs 262 Vs 
22. Standard - 12 284 Vs 284 Vs 302 Vs 281 Vs 280 Vs 
23. Standard· 13 161 Vs 165 Vs 143 Vs 138 Vs 163 Vs 
24. Standard - 14 143 Vs 143 Vs 155 Vs 136 Vs 139 Vs 
25. Standard - 15 223 Vs 229 Vs 255 Vs 217 Vs 224 Vs 

Se = Select 

St = Standard 

Vs = Very Small 
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Cilapter VIII. System Improvement 

8.1. General 

The design of a computer vision system was not an actual science. It was more like a trial and error 

experimental science. After knowing that the system worked accordingly to the desired conditions, 

two separate investigations were carried out hoping to further improve the system. The frrst 

problem was to fmd a way to reduce the camera-object distance and the second was to examine a 

way to increase the grading rate. 

B.2. New Calnera Desigll 

The field of view of the camera was dependant on the distance from the lens to the Optic RAM 

and the working distance. As previously defmed, the working distance was the distance between 

the lens and the object. The distance between the lens and Optic RAM was fiXed. In order to 
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increase the field of view, it was necessary to increase the working distance, or increase the lens 

magnification. For a field of view of approximately 5 cm x 13 cm, the working distance was 1 

meter with a 16 mm lens. With a wider angle lens, a shorter working distance would produce the 

same size field of view. Therefore, the 16 mm C-mount lens was replaced with a 6.5 mm C-mount 

lens. With this new camera lens the working distance was reduced to 45 cm and the field of view 

was roughly 5.5 cm x 12 cm. This new camera lens system was then calibrated with metal targets 

and analyzed with linear regression with an intercept and results were tabulated in Table 18. Ap

pendix G shows the raw calibration data for this new 6.5 mm lens. The area-pixel least squares 

equation was: 

Area = 136.1332 + 2.0894* Pixels [17] 

with an estimated measurement error of ± 59.14 mm2 at the 950/0 confidence level and R2 value 

of 0.9986. The data were collected with stationary targets. The statistics for this new 6.5 mm lens 

seem very acceptable as compared with the previous statistics. This investigation showed that it 

was possible to reduce the working distance by employing a wider angle lens (in this case 6.5 mm) 

and very acceptable regression statistics could still be obtained. The problem encountered with this 

new lens was that it had only an aperture adjustment and no fine focusing adjustment, which made 

it difficult to use in experiments. Mter demonstrating the capability of reducing the working dis

tance with wider angle lens and learning the difficulty of focusing the new lens, no further work 

was carried on with this new lens. 

8.3. Three Images per ExpOSllre 

A investigation was perfonned to more fully use the whole array. Previously the system software 

only used the middle parts of the array (see 6.3. System Software). The total dimension of the field 

of view was approximately 5 cm x 26 cm (or the image frame was 64 x 128 pixels). The objective 
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Table 18. Linear Regression Results for the 6.5 mm C-mount Lens 

Sum of Square Error (SSE) 10287.3747 

Mean Square Error (MSE) 874.4415 

Degree of Freedom (DF) 17 

Root Mean Square Error (Rl\'ISE) 29.5710 

Intercept 136.1332 
Standard Error 13.0219 

Slope 2.0894 
Standard Error 0.01926 

R2 0.9986 

Sum of Residuals 9.0949E-13 
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of this investigation was to take three images per exposure instead of one image per exposure. This 

can be done by dividing the total field of view into three equal sections of roughly 5 cm x 9 cm 

each. This also meant that the initial rate of 5 oysters per second could potentially be improved 

three times (Le., 15 oysters per second) vyith one line of grading in each of the three sections. Figure 

24 shows some graphics of three images per field of view. The 12 light bulbs did not provide 

enough illumination to cover the whole area. Therefore, the light bulbs were replaced by eight 15 

watt fluorescent tubes. The length of each fluorescent tube was 41 cm and was large enough to il

luminate the whole field of view. 

The system was then calibrated with the metal targets. Seven metal targets were placed at each 

section (i.e, left, center, and right) one at a time and the number of pixels counted for each section 

and each metal target was recorded. Three separate linear regressions with intercepts were per

formed and the results were tabulated in Table 19. 

The least squares equation for the left region was: 

Area = 7.03414 + 2.4631 ·Pixels [18J 

with an estimated measurement error of ± 25.57 mm2 at the 95 % confidence level and R2 value 

of 0.9993. The least squares equation for the center region was: 

Area = 10.8467 + 2.4722+Pixels [19J 

with an estimated measurement error of ± 11.95 mm2 at the 950/0 confidence level and R 2 value 

of 0.9998. The least squares equation for the right region was: 

Area = 15.9875 + 2.4401+Pixels [20J 

with an estimated measurement error of ± 17.00 mm2 at the 950/0 confidence level and R2 value 

of 0.9997. By studying these equations, the center region seemed to have a lower error than the 

other two regions. This was expected since the light was more intense and uniform at the center 

of the camera than in the end regions. This can be further verified by examining the number of 
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Table 19. Linear Regression Results for Three Images per Exposure 

Left Center Right 

Sum of Square Error 1961.2670 428.1377 868.9244 

Mean Square Error 163.4389 35.6781 72.4104 

Degree of Freedom 12 12 12 

Root l\1ean Square Error 12.7843 5.9732 8.5004 

Intercept 7.0341 10.8467 15.9875 
Standard Error 12.9832 6.0509 8.5950 

Slope 2.4631 2.4722 2.4401 
Standard Error 0.01937 0.0091 0.0128 

R2 0.9993 0.9998 0.9997 

Sum of ResiduaJs 1.8758E-12 3.0695E-12 2.2737E-12 
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pixels counted at the center which was less than both ends because at the center its received more 

light (see Table 20). The number of pixels counted were different from each section. Two statistical 

tests were perfonned to see whether these differences were significant. The same statistical methods 

applied in light readjustment and replacement tests were used. The F-Test and Duncan test sta

tistics were tabulated in Table 20. The F-statistic indicated that the differences observed in each 

region were not significant at both 0.05 and 0.01 levels. But the Duncan test, which was a more 

powerful test, showed that the center region was significantly different from the end regions at 0.05 

level (see 5.2. Lighting Readjustment Test). The left and right ends were statistically similar which 

was suspected since the ends received equal amount of light intensity. The results from this ex

periment showed that it would be possible to grade three oysters per exposure with better lighting 

development. The software development tasks would be more difficult. The oyster meats must 

be separated and the software should be able to identify three different oyster images and analyze 

them separately. Three least squares equations might be required for three regions if the differences 

observed were still significant after a better lighting development. The experiment was conducted 

on stationary targets, not at motor speed of 15 RPM because the tangential velocity at the left 

section (Le., outer radius) was greater than the right section (i.e., inner radius). As a result the dif

ferences observed in each section would be more pronounced. This problem could be eliminated 

if the rotating disc was replaced by a linear conveyor belt. 
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Table 20. F-test and Duncan test Statistics for Three Images per Exposure 

a) F-statistic 

Null Hypothesis, Ho : J.Ll = J.L2 = J.L3 
Alternative Hypothesis. H. : At least one of the means are not equal 
Test Statistic, T.S. : F(obs) = 0.0010 
Rejection Region, R.R. : F(obs) > F(critical) 
Conclusion: Since F(obs) < F(2,13) = 3.81 at 0.05 level, Accept Ho 
Since F(obs) < F(2,I3) = 6.70 at 0.01 level, Accept Ho 

b) Duncan's l\'lultiple Range Test 

Oyster No. Replacement Position 
Left 

1 766 
2 758 
3 750 
4 762 
5 409 
6 407 
7 628 
8 628 
9 686 
10 685 
11 899 
12 905 
13 385 
14 385 

mean 646.643 
Treatment 1 

Alpha Level, a: = 0.05 
Degrees of Freedom, DF = 26 
Mean Square Error, MSE = 14.5842 

