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ABSTRACT

The commercial forest industry in British Columbié, along with the Ministry of Férests and
private nurseries, produce over two hundre& mllllon ;oﬁt;ineﬁzed tree seedlings annually. At
harvest, these seedlings are lifted out of their growing container and graded to remoVe
inferior stock based on their diménsions and appearance. Manual grading is a labor-intensive
and costly operation. The work is subjective‘ and susceptible to human error. Advances in thé
capability and a parallel decline in cost of machine vision hardware have spurred interest in

automated grading as an alternative.

A PC-based machine vision and handling system providing rapid measurement | of
containerized seedling morphological features has been developed in this research. The
system, which employs a novel design of line;scan imaging using fiber optics in éonjunctioh
with structured backlight, addresses the production needs of commercial forest nurseries. The
rﬁultiple pfoceésing approach of simultaneously scanning an entire row of 14 seedlings
satisfies the time constraint of 8 séconds to measure the stem diameter and shoot height of all
seedlings based on their high contrast images projected onto the optical fiber sensors. Thé

system has a high transverse resolution equal to the 0.25 mm diameter of the optical ﬁbérs for

precise measurement of stem diameter.

Designed for on-line inspection, the system also provides a multi-functional, menu-driven
graphical user interface. The interface offers a convenient and interactive means to control the

scanning operation and adapt to various grading criteria. In addition, it supports different
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scanning and display capabilvities, and produces simple statistics for each measured feature

which would be valuable for quality control and quality improvement purposes.

Tests were conducted to evaluate the performance of the system using different seedling
samples and a test object of known size répresenting a seedling. Average classification error
of tree seedlings was found to be 9%. The accuracy of diameter measurement had a low
standard deviation of 0.12 mm. The speed of scanmng deﬁended upon the desired accuracy of

the length measurement. At a belt speed of 4 cm/s, the accuracy of length measurement was

found to be 0.6 cm with a correspbnding seedling throughput of 1.75 seedlings per second.
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Chapter One

1. INTRODUCTION

1.1 Motivation

Reforestation is the key to the ecosystem and promises renewable supplies of lumber aﬁd
paper products. Compared to a decade ag; ;rll;r;tAI»lénn.ciouble the number of seedlings are
planted in thé province of British Columbia to replace trees that have been harvested,
destroyed by fire or damaged by bests as the‘ demand fof forest renewal continuously rises.
Last year more than 200 million seedlings were planted in British Columbia and container-
grown seedlings constitute over 90% of the figure [2]. With a higher survival rate than that
of bare root seedlings, the trends of reforesta_tioh in the foreseeable fuﬁne will go towards
the production of containerized seedlings [20]. Containerized seedlings are grown in
modular styrofoam blocks which contain a number of cells arranged in a regular pattern.
Depending on the species and age stock types, the number of cells in the block varies. A
typic_al sizeis 14 X 8 horizohtal and vertical Cells"fesp'e'(:tively, and each cell is planted with
a single seedling (Fig. 1-1 & 1-2). Once the seedlings are large enough to be planted, they
are extracted from the blocks, graded to remove inferior stocks and bundled for shjpping.
Manual grading is a labor intensive process and is susceptible to human errors induced by

long operating hours. Cost of labor could range to a substantial level of the total production

costs. As well, it is not practical for the workers to grade more than two classes and record
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statistical throughput because of so many different grading standards for different species
and different stocks. With all of these shortfalls and the advances in the capability of

machine vision hardware, it has opened the way to make automation possible and attractive.

Figure 1-1 : Styrofoam blocks

Figure 1-2 : Containerized seedlings

A study was conducted in a private local nursery to examine the feasibility of developing a
fully integrated automated system for seedling lifting against the manual operation at
production-line rates. The lifting process consists of three major phases, namely, extraction,

grading and bundling. It was found that in the past few years, there have been several
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previous automation efforts made on each phase that have yielded reasonable results in a

- few local nurseries. However, when it comes to solving the problem as a whole, so far the

result has been unsatisfactory. This is mainly due to the lack of coordination between
mechanical components of different phases and/or the results are not cost effective for the
expected quality standards. The process of each component should be synchronized with

each other and the methodology of how the seedlings are handled, transported, and graded

through the system play a vital role in solving the entire problem.

1.2 Thesis Objectives

The primarily goal of the research described in this thesis has been fo develop an automated
grading and sorting system for containerized seedlinés with the use of machine vision in. a
commercial nursery environment. In the design éf the system, accuracy of the measmement
and system throughput are the main concerns: The adaptation and coordination with all
packaging tasks, like the automated row extraction machine that is widely used in,many
nurseries in the province, should also be investigated. The following specific objectives

were pursued to accomplish the goal:
(1) To study the general lifting operation in a nursery.