Number of mean steps apart, r : 
Critical value: 
Ranked IYlean : 648.786 
Treatment : 3 
Grouping: 

Center 

752 
754 
760 
756 
405 
411 
623 
623 
681 
680 
896 
898 
378 
381 

642.714 
2 

Right 

763 
762 
766 
768 
414 
415 
626 
627 
689 
689 
906 
901 
378 
379 

648.786 
3 

3 
3.11506 
642.714 

2 
2.96453 
646.643 
1 2 

r..r-..r-..r-..r-..r...-..".,," BBBBBBBB 

Means with the same letter were not significantly different. 
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Chapter IX. Summary and Conclusion 

The overall goal of this study was to develop an inexpensive automation system for grading raw 

oyster meats. 

Knowledge of the physical properties of the oyster meats was essential. Since there was no pub

lished literature on the physical properties of oyster meats, a study on the physical properties of the 

oyster meats was carried out. The measured parameters included the projected area, weight, height, 

and volume of the oyster meats. The projected area was measured by digital imaging and photo

graphic techniques. The correlations between each pair of the measured parameters were calcu

lated. The statistical results indicated that the digital area could predict the volume and weight 

competently and therefore could be used as a grading criterion. A strong correlation was found 

between the digital and the photographic areas. This suggested that the area measurements were 

accurate. In this grading application, complicated feature extraction algorithms were not required 

because simple silhouettes were accurate enough in predicting the volume. This also meant that 

the software development was simplified and the image processing time was reduced significantly. 

A calibrated volume-pixel least squares equation was obtained and could be used to measure the 

volume of the oyster meats with an estimated measurement error of :::I: 2.84 cm3 at a 950/0 confi

dence level. During the measurements of physical properties, some fluctuation in the number of 
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pixels was seen. Two tests were conducted to study the effect of these fluctuations and the results 

showed that the fluctuations were not important. 

Mter completing the physical properties measurements of the oyster meats the next stage was to 

design and construct the grading system. The system consisted of a rotating disc, a grading section, 

and a microcomputer. The rotating disc was translucent and was used to convey oysters into the 

grading section. The disc was driven by a motor which was controlled by an adjustable speed 

controller. The grader was a digital camera connected to and controlled by a microcomputer. 

The computer software was written in Turbo PASCAL. Two version of Turbo PASCAL were 

utilized. Version 3.1 was used to display the image on the screen and the actual grading algorithms 

were developed with version 4.0, which was faster. Basically, the system software consisted of four 

main sections. They were the image receiver, the image detector, the image analyzer, and the image 

classifier. Since there were no official USDA standards for the oyster meat categories, standards 

were established from the commercial grading standards for Eastern Shore oysters. 

Illumination and timing were the two most important factors in designing the computer vision 

system. The illumination technique chosen for this study was backlighting. Several lighting 

schemes were tested before a suitable scheme was selected. There were several timing factors in

volved. The aperture opening of the camera was dependant on the lighting condition. Different 

motor speeds and processor speeds were tried. Since timing was crucial, the system software must 

be as simple as possible but HintelligentH. It must have the ability of detecting good images and 

analyzing them to determine appropriate categories. Through several experiments, the system 

successfully graded 5 oysters per second with a motor speed of 15 RPM and computer processing 

speed of 8 MHz. 

The volume-pixel1east squares equation was verified with a cross validation test and the system 

was proved to be reliable at the rate of 5 oysters per second with an estimated measurement error 

of ± 3.04 cm3 at a 950/0 confidence level. 
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Some initial work was also conducted in attempt to improve the system and its grading rate. A 

new camera was tested and the results indicated that there was a potential of using a wider angle lens 

to reduce the working distance. Preliminary tests on obtaining three images per exposure were 

successful but showed the need for more attention to better lighting. Since it took the same amount 

of time to acquire one image or three images per exposure from the digital camera, using three 

images per exposure could potentially improve the grading rate from 5 to 15 oysters per second 

with well written software. The software development tasks would be slightly more complicated 

but still manageable. 
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Chapter X. Recommendations 

The following are some of the recommendations suggested for machine designers, the oyster in

dustry! and further improvement of the developed digital imaging system for grading oyster meats: 

1. The knowledge of the variation found in the physical properties would be an asset to the system 

designers. With this knowledge, the designers could detenn.ine whether it was more economical to 

discard a few very large oysters, instead of building machines for accommodating the maximum 

sized oysters, which might be only one out of a hundred. fv10re measurements of the physical 

properties should be conducted so that the degree of variation of these parameters could be known. 

2. There was much overlapping between the graded oyster categories which implied that there ex

isted a great deal of error in the manual grading process. This type of error was due to the shuckers' 

biases. The shuckers were paid more for grading larger sizes; therefore, there was a tendency for 

them to overgrade the oyster meats. The computer vision grading device could be used to reduce 

the observed discrepancy and the graded sizes would be more consistent. 

3. Digital imaging technique could not only be used as a grading scheme but also could be further 

implemented to check for quality. For example, additional features could be extracted from the 

images of the oyster meats by developing more advance algorithms. Any abnormality found in an 
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image would indicate a defect in the oyster meat and would lead to a rejection before going through 

the grading scheme. There will be a trade off, the grading rate will be decreased since processing 

time would be required for extracting more features. 

4. The image transmission time was 67 milliseconds or 14.93 images per second and assuming that 

it required on average two images per oyster, it would be possible to increase the grading rate to 7 

oysters per second. If three images per exposure can be implemented the possible grading rate 

would be 21 oysters per second or 1260 oysters per minute. There are many possible ways of 

achieving this grading rate. Well developed illumination equipment will certainly help. One other 

way would be to increase the computer processing time, from 8 MHz to 12 MHz, but this time 

must be synchronized with the transmission time in order to provide sufficient time for the camera 

to take a picture. The software execution time could be improved by using an independent 

processor for executing different algorithms or special purpose dedicated image processing software. 

The processing time could be cut by implementing parallel image processing architectures. In its 

fmal form, the computer vision system will probably need some of these techniques or improve

ments in order to achieve real-time speeds required for a cost effective commercial application. 

5. The only limitation which could be visualized at this stage . was the problem of conveying the 

oyster meats into the camera sensing area. The conveying system must move the oysters fast 

enough into and out of the sensing area. Synchronization was the most tedious task in developing 

a computer vision system. Since the computer and the motor were independently operated at dif

ferent speeds, the task of synchronization was tougher. Currently, the synchronization was de

pended on the system software and it worked well at a processing speed of 8 MHz and a motor 

speed of 15 RPM. No further effort was made to synchronize the system because this was a dem

onstration device. In the future, when the rotating disc is replaced by a linear conveyor belt, a better 

way of synchronizing the system will be highly recommended. TIlls can be accomplished with an 

external sensing device or by developing better software. An external sensing device could signal 

the camera to take a picture when an oyster is in the field of view of the camera. In this case, the 
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camera only needs to take one picture per oyster instead of continuously taking pictures. The other 

possibility is to develop better software by using a faster and more powerful software packages. 
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Appendix A. Digital Camera Calibration Data 

The following is the data collected for digital camera calibration. Since some fluctuation of the 

number of pixels counted were observed for each object under experimental conditions, ten pictures 

were taken for each metal target. 