(2) To conduct a review of technology that has been used in the past in relation to seedling

handling and grading, and the capabilities and limitations of thé technology.
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(3) To design and construct a prototype which could simplify the seedling morphological
measurements while achieving a tight accuracy of 0.1 mm in the transverse direction

and 1 cm in the longitudinal direction.

(4) To develop and implement a machine vision system and algorithm for seedling grading
' based on the on-line measurement, and a user interface for the system prototype to

_ control the process and be able to adjust for different grading standards.

(5) To evaluate the performance of the implementation in terms of measurement accuracy,

reliability and speed.

1.3 Thesis Overview

The thesis has seven chapters. Chapter 2 begins with a general background of the nursery
undér study. This includes an overview of the manual lifting operation and a discussion of
the early attempts on automation. Chapter 3 ponsists of a literature review of seedling.
handling and sorting techniques, and the use of machine vision to grade bare root seedlings,
both for quality control sﬁnipling and for on-line inspection. In Chqpter 4, tﬁe fundamental
concepts of machine vision are reviewed, iﬂcluding the five basic processes which are
applicable to the design of the vision system used in tﬁe prototype. The main part of this
thesis, which is the proto&pe design and development, is presented in Chapter 5. In this

chapter, the discussion of the equipment used for constructing the prototype and the

description of various functions of the scanning program are given. Chapter 6 is devoted to



Chapter 1 : Introduction ‘ 5

the calibration and evaluation of the machine vision system. The performance of the system

was evaluated in terms of object classification, measurement accuracy of the stem diameter

~ and shoot- height, speed of scanning, as well as the measurement repeatébility. Lasﬂy,

Chapter 7 serves as a'éoncluding chapter of the entire thesis in which the contribution of the

research and the recommendations for future work are addressed.
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2. THE NURSERY BACKGROUND

2.1 Chapter Overview

Here in British Columbia, different containerized nurseries eithe; perform the common
procedures of manual lifting or exploit mechanization in various levels in conjunction with
manual work. None of them has yet achieved total automation in the entire production line.
This chapter presents an overview of the basic manual lifting operation and previoﬁs
automation efforts made in a private local nursery, Pelton Reforestation. It is one of the
largest containerized seedling producers amohg all other players in the province. This study
is essential because it ;serves as a cornerstone of problém formulation as well as a reference

to the machine vision system proposed and described in this thesis.

2.2 Early Lifting Operation

Each year Pelton Reforestation produces 60 miilion seedlings. Intérior spruce, Lodgepole
pine and Douglas-ﬁr are the three major species. In the nursery, 70% of the total production
is one-year-old stock (1+0) and 30% is two-year-old stock (2+0) (the 0 means “old”). At
harvesting, blocks of seedlings are delivered from the field to the graders in the paiqking

shed which basically consists of several conveyor belts (Fig. 2-1). Graders standing along

either side of the conveyor load one block at a time in front of them and extract and grade




Chapter 2 : The Nursery Background 7

the seedlings at the same time. The way graders extract the seedlings is to grasp the root
collar of the seedlings and forcibly pull them out of the container. Since the seedlings are
often not easily removed without damaging the roots, it usually requires using a “block

shaker” to loosen the plugs prior to the delivery to graders at the belt.

Grader
Grader

Grader
Grader

Grader
Grader

Wrapper

Packer

Figure 2-1 : Early lifting setup

The graders sort the seedlings into classes of acceptable and cull (unacceptable) according
to several morphological characteristics: root collar diameter, shoot height (distance
between the seedling top and the root collar) and the plug integrity. The measurement is
done to the nearest 1 mm for the root collar diameter and 1 cm for the shoot height by using

a meter stick. The graders reject the cull and place the acceptable seedlings in groups of 15
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to 20 onto the conveyor passing to the bundling (or wrapping) phase. An experienced grader
can normally grade as many as 25,000 seedlings per day of 7 to 7 % hours (close to one
seedling per second), while a beginner starts at 8,000 seedlings per day for the same task.

However, the job is very monotonous and prone to human error.

A commercial polystyrene film wrapper is placed at the end of every conveyor belt. It is
used to wrap the grouped seedlings into a bundle to facilitate shipping planting, retain plug
moisture and assist planters (Fig. 2-2). Usually only one worker is required in this phase and
another worker helps in packing the bundles into boxes which will be shipped to the
customers. A typical bundling station consists of a roller to dispense the film; a platform to

wrap the seedling; and a hot wire to cut the plastic wrap.