Obs Actual Area 

(mm2
) 

3825.36 

2 3825.36 

3 3825.36 

4 3825.36 

5 3825.36 

6 3825.36 

7 3825.36 

8 3825.36 

9 3825.36 

10 3825.36 

11 1881.65 

12 1881.65 

13 1881.65 

14 1881.65 

15 1881.65 
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Pixels 

1758 

1758 

1758 

1758 

1758 

1758 

1758 

1758 

1758 

1758 

850 

850 

850 

849 

849 
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16 1881.65 849 

17 1881.65 849 

18 1881.65 850 

19 1881.65 849 

20 1881.65 850 

21 1881.65 855 

22 1881.65 856 

23 1881.65 856 

24 1881.65 855 

25 1881.65 855 

26 1881.65 855 

27 1881.65 855 

28 1881.65 856 

29 1881.65 856 

30 1881.65 855 

31 1881.65 859 

32 1881.65 859 

33 1881.65 859 

34 1881.65 859 

35 1881.65 859 

36 1881.65 859 

37 1881.65 859 

38 1881.65 859 

39 1881.65 859 

40 1881.65 859 

41 1010.75 433 

42 1010.75 433 

43 1010.75 433 

44 1010.75 433 

45 1010.75 433 

46 1010.75 433 

47 1010.75 433 

48 1010.75 433 

49 1010.75 433 

50 1010.75 433 

51 1010.75 462 

52 1010.75 462 
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53 1010.75 462 

54 1010.75 462 

55 1010.75 462 

56 1010.75 462 

57 1010.75 462 

58 1010.75 462 

59 1010.75 462 

60 1010.75 462 

61 1096.41 513 

62 1096.41 513 

63 1096.41 513 

64 1096.41 513 

65 1096.41 513 

66 1096.41 513 

67 1096.41 513 

68 1096.41 513 

69 1096.41 513 

70 1096.41 513 

71 1096.41 498 

72 1096.41 497 

73 1096.41 498 

74 1096.41 498 

75 1096.41 498 

76 1096.41 498 

77 1096.41 497 

78 1096.41 498 

79 1096.41 497 

80 1096.41 498 

81 1096.41 520 

82 1096.41 520 

83 1096.41 520 

84 1096.41 520 

85 1096.41 520 

86 1096.41 520 

87 1096.41 520 

88 1096.41 520 

89 1096.41 520 
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90 1096.41 520 

91 1704.08 760 

92 1704.08 760 

93 1704.08 760 

94 1704.08 760 

95 1704.08 760 

96 1704.08 760 

97 1704.08 760 

98 1704.08 760 

99 1704.08 760 

100 1704.08 760 

101 1704.08 772 

102 1704.08 772 

103 1704.08 772 

104 1704.08 772 

105 1704.08 772 

106 1704.08 772 

107 1704.08 773 

108 1704.08 772 

109 1704.08 772 

110 1704.08 772 

111 1704.08 790 

112 1704.08 791 

113 1704.08 790 

114 1704.08 790 

115 1704.08 788 

116 1704.08 790 

117 1704.08 790 

118 1704.08 790 

119 1704.08 789 

120 1704.08 790 

121 782.83 352 

122 782.83 352 

123 782.83 352 

124 782.83 352 

125 782.83 352 

126 782.83 352 
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127 782.83 352 

128 782.83 352 

129 782.83 352 

130 782.83 352 

131 458.06 207 

132 458.06 207 

133 458.06 207 

134 458.06 207 

135 458.06 207 

136 458.06 207 

137 458.06 207 

138 458.06 207 

139 458.06 207 

140 458.06 207 
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Appendix B. Physical Properties Data 

The following is the collected data (including both standard and select) of physical properties of 

oyster meats from the initial sample of 250 oysters (Some readings were discarded due to error). 

Obs Volume Height \Veight Digital Photo Pixels 

Area Area 

(em3
) (mm) (grams) (mm2

) (mm2) 

a) Select 

1 17.72 11.67 19.52 3052.66 3059.20 1398 

2 12.90 9.81 13.18 2561.65 2611.20 1172 

3 9.25 9.94 10.04 2059.79 2206.72 941 

4 8.67 8.98 9.88 2101.07 2245.12 960 

5 6.78 9.05 7.35 1549.23 1658.88 706 

6 12.52 10.90 13.69 2524.72 2634.24 1155 

7 7.45 8.41 8.08 1831.67 1927.68 836 

8 9.48 8.28 10.41 2111.93 2229.76 965 

9 9.58 9.09 11.20 2161.90 2224.64 988 

10 15.49 11.41 17.11 2327.01 2414.08 1064 

11 10.54 9.69 11.51 1762.14 1802.24 804 

12 10.60 10.64 10.63 2088.03 2176.00 954 

13 6.85 9.21 7.50 1623.10 1692.16 740 
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14 14.43 11.64 15.38 2300.94 2332.16 1052 

15 11.12 9.56 11.63 2474.75 2588.16 1132 

16 14.09 11.71 15.10 2370.47 2419.20 1084 

17 8.40 9.82 9.04 1677.41 1712.64 765 

18 10.38 9.61 11. 71 2083.68 2117.12 952 

19 7.97 12.21 8.55 1597.03 1710.08 728 

20 9.90 10.08 10.94 2285.74 2421.76 1045 

21 14.11 12.90 15.71 2496.47 2567.68 1142 

22 7.04 8.06 6.17 1586.17 1669.12 723 

23 6.82 9.33 8.05 2018.51 2163.20 922 

24 17.32 10.31 19.03 3528.45 3612.16 1617 

25 10.24 11.06 11.33 2216.21 2339.84 1013 

26 15.41 13.65 15.78 2114.11 2142.72 966 

27 7.48 8.96 6.66 1531.85 1576.96 698 

28 12.36 8.76 13.24 2533.41 2588.16 1159 

29 10.14 10.23 10.03 1853.40 1930.24 846 

30 11.89 9.92 11.11 2111.93 2211.84 965 

31 10.54 11.17 10.58 1779.52 1868.80 812 

32 11.98 11.40 12.63 2255.32 2296.32 1031 

33 8.70 10.38 9.20 1507.95 1592.32 687 

34 8.23 9.12 8.40 1586.17 1692.16 723 

35 10.36 10.48 10.71 1749.11 1807.36 798 

36 19.44 14.26 20.58 3361.16 3440.64 1540 

37 16.04 10.31 16.90 2668.11 2721.28 1221 

38 10.30 10.19 10.91 2148.86 2219.52 982 

39 9.87 12.76 9.80 1436.26 1523.20 654 

40 12.28 11.21 11.57 2539.93 2693.12 1162 

41 12.97 11.64 13.41 1892.50 1937.92 864 

42 8.68 9.50 8.48 1531.85 1566.72 698 

43 7.73 9.73 8.63 1616.58 1728.00 737 

44 14.34 12.44 14.88 2526.89 2544.64 1156 

45 9.19 9.29 8.86 2231.42 2306.56 1020 

46 12.60 10.67 12.70 2344.39 2337.28 1072 

47 11.69 9.66 11.67 2546.45 2488.32 1165 

48 6.73 9.00 6.48 1464.50 1528.32 667 

49 6.44 8.13 6.03 1564.45 1602.56 713 

50 11.32 9.92 10.01 2051.10 2173.44 937 
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51 12.45 13.10 12.40 1714.35 1832.96 782 

52 11.92 11.37 12.45 2035.89 2091.52 930 

53 15.13 12.03 15.45 2566.00 2652.16 1174 

54 13.02 11.33 13.26 2233.60 2339.84 1021 

55 11.92 11.99 11.47 2242.29 2393.60 1025 

56 19.14 12.69 20.17 3541.48 3548.16 1623 

57 7.11 9.37 6.52 1505.78 1617.92 686 

58 6.17 8.99 5.88 1264.62 1372.16 575 

59 13.39 11.59 13.72 2292.25 2373.12 1048 

60 13.13 13.02 12.18 1955.50 2048.00 893 

61 7.95 7.67 7.10 1703.49 1786.88 777 

62 9.99 11.60 10.15 1962.02 2068.48 896 

63 13.70 9.94 14.06 2385.68 2488.32 1091 

64 9.44 9.68 8.97 1933.78 2027.52 883 

65 11.62 10.51 11.36 2046.75 2181.12 935 

66 6.82 9.13 6.29 1379.77 1484.80 628 

67 6.94 7.84 6.78 1601.38 1687.04 730 

68 14.02 11.51 14.85 2831.05 2987.52 1296 

69 11.31 11.59 11.40 1879.47 1971.20 858 

70 9.96 9.34 8.80 1996.79 2140.16 912 

71 7.31 8.10 6.39 1457.99 1597.44 664 

72 13.34 9.36 13.52 2663.77 2693.12 1219 

73 14.88 12.81 15.53 2568.17 2672.64 1175 

74 11.84 10.37 11.75 2185.80 2237.44 999 

75 12.83 11.23 12.64 2157.55 2242.56 986 

76 12.52 10.79 12.52 2122.80 2176.00 970 

77 9.45 9.10 8.57 1827.32 1927.68 834 

78 16.43 11.48 16.74 2976.61 2964.48 1363 

79 12.85 10.59 12.82 2227.07 2280.96 1018 

80 9.07 9.55 7.05 1801.25 1781. 76 822 

81 10.09 8.88 9.92 2105.42 2137.60 962 

82 11.32 10.15 11.16 2489.95 2552.32 1139 

83 8.37 8.71 8.46 1951.15 1937.92 891 

84 11.54 9.25 11.23 2305.29 2408.96 1054 

85 6.28 9.27 4.92 1223.35 1282.56 556 

86 7.77 8.36 6.84 1444.95 1507.84 658 

87 12.62 10.40 12.57 2009.82 2076.16 918 
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88 14.77 10.79 15.70 2854.95 2956.80 1307 

89 8.11 8.46 7.39 1744.77 1758.72 796 

90 14.34 11.60 13.61 2448.68 2370.56 1120 

91 10.32 9.21 9.95 1953.33 2035.20 892 

b) Standard 

92 6.07 7.86 5.50 1255.93 1354.24 571 

93 8.43 10.86 7.05 1405.84 1479.68 640 

94 7.54 8.41 6.22 1488.40 1553.92 678 

95 10.30 11.60 10.03 1653.51 1738.24 754 

96 6.44 8.16 5.46 1062.58 1118.72 482 

97 8.21 8.76 7.51 1564.45 1669.12 713 

98 7.56 9.64 6.31 1229.86 1295.36 559 

99 5.91 7.98 4.66 1040.85 1146.88 472 

100 8.27 10.68 8.07 1410.18 1464.32 642 

101 8.00 10.23 6.82 1381.94 1448.96 629 

102 6.60 9.37 5.31 962.64 1031.68 436 

103 6.79 9.72 6.05 1392.81 1423.36 634 

104 8.30 10.07 7.60 1303.74 1338.88 593 

105 8.50 9.76 8.08 1590.51 1702.40 725 

106 6.94 10.61 5.93 1136.44 1216.00 516 

107 6.74 8.90 5.90 1479.71 1623.04 674 

108 6.19 9.01 3.88 877.90 906.24 397 

109 5.23 9.27 3.95 682.38 732.16 307 

110 5.93 9.03 5.62 1219.00 1326.08 554 

III 12.85 10.58 12.34 2244.46 2219.52 1026 

112 6.39 7.31 5.00 1101.68 1149.44 500 

113 8.28 8.77 7.51 1633.96 1751.04 745 

114 8.74 10.83 7.99 1736.08 1774.08 792 

115 3.54 5.98 2.65 749.72 808.96 338 

116 9.31 12.20 8.83 1351.53 1367.04 615 

117 14.20 11.47 4.70 2522.55 2736.64 1154 

118 5.17 9.89 5.40 769.28 814.08 347 

119 5.68 9.62 4.90 777.97 847.36 351 

120 4.86 8.75 3.52 595.47 660.48 267 

121 9.91 12.39 9.64 1638.31 1753.60 747 
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122 6.90 9.82 6.76 1184.24 1251.84 538 

123 10.46 13.00 10.41 1601.38 1671.68 730 

124 8.44 10.39 7.97 1412.36 1497.60 643 

125 5.83 8.92 4.81 932.22 1013.76 422 

126 7.77 11.89 7.25 1219.00 1272.32 554 

127 5.69 11.50 5.59 871.39 919.04 394 

128 7.09 11.02 5.54 1027.82 1105.92 466 

129 7.12 8.75 6.26 1247.24 1262.08 567 

130 11.58 12.92 10.91 1746.94 1576.96 797 

131 4.66 8.89 3.12 843.14 939.52 381 

132 4.58 8.47 4.32 873.56 936.96 395 

133 7.53 9.72 7.30 1507.95 1576.96 687 

134 11.11 13.62 10.80 1599.20 1699.84 729 

135 6.79 10.28 6.10 1049.54 1093.12 476 

136 8.47 11.46 7.94 1381.94 1415.68 629 

137 5.97 10.54 5.34 1119.06 1169.92 508 

138 6.24 9.49 5.45 1029.99 1111.04 467 

139 5.41 9.39 4.01 867.04 875.52 392 

140 8.32 10.74 7.23 1373.25 1405.44 625 

141 10.02 12.95 9.52 1288.52 1344.00 586 

142 7.70 8.98 7.69 1736.08 1827.84 792 

143 8.91 10.60 8.34 1338.49 1400.32 609 

144 5.38 9.31 3.97 771.46 814.08 348 

145 6.43 8.77 4.99 1221.17 1274.88 555 

146 7.41 10.08 6.56 1438.44 1472.00 655 

147 4.61 8.96 4.05 882.25 936.96 399 

148 4.88 8.25 3.95 858.35 931.84 388 

149 7.29 8.98 6.61 1403.67 1489.92 639 

150 7.57 9.61 6.74 1421.05 1489.92 647 

151 8.40 14.61 8.41 1212.48 1236.48 551 

152 7.13 10.47 7.18 1258.11 1300.48 572 

153 6.74 9.59 6.15 1255.93 1326.08 571 

154 8.38 11.29 8.09 1329.81 1390.08 605 

155 5.23 10.01 4.39 919.19 983.04 416 

156 8.00 10.62 7.23 1277.66 1379.84 581 

157 7.24 9.43 7.14 1408.01 1489.92 641 

158 9.87 12.19 9.00 1223.35 1287.68 556 
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159 7.59 10.80 6.58 1264.62 1300.48 575 