Figure 2-2 : Manual wrapping
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2.3 Previous Attempts on Automation

Due to the uniformity and inherently separated nature of containerized seedlings, it is
possible to exploit automation as an alternative to manual operation. A machine which is
used for extracting seedlings from a block was designed by a company in Washington State

(Danzco) and is currently adapted for use in the nursery (Fig. 2-3).

(a) Front view

(b) Side view

Figure 2-3 : Extraction machine

The extractor requires an operator feeding one block at a time vertically from the side. Two

pneumatic linear actuators controlled by a programmable logic controller (PLC) are used to
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synchronize the extractor motion. The horizontal actuator, which attaches to a changeable
row of pins, pushes the bottom row of seedlings from the back of the block. Once the entire
row is out of the block, the horizontal actuator retracts and the vertical actuator pushes the
block downward to access the next row of seedlings. The process then iterates until the top
row of seedlings is removed. So far the performance of the extractor has been quite
satisfactory without causing too much damage to the plugs. The time between extraction of

rows is about 8 seconds.

In conjunction with the extractor, there was an attempt to automate the entire lifting
operation by using a seedling processing system developed by B.C. Ministry of Forests. The
seedling processing system comprised a singulation belt, a vision grader, a bundler and a

mechanical wrapper (Fig. 2-4).

- Extractor
Vision system

Flipping plate

Semi-automatic
wrapping system

Bundler

Figure 2-4 : Seedling processing system developed by the
MOF
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Figure 2-5 : Singulation belt

As shown in Fig. 2-5, a row of seedlings dropped onto a black grading conveyor after being
extracted from the block container. A vertical singulation belt and an alignment chain
attached to a series of trays were used to separate the seedlings about 2 to 3 inches apart
before passing underneath a black-and-white camera which captured the entire image of
each individual seedling. The images were digitized and processed by a PC-based frame
grabber board. The board offered a resolution array of 510 X 480 horizontal and vertical
lines, respectively. A solid-state monitor was also used to display images. However, the
singulation mechanism often failed to work properly causing seedlings in the trays to cross
one another and lose their orientation in the alignment chain. Due to this mechanical
problem, the vision system could not grade the seedling correctly and achieve the full
inspection rate of 3 to 4 seedlings per second. A nursery worker had to stand beside the
machine to correct the orientation and singulation. It was also found that the worker had to
frequently clean the buildup of soil on the alignment chain to avoid jamming. The other

problem with the system was that the seedlings could not assemble nicely after dropping
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down to the bundler. The count of the seedlings in the bundle was triggered by two sensors
mounted on the sides of the end of the conveyor. As soon as the required number of
seedlings were attained, a flipping plate was dropped to block the seedlings from falling
down to the same bundler while a new bundler was indexed for the next group of seedlings.

At the time when a new bundler was ready, the flipping plate was lifted up again.

Apart from the aforementioned equipment, a line-scan based vision system had also been
tested in the nursery (Fig. 2-6). The line scanner, which graded seedlings lengthwise as they
passed between a line of photo-detectors and a backlight, was developed by a B.C. company
(Byronix). High contrast silhouette images were obtained in this case. The grading rate of
the scanner depended upon the average length of the seedlings. An actuator located at the
lower end of the belt rejected seedlings which did not meet the grading specifications.
Generally the system was quite reliable, but the shortcoming was that the grading rate for
this configuration is too limited and required the design of a new parallel transporting

module in order to implement it in a production line.

Figure 2-6 : Line-scan module
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Chapter Three

3. REVIEW OF PREVIOUS RESEARCH

3.1 Chapter Overview

While the majority of nurseries in British ééh#nbia grow containerized seedlings, planting
bare root seedlings is most common in nurseries in the United States, particularly in the
southern regions Where most of the active research on nursery mechanization takes place.
Reflected in the number of studies found in the past decade, there has been a growing
interest in the mechanization of the nursery lifting operation, especially in the field of bare
root pine seedlings which are grown directly in soil. Seedling morphological properties such
as root collar diameter, shoot height, projected root area and root/shoot ratio have been
shown to affect seedling survival and growth [14]. These characteristics have a direct
impact on the nursery production practices and hence the ease of the forest regeneration

effort.

Precise handling and accurate measurement of morphological properties of tree seedlings
have always been tightly linked t(; each other and are also very time-consuming and delicate
processes if performed by hand. In order to gain a better understanding of how to devise an
“efficient scheme for automatic grading, it is helpful to first study the seedling handling and

sorting methods reported via previous research. The term “handling” in the current context

implies proper separation of seedlings, particularly prior to the sorting or grading process.
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The term “sorting” implies the ability of partitioning into classes of accep;able and cull,
whereas grading means the ability of partitioning into multiple classes. In the first part of
this chapter, several handling and sorting technologies related to bare root tree seedlings are
discussed. These applications are selected because the idea could be ektended to

containerized seedlings where no work has been previously done.