160 5.52 9.07 4.46 749.72 783.36 338 

161 7.42 10.85 6.88 1405.84 1482.24 640 

162 8.42 9.41 8.08 1657.86 1763.84 756 

163 7.12 10.72 6.49 1308.08 1408.00 595 

164 7.63 11.56 6.79 1208.14 1269.76 549 

165 5.22 6.21 4.32 1166.86 1249.28 530 

166 9.25 9.83 8.02 1809.94 1930.24 826 

167 7.39 10.79 6.76 1527.50 1589.76 696 

168 7.74 8.58 6.15 1379.77 1482.24 628 

169 9.99 10.69 9.06 1620.93 1720.32 739 

170 9.63 12.16 8.96 1381.94 1441.28 629 

171 7.03 11.71 6.09 1125.58 1213.44 511 

172 5.27 7.87 4.93 1190.76 1246.72 541 

173 5.48 9.60 4.54 975.67 1018.88 442 

174 6.47 11.70 5.85 1149.47 1269.76 522 

175 7.62 10.97 7.09 1440.61 1548.80 656 

176 7.19 10.22 6.76 1303.74 1425.92 593 

177 5.53 9.00 5.29 1297.22 1364.48 590 

178 8.98 11.13 8.60 1392.81 1428.48 634 

179 5.46 10.05 4.33 899.64 952.32 407 

180 7.24 19.94 6.35 1271.14 1344.00 578 

181 7.54 10.81 6.84 1364.56 1461.76 621 

182 9.50 11.75 9.35 1527.50 1615.36 696 

183 5.46 8.52 4.19 993.05 1044.48 450 

184 5.83 8.67 4.04 940.91 1031.68 426 

185 5.62 9.54 4.46 849.66 926.72 384 

186 9.87 10.66 9.66 1818.63 2009.60 830 

187 7.56 10.48 7.37 1368.91 1477.12 623 

188 10.31 10.37 9.84 1868.60 2022.40 853 

189 6.73 8.58 5.48 1199.45 1246.72 545 

190 10.04 12.14 9.26 1710.01 1792.00 780 

191 7.62 10.14 6.90 1560.09 1597.44 711 

192 8.07 10.75 6.65 1614.41 1702.40 736 

193 15.31 11.15 14.91 2583.38 2629.12 1182 

194 6.90 9.14 5.58 1125.58 1187.84 511 

195 9.89 12.82 9.58 1731.73 1845.76 790 
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196 7.03 9.34 5.86 1260.28 1351.68 573 

197 11.96 12.07 11.99 2120.62 2181.12 969 

198 7.55 10.48 6.06 1299.39 1402.88 591 

199 5.43 8.72 4.37 884.42 977.92 400 

200 4.96 8.34 4.01 914.84 972.80 414 

201 8.11 9.41 7.42 1831.67 1958.40 836 

202 5.00 7.67 2.89 875.73 942.08 396 

203 5.81 7.54 3.20 751.89 821.76 339 

204 4.78 6.49 3.97 884.42 972.80 400 

205 5.70 8.10 4.64 1340.67 1607.68 610 

206 9.25 9.60 9.00 1970.72 2050.56 900 
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Appendix C. Image Display Softlvare 

The following is the listing of the source code of the image display software written in Turbo 

PASCAL version 3.1. 

PROGRAM DIGICAM; 

(+$1 TYPEDEF .SYS +) 

("'$1 GRAPHIX.SYS +) 

("'$1 KERNEL.SYS +) 

(+ Routines of the Turbo-Graphix Toolbox +) 

CONST STPT = $0318; ('It Camera Status Port +) 

DTPT = $0319; (. Data Port Camera .) 

MaxBytes = 1024; 

TYPE ByteArray = ARRAY[L.I024] OF BYTE;(· 64+128 Pixels +) 

V AR Storage : TEXT; 

Filename : STRING[14]; 

Save_or_not : BOOLEAN; 

Main_Array_Co unt er , X_direction : Integer; 

Y _direction , PixelCounter : Integer; 

PixelCounter2, PictureCounter,Ct ,I : Integer; 
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Values 

ErrorCounter ,ErrorCt 

ControlVal,BYT 

Area, SampleCounter 

Answer,ch 

: ByteArray; 

: Integer; 

: Byte; 

: Integer; 

: Char; 

(* ----------------------------------------------------------------------- +) 

PROCEDURE RECEIVEIMAGE; 

var cb : byte; 

Label Next, NEXT 1; 

BEGIN 

controlval : = 0; 

Ct:= 0; 

ErrorCounter : = 0; 

ErrorCt : = OJ 

repeat until (port[stptJ and 64) = 64; (". A COMIvlAND MAYBE SEND TO DCAM +) 

Port[dtptl: = $5B; (+ SOAK and SEND +) 

Delay(73); (+ Exposure Time +) 

repeat until (port[stpt] and 64)=64; (+ A COMMAND MAY BE SEND TO DCAM .) 

Port(dtptJ: = $5B; (. SOAK and SEND +) 

INLINE($FA); (. turn interrupts off .) 

( ... avoid trouble with timer-interrupt .) 

FOR 1:= 1 TO MaxBytes DO 

BEGIN 

Repeat 

Ct: = SUCC(Ct); 

If ct > 10000 then Goto Next; 

cb:= PORT[STPT]; 

('" successor of CT *) 

(. avoid endless Loop +) 

(oil if the Status-Port> 192 then a Bit was lost during transmission .) 
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until cb > 64; 

Values[I]: = PORT[DTPT] 

END; 

( ... Datas - > Array +) 

Next: (+ Jump to this Label if to many Errors +) 

INLINE($FB); 

end; 

PROCEDURE SET_GRAPHIC; 

begin 

lnitGraphic; 

( ... tum interrupts on *) 

Defme\Vindow(1,O,O,XlVlaxGlb,YMaxGlb); (* Maximum Window +) 

DefmeWorld(1,128,O,O,200); (* Camera-Array 64·128 Pixels +) 

SetClippingOn; 

SelectScreen(2); 

SelectWorld(I); 

(. Select the invisible Screen to draw on *) 

Select \Vindow( 1 ); 

SetLineStyle(O); 

end; 

(. -------------------------------------------.------------------------- +) 

PROCEDURE MAKE_BOX_DRAW_TEXT; (+ # of pictures, Pixels and Area Writer·) 

var PixelText : STRING[5]; 

begin 

DrawLine(O,O, 128,0); 

DrawLine(128,0, 128,64); 

Draw Line( 128,64,0,64); 

Draw Line ( 0,64,0,0); 

DrawLine(32,0,32,64); 
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Draw Line(96,O,96,64); 

DrawText\V(80,150,2,'To Continue'); 

DrawTextW(84,120,2,'Press Any Key!'); 

STR(PictureCounter,PixelText); 

DrawText\V(120,98,1/Number of Pictures = '); 

DrawText\V(90,100,2,PixelText); C+ # of Pictures taken +) 

STR(PixelCounter,PixelText); 

DrawTextW(60,98, I,/Number of Pixels = '); 

DrawTextW(30,IOO,2,PixelText); (* # of Pixels counted +) 

Area: = Round(O.OO+PixelCounter); 

STRCArea,PixelText); 

DrawTextW(60,78,1,'Area = '); 

DrawTextW(30,80,2,PixelText); 

DrawTextW(12,78,I,'mm square'); 

end; 

( ... Area & Pixel's Relationship +) 

( ... The corresponding Area +) 

( ... ---._--.. _----.. -.... -._--... ---.. -.. __ .... _------.... _ .. -...... -.. -.. -----_ .... _------ +) 

begin 

for I: = 1 to 8 do 

begin ( ... check if highest Bit is set .) 

if (BYT and 128) < > 128 then 

begin 

Draw Point(X _direction, Y _direction); 

PixelCounter : = SUCC(PixelCounter); (+ save later .) 

end; 

X_direction: = SUCC(X_direction); 

BYT : = BYT SHL 1; (''' shift left 8 times to scan the whole Byte +) 

end; 

end; 

(* --_.------... _--------_ .. --_ ... _-.-----_._--------_ .... _--.. ---.------- *) 
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PROCEDURE PIXELS_COUNTER; 

Var Row, Column: INTEGER; 

begin 

X_direction: = 32; 

Pixel Counter : = 0; 

for Row:= 1 to 64 do 

begin 

Y _direction : = Row; 

for Column:= 5 to 12 do 

begin 

(. Reset Counters +) (. X-Direction +) 

( ... Pixels set +) 

Main_Array_Counter:= Column + 16*(Row - 1); 

BYT : = V alues[Main_Array _Counter]; 

BYTE_PLOT; 

end; 

X_direction: = 32; 

end; 

end; 

( ... ----------------------------------------------------------------- +) 

PROCEDURE WRITE_TO_FILE; 

Var AreaStore, AreaStore2 : real; 

Row, Column 

begin 

PixelCounter : = 0; 

\Vrite1n; 

: Integer; 

\Vrite('Enter the Sample Number = '); 

Read(SampleCounter); 

RECEIVEIMAGE; 

for Row:= 1 to 64 do 

begin 
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Y _direction : = Row; 

for Column: = 5 to 12 do 

begin 

l\1ain_Array _Counter: = Column + 16+(Row - 1); 

BYT := Values[Main_Array_Counter}; 

for I : = 1 to 8 do 

begin 

if (BYT and 128) < > 128 then PixelCounter : = SUCC(PixelCounter); 

BYT:= BYT SHL 1; 

end; 

end; 

end; 

AreaStore : = O.OO*PixeICounter; 

ClrScr; 

Filename: = 'DISPLA Yl.OUT'; 

ASSIGN(Storage, Filename); 

APPEND(Storage); 

WriteLn(Storage,SampleCounter:5,PixelCounter: 10,AreaStore:20:5); 

CLOSE(Storagc ); 

end; 

(+ ----------------------------------------------------------------- *) 

begin 

ClrScr; 

PORT[STPT]: = $CO; (* Master Reset +) 

PORT(STPT}:= $28; 

REPEAT 

PictureCounter : = 1; 

Write('Save the Data (YIN)? '); 

Read(ch); 

ifupcase(ch) = 'Y' then Save_or_not:= TRUE else Save_or_not:= FALSE; 

if Save_or_not then WRITE_TO_FILE; 

SET_GRAPHIC; 
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REPEAT 

RECEIVEIMAGE; 

PIXELS_COUNTER; 

MAKE_BOX_DRA W _TEXT; 

SwapScreen; 

ClearScreen; 

PictureCounter : = SUCC(PictureCounter); 

UNTIL (keypressed); 

LeaveGraphic; 

write(, Another Test ( Y / N ) ? '); 

Read(Answer)~ 

Writeln; 

UNTIL upcase(Answer) = 'N'; 

end. 
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Appendix D. System Software 

The following is the listing of the system software written in 

Turbo PASCAL version 4.0. 

PROGRAM DIGICAM; 

uses Crt; 

CONST STPT 

DTPT 

NlaxBytes 

TYPE ByteArray 

VolumeArray 

SizeArray 

VAR True_Or_False 

Image_Data 

BYT 

Volume 

Size 

= $0318; ('" Camera Status Port .) 

= $0319; (. Data Port Camera .) 

= 1024; (* (64"'128)/8 = 1024 Bytes >It) 

= ARRAY[1..10241 OF BYTE;('" 64"'128 Pixels .) 

= ARRAY[l .. lO] OF INTEGER; 

= ARRA Y[1..10J OF STRING[20]; 

: BOOLEAN; 

: ByteArray; 

: Byte; 

: VolumeArray; 

: SizeArray; 

Main_Array _ Counter,PixelCounter : Integer; 

Ct,I,Image_No,Oyster_No,Detect : Integer; 
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ErrorCounter,ErrorCt, ControlV al 

Row,Column,Row _No,ExSmall 

Standard,Select,Large,ExLarge 

KeyPress 

: Integer; 

: Integer; 

: Integer; 

: Char; 

( ... --------------------------------------------------------------.-- +) 

PROCEDURE RECEIVEIMAGE; 

var cb : byte; 

Label Next; 

BEGIN 

controlval : = 0; 

Ct:= 0; 

ErrorCounter : = 0; 

ErrorCt : = 0; 

(+ begin ReceiveImage *) 

Repeat until (port{stpt) and 64)= 64; (* A COMMAND MAY BE SEND TO DCAM *) 

Port(dtpt}: = $SB; (+ SOAK and SEND +) 

INLINE($FA); (* tum interrupts off, avoid trouble with timer-interrupt .) 

for I : = 1 to MaxBytes do 

begin 

Repeat 

Ct: = SUCC(Ct); 

If ct > 10000 then Goto Next; 

cb := PORT[STPT]; 

('" 70 millisec .) 

('" successor of CT *) 

('" avoid endless Loop +) 

('" if the Status-Port > 192 *) 

('" then a Bit was lost during transmission *) 

until cb > 64; 

Image_Data(I) := PORT[DTPT]; 

end; 

(. Data - > Array +) 

Next: ('" Jump to this Label if to many Errors *) 

INLINE($FB); 

end; 

('" tum interrupts on .) 