The second part of the chapter is devoted entirely to fnachine vision for grading bare root
seedlings. In general, grading of bare root seedlings is a more challenging task than that of
containerized seedlings due to the nature o_f roét formation. A machine vision system
designed to grade bare root seedlings could easily be modified to grade containerized
seedlings as well. Additionally, through the review of different techniques used in .machine.
vision, we hope to gain more insight into désigning a fobust machine vision system targeted

at container grown seedlings.

3.2 Seedling Handling and Sorting

One of the pioneering dévelopments regarding handling and sorting applied to bare root
seedlings was an automatic plant selector by Maw and Suggs [17] as shown in Fig. 3-1. It
employed a precision seeding and taping syStem [11] to load uniformly. spaced seédlings 6n
Mylar or plastic tape and roll the tape and seedlingé all together into a bundle prior to
introduction of a sorting machine. Seedlings were classified as good or cull on the basis ofa
length measurement made by a line of photo-transistors when a seedling intersected light

directed onto it. A digital comparator circuit was designed to handle plants being presented
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to the detector on a continuous flow basis. Cull seedlings were ‘destyoyed by a guillotine
knife. The success of the detector depended largely upon the shadow crispness projected
over a certain number of photo-transistors. A .seedling with a close canopy was more
consistently detected with accurady than one with spreading leaves. The results indicated
the difficulty involved in obtaining a correct length measurement in a continuous prodﬁction

Process.

" TUBE LAMP INSIDE TOP DRUM

g\omecnon /

PLEXIGLASS DRUMS
T~ FOCUSED LENS LAMPS -
GUILLOTINE KNIFE

PHOTOTRANSISTORS [

“EXECUTION PHOTOTRANSISTOR
L COMPUTATION PHOTOTRANSISTOR .

, __-DESTROYED PLANTS
v

-
I
T

Figure 3-1 : Sketch of the design proposed by Maw [17]

Ardalan and Hassan [3] compared a similar optical detection systerﬁ with a fnechanical
linear displacement device to measure singulated bare root pine seedlings loaded onto
plastic tape. The plant selection in the study was on the basis of stem diameter rather than
height. Again, both de_signs were incorpqrated into }_the coritingous ﬂqw operation. The
mechanical displacement detection system made use of a linear vertical potentiometer

attached to a roller (Fig. 3-2). As the tape loaded with seedlings was forced up the roller, a
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voltage proportional to the seedling diameter was generated rcgardless of the feéding
speeds. However; the linear displacement system requires direct contact with the object
being measured and could be a hazard to the seedling, particularly when running at low
speed where seedling bending would occur. For the optical system, which was sensitive to
speed variations, infraréd modulated light was used ‘so as to eliminate the interference of
daylight. They found that‘detection was somewhat sensitive to the speed of feeding
seedlings to the detector. 55 % of the seealings were found to be measured within 0.1 mm
of a specified diameter when fed to the detector at speeds between 15 and 26.3 cm per
second. The sorting rate was approximately 3 seedlings per second, which was too slow for

the replacement of manual sorting.

Direction of Seedling Motion
————

Diameter --~>] ie—w«

Figure 3-2 : Linear displacement device for measuring
seedling diameter
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Graham and Rohfbach [10] developed ana tested a mechanical seedling singulétor to
remove single bare root pine seedlings from a bundle. Providing about 65% singulation
success rate, the system made use of a wedge shaped vacuum and a rotating triangular '
seedling hopper (Fig. 3-3). The vacuum nozzle was designed to catch only one seedling by
_ sucking it into the wedge where it would block the nozzle orifice. The seedling hopper
rotated one third revolution for each seedling selection to prevent root entdnglement. The
developers determined that with two singulators working independently, a single seedling
would be available for planting 95% of the time. Such an apparatus could be useful to

singulate seedlings before the automatic grading process.

ROTATING TRIANGULAR ' Q ‘
SEEDLING HOPPER

{CROSS - SECTION)}

CROSS - SECTIONAL.
“END VIEW .

NOZZLE TRAVEL .