(+ -----------------------------_._--_._._------------------------- +) 
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PROCEDURE DRA\V_BOX; 

Var Topl,Top2,Bottoml,Bottom2 : Char; 

LineTop, LineSide, BarT 1 ,BarT2 : Char; 

Inboxl,InBox2,lnBox3 : Char; 

SBoxl,SBox2,SBox3,SBox4,SBox5,SBox6 : Char; 

TBarl,TBar2,Tbar3,Tbar4,Tbar5 : Char; 

Begin (* This procedure is to draw display graphic *) 

Topi : = #201; 

Top2 : = #187; 

Bottoml := #200; 

Bottom2 : = # 188; 

LineTop : = #205; 

LineSide : = #186; 

BarT 1 : = #204; 

BarT2 : = #185; 

InBoxl : = #254; 

InBox2 : = #222; 

InBox3 : = #221; 

SBoxl := #192; 

Sbox2:= #217; 

Sbox3 : = #218; 

Sbox4 : = #191; 

SBox5:= #179; 

SBox6 := #196; 

TBarl : = #197; 

Tbar2 : = #193; 

Tbar3 : = #194; 

TBar4 : = #180; 

Tbar5 : = #195; 

GotoXY( 1,1 );Write(Top 1); 

For I : = 1 to 77 Do write(LineTop); 

GotoXY(78,O);Write(Top2); 

For I : = 2 to 25 Do Begin GotoXY(l,I);\Vrite(LineSide);End; 

For I : = 2 to 25 Do Begin GotoXY(79.I);Write(LineSide);End; 
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GotoXY(1,25);For 1:= 1 to 78 Do write(LineTop); 

GotoXY(1,25);\Vrite(Bottoml); 

GotoXY(79,25);Write(Bottom2); 

GotoXY(1,23);\Vrite(BarTl); 

GotoXY(2,23);For I : = lto 77 Do Write(LineTop); 

GotoXY( 79 ,23);W rite ( BarT2); 

GotoXY(25,2);For I : = 1 to 30 do Write(InBoxl); 

GotoXY(25,7);For I : = 1 to 30 do Write(InBoxl); 

GotoXY(25,2);For I : = 1 to 4 do Begin Gotoxy(2S,2 + 1);Write(lnbox2);End; 

GotoXY(S4,2);For I : = 1 to 4 do Begin Gotoxy(S4,2 + I);Write(Inbox3);End; 

GOTOXY(33,3);Write(,OYSTER SORTER'); 

GotoXY(38,4);\Vrite('Bi); 

GotoXY(35,5);Write('T. W. Awa'); 

GotoXy(37,6);Write(, 1988'); 

GotoXY(29,9);Write(,OYSTER NO: SIZE'); 

For 1:= 1 to 5 Do begin GotoXY(33,lO+ I);Write(I);End; 

GotoXY(7,17);write(,Total Number of Oysters in each Category :'); 

GotoXy(7, 19);\Vrite('Very Small'); 

GotoXy( 22,19); W rite('Standard'); 

GotoXy(37 , 19);Write('Select'); 

GotoXy( 48, 1 9);Write('Extra Select'); 

GotoXY(64,19);\Vrite(,Extra Large'); 

GotoXY(4,1 8);Write(SBox3); 

GotoXY( 4,22);Write(SBoxl); 

GotoXY(76,18);Write(SBox4); 

GotoXY(76,22);\Vrite(SBox2); 

GOtoXy(5,18);For I : = 1 to 71 Do Write(SBox6); 

GOtoXy(5,20);For I : = 1 to 71 Do Write(SBox6); 

GOtoXy(5,22);For I : = 1 to 71 Do Write(SBox6); 

For I : = 1 to 3 do begin GotoXY(4,18 + I);Write(SBox5);End; 

For 1:= 1 to 3 do begin GotoXY(18,18+I);vVrite(SBox5);End; 

For I : = 1 to 3 do begin GotoXY(32,18 + I);\Vrite(SBoxS);End; 

For I : = 1 to 3 do begin GotoXY(46,18 + I);Write(SBox5);End; 

For I : = 1 to 3 do begin GotoXY(61,18 + I);Write(SBox5);End; 

For I : = 1 to 3 do begin GotoXY(76,18 + I);Write(SBox5);End; 

GotoXY(18,20);write(Tbarl);GotoXy(18,1 8);write(Tbar3); 

GotoXy( 18,22);write(Tbar2); 

Appendix D. System Software 134 



GotoXY(32,20);\Vrite(Tbarl);GotoXy(32,18);write(Tbar3); 

GotoXy(32,22);write(Tbar2); 

GotoXy(46,20);Write(Tbarl);GotoXy(46,1 8);write(Tbar3); 

GotoXy( 46,22);write(Tbar2); 

GotoXY(61,20);write(Tbarl);GotoXy(61,18);write(Tbar3); 

GotoXy( 61 ,22);write(Tbar2); 

GotoXy( 4,20);write(Tbar5);Gotoxy(76,20);write(Tbar4); 

GotoXY(25,24);Write(,TO CONTINUE - Press Any Key!'); 

End; 

(. ------------------------------------------------------------------- +) 

PROCEDURE PICTURE_DETECTOR(Row_Detect : Integer); 

Begin (. This procedure is to detect the existing of a good picture "') 

PixelCounter ; = 0; 

For Column:= 3 to 10 do 

Begin 

lVlain_Array_Counter : = Column + 16+(Row_Detect-l); 

If Image_Data[Main_Array_Counter] < > 255 

Then PixelCounter : = SUCC(PixelCounter); 

end; 

True_ Or_False: = PixelCounter = 0 

End; 

PROCEDURE PIXEL_COUNTER; 

Begin ('" This procedure is to count the number of dark pixels "') 

Pixel Counter : = 0; 

Image_No := SUCC(Image_No); 

For Row:= 1 to 64 Do 

For Column: = 3 to 10 do 

begin 

(+ Total number of rows = 64 "') 

(+ Total number of column used = 7 bytes +) 

Main_Array_Counter;= Column + 16"'(Row - 1); 

BYT : = Image_Data[lVlain_Array _Counter]; 
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For I : = 1 to 8 do 

begin 

If (BYT and 128) < > 128 Then PixelCounter : = SUCC(PixelCounter); 

BYT:= BYT SHL 1 

end 

end; 

Volume[Image_N01 : = PixelCounter; 

If Image_No = 5 Then 

Begin 

For I : = 1 to 5 Do 

Begin 

Oyster_No: = SUCC(Oyster_No); 

If Volume[ I) < 309 Then 

Begin 

Size(I] : = 'Very Small '; 

ExSmall:= SUCC(ExSmall) 

End; 

( ... To grade 5 oysters at a time +) 

(+ Oyster's Catogories *) 

If (Volume[I] > = 309) and (Volume[I1 < 569) Then 

Begin 

Size[I] : = 'Standard '; 

Standard: = SUCC(Standard) 

End; 

If (Volume[I1 > = 569) and (Volume(l] < 849) Then 

Begin 

Size[I] : = 'Select " , 
Select: = SUCC(Select) 

End; 

If (Volume[I] > = 849) and (Volume[I] < 1144) Then 

Begin 

Size[I] : = 'Extra Select '; 

Large: = SUCC(Large) 

End; 

If Volume[I] > = 1144 Then 

Begin 

Size[I] : = 'Extra Large '; 

ExLarge : = SUCC(ExLarge) 

End; 

Appendix D. System Software 136 



GotoXY(22, 10 + I);Write(Oyster_NO:5,' ',Size[I],Volume[I],' '); 

GotoXY(10,21);Write(ExSmall); 

GotoXY(25,21);\Vrite(Standard); 

Goto X Y ( 40,21); \tv rite( Select); 

GotoXY(55,21);Write(Large); 

GotoXY(70,21);Write(ExLarge); 

GotoXy(54,24) 

End; 

Image_No: = 0; 

End 

End; 

( ... ------.--------------------.--- MAIN _.------------------------------ .) 

Begin 

PO RT[STPT]: = $CO; 

PORT[STPT]: = $28; 

ClrScr; 

ExSmall : = 0; 

Standard : = 0; 

Select := 0; 

Large:= 0; 

ExLarge : = 0; 

Oyster_No: = 0; 

Image_No: = 0; 

DRA\V_BOXj 

REPEAT 

RECEIVE IMAGE; 

True_Or_False : = TRUE; 

PICTURE_DETECTOR( 1); 

If True_Of_False = TRUE Then 

Begin 

PICTURE_DETECTOR(64); 

IfTrue_Or_False = TRUE Then 

Begin 
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PICTURE_DETECTOR( 15); 

CASE True_ Of_False of 

FALSE: PIXEL_COUNTER; 

TRUE: Begin 

PICTURE_DETECTOR(30); 

End 

End 

End; 

CASE True_ Or_False of 

FALSE: PIXEL_COUNTER; 

TRUE: Begin 

PICTURE_DETECTO R( 45); 

End 

End 

IfTrue_Or_False = FALSE Then PIXEL_COUNTER; 

End 

UNTIL Key Pressed; 

End. (+ MAIN +) 
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Appendix E. System Calibration Data 

The following is the data collected for system calibration at stationary position and at four different 

motor speeds. 

Obs Stationary Motor Speed (Revolutions per Minute) Actual Area 

7.S Rl>M 10 RPM IS RPM 20 RPl\1 (mm2
) 

809 652 588 454 349 1867.63 

2 810 652 592 450 370 1867.63 

3 810 647 590 450 365 1867.63 

4 808 645 586 446 372 1867.63 

5 8ll 642 590 447 358 1867.63 

6 816 641 577 447 350 1867.63 

7 819 629 575 454 361 1867.63 

8 819 634 567 451 346 1867.63 

9 817 628 576 452 346 1867.63 

10 819 635 575 452 346 1867.63 

11 835 665 593 480 383 1881.65 

12 834 659 592 482 384 1881.65 

13 835 660 581 480 382 1881.65 

14 832 665 583 475 378 1881.65 

15 831 656 594 475 392 1881.65 

16 825 661 583 455 375 1881.65 
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17 827 653 578 460 370 1881.65 
18 829 658 590 454 358 1881.65 
19 828 651 585 462 368 1881.65 
20 827 652 584 451 374 1881.65 
21 392 313 285 218 157 1020.08 
22 392 314 286 212 156 1020.08 
23 392 312 279 218 148 1020.08 
24 392 309 276 212 153 1020.08 
25 392 324 284 212 153 1020.08 
26 393 312 261 208 131 1020.08 
27 394 307 263 192 123 1020.08 
28 392 304 272 194 122 1020.08 
29 395 305 262 181 136 1020.08 
30 396 310 263 191 129 1020.08 
31 674 521 496 390 312 1554.22 
32 674 515 491 376 302 1554.22 
33 672 519 482 380 303 1554.22 
34 671 514 489 384 306 1554.22 
35 673 520 487 374 298 1554.22 

36 666 524 480 364 286 1554.22 

37 664 518 473 357 293 1554.22 
38 667 521 470 362 290 1554.22 

39 666 523 470 354 285 1554.22 
40 667 528 473 362 290 1554.22 
41 734 587 537 410 338 1700.50 

42 736 591 533 416 329 1700.50 

43 735 581 522 407 328 1700.50 
44 734 594 528 408 324 1700.50 

45 736 586 538 409 330 1700.50 
46 736 577 518 394 309 1700.50 
47 735 579 522 388 312 1700.50 
48 737 574 520 390 325 1700.50 

49 738 578 519 392 311 1700.50 
50 735 576 523 392 318 1700.50 
51 990 781 707 537 455 2228.43 

52 989 785 699 545 451 2228.43 

53 990 775 695 557 469 2228.43 
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54 990 776 694 555 452 2228.43 
55 990 777 688 553 452 2228.43 
56 1002 773 706 538 446 2228.43 
57 1004 768 693 540 436 2228.43 
58 1004 778 699 524 444 2228.43 
59 1002 774 689 542 435 2228.43 
60 1004 769 688 540 439 2228.43 
61 380 294 256 186 124 945.83 
62 376 290 259 189 119 945.83 
63 377 295 259 187 125 945.83 
64 377 290 255 172 117 945.83 
65 374 292 257 178 119 945.83 
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Appendix F. Cross Validation Data 

The following is the cross validation data for the calibrated area-pixel equation at motor speed of 

15 RPM. 

lVIetal Target Pixels Actual Area Predicted Area 

no. mm2 mm1 

1 476 1867.63 1951.65 

483 1867.63 1975.84 

481 1867.63 1968.93 

483 1867.63 1975.84 

487 1867.63 1989.66 

483 1867.63 1975.84 

484 1867.63 1979.30 

482 1867.63 1972.39 

484 1867.63 1979.30 

481 1867.63 1968.93 

2 475 1881.65 1948.20 

484 1881.65 1979.30 

488 1881.65 1993.12 

488 1881.65 1993.l2 

490 1881.65 2000.03 

480 1881.65 1965.47 

491 1881.65 2003.49 

477 1881.65 1955.11 
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497 1881.65 2024.22 

485 1881.65 1982.75 

3 218 1020.08 1060.11 

224 1020.08 1080.84 

219 1020.08 1063.56 

223 1020.08 1077.38 

227 1020.08 1091.21 

219 1020.08 1063.56 

218 1020.08 1060.11 

219 1020.08 1063.56 

226 1020.08 1087.75 

219 1020.08 1063.56 

4 396 1554.22 1675.20 

402 1554.22 1695.94 

402 1554.22 1695.94 

395 1554.22 1671.75 

408 1554.22 1716.67 

402 1554.22 1695.94 

404 1554.22 1702.85 

404 1554.22 1702.85 

406 1554.22 1709.76 

400 1554.22 1689.03 

5 419 1700.50 1754.68 

425 1700.50 1775.42 

431 1700.50 1796.15 

416 1700.50 1744.32 

438 1700.50 1820.34 

417 1700.50 1747.77 

431 1700.50 1796.15 

426 1700.50 1778.87 

428 1700.50 1785.78 

419 1700.50 1754.68 
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Appendix G. Calibration Data with 6.5 mm Lens 

The following is the data collected for digital camera with 6.5 mm C-mount Lens. 

Obs Actual Area Pixels 

(mm2) 

3825.36 1762 

2 1881.65 855 

3 1881.65 840 

4 1881.65 840 

5 1010.75 427 

6 1010.75 427 

7 1010.75 428 

8 1010.75 428 

9 1096.41 449 

10 1096.41 455 

11 1096.41 462 

12 1096.41 450 

13 1704.08 733 

14 1704.08 748 

15 1704.08 751 

16 782.83 291 

17 782.83 275 

18 458.06 171 

19 458.06 171 

Appendix G. Calibration Data with 6.S mm Lens 144 



Vita 

The author, Teck Wah Awa, son of Sing Awa and Sun Ying, was born in Seremban, Negeri 

Sembilan, Malaysia, on September 23, 1962. He received his Malaysia Certificate of Education in 

December 1979. The author went to Canada in January of 1980. He attended Park Avenue 

Academy, Toronto, Ontario, Canada and completed his Ontario Secondary School Honour Grad

uation Diploma in Summer 1980. He then enrolled to University of Guelph, Guelph, Ontario, 

Canada and received his Bachelor of Science Degree in Agricultural Engineering in Spring 1985. 

In Fall 1986 he enrolled at Virginia Polytechnic Institute and State University as a graduate student 

in Agricultural Engineering Departlnent. 

Vita 145 