\\\ NN
14
:

’ END € VACUUM WEDGE UP AND DOWN
e NOZZLE — VACUUM WEDGE

Figure 3-3 : The rotating seedling hopper with the vacuum
wedge nozzle
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3.3 Machine Vision Application

The need for faster recording and accurate measurement of scgdling attributes has long been
recognized as an important aspect in au£omating the grading process. Considerable research
has been conducted on the application of computer v_isiqn for inspection of fruit and
. vegetables, but to a much lesser extent for the coniférqus industry. One early example
applied to coniferous plants was a digital device for nrleasulri'ng and récqrdihg of stem
diameter, sh§0t height, and root mass areé index of tree séedlings developed by Buckley [5].
The device used potentiometric traﬁsducers to --méasure diameter apd height, and a moving
linear 1024 element phdtodetéctor to measure root mass area ihdex orfsilhoue“rte area, The
deyice reqﬁired an operator to open thé ar‘ea.'sensor cover, place the root collar of a seedling
in the étem transducer,r close the area seﬁéor cover, pos'ition. the height ﬁansducer, aﬁd press
a button to initiafe the area ﬁléas_ﬁrement. The mechanism of the device was similar fo that |
.of the present day photocopiers except that it used backlighting. This apparatus was an
improvement over manual méaéureméni t‘echnjqués and | achvivevéd‘ high measurement -

accuracy. However, it is not suitable for grading large quantities of seedlings.

Suh and Mileé [31] us§d a machine vision system‘ins',tallled on an-IBM-AT ’microcomputer
networked to a. Sun workstétion to mé?sure" ‘mc;fphological properties of loblolly pihe
~ seedlings. Backlighting, whic_h provides a sharp coﬁtrést irhage and is ideal for dimensional
measurements, Was used to simplify th¢ image ana}ysis._ Images were first ta.l‘(enA using an
RCA CMR-300 caméorder with a zoom :lens, stored on tapés, and then digitized by a Daté

Translation (DT) 2851 frame Agrabber "(48(_) X 512 resolution) with an auxiliary frame
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-processor (Data Translation DT-2858). They used marleers and template techniques to
locate seedling root collars and terminal buds. Approximately 40 seconds were required for
i‘neasuring and recording the data of each seedling with the system. However, the study
demonstrated that machine vision and image processing can be used in a commercial
production situation to grade seedlings into classes with high measurement accuracy. An |
average relative error of 0.4 mm for measurement of root collar diameter, aﬁd 4.5 mm for

measurement of shoot height were reported in the study.

Similar in concept, Wilhoit and Kutz [32, 33] developed a machine 'vision systerh to
measure bare root pine seedlings for quality control sampling. The system utilized ltwo
Watec 801N CCD cameras _attached to a DT-2861 image multiplexer board and DT-2853
480 X 512 digitizer board to focus on different seedling parts to obtain maximum
resolution. .Again, it used fluorescent backiighti_ng to create seedling _silhoueﬁe for image
analysis. To correct differences in lighting cenditi_ons, they used an adaptive thresholding
technique [27]. Because Wilhoit’s study emphasized quality control analysis ‘other than on-
line grading, the processing rate was expected to be slower. In fact, it took about 14 seconds

to process a seedling in the study.

Rigney and Kranzler [22] assembled an inspection system for grading pine seedlings on-
line. The seedling classification as acceptable or cull was based on minimum criteria for
stem diameter, shoot height, and projected root area. An International Robomation

Intelligence (IRI) D256 machine vision development system was used with an image

resolution of 256 X 240 pixels. Two Hitachi KP-120U black and white television cameras
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were mounted above a conveyor belt painted in matte black. One camera measured the
entire seedling with 2.0 mm resolution and the other focused on the root collar area with 0.5
mm resolution. A synchronized strobe xenon flash under fluorescent r(;om lighting‘ was
used to freeze a singulated seedling as it traveled underneath the two cameras. To obtain an
accurate measure of the stem diameter, they investigated several techniques guch as binary

thresholding, gradient edge detection, Laplacian edge detection, and a moments technique.

A method employing a modified 3 X 3 Laplaciah vertical edge detector, with a fast

measurement time of 0.035 second for convolving'with the root collar zoné, was used in the
study. The algorithm, written in C, was reported to be capable of grading between two [23]’
to four [21, 22] seedlings per second, and correcting for variations in seedling orientation
and lateral position of up to * 30 degrees and + 6 cm, respectively. A nursery worker was
required to manually separate the seedlings and place them on the conveyor belt befofe the

grading process.

The overall inspection rate would depend upon the rate at which the worker could singulate
the seedlings (in which case 4 seedlings per second is difficult to achieve). Nevertheless, in
view of mechanizing the complete inspection process, the task of automated singulation is

not easy which has been shown in [10]. .

To increase measurement precision and overall inspection rate, Rigney and Kranzler [24]
considered the design of a line-scan based machine vision system. They realized the concept

in their later works [25, 26] by building two prototypes, each using a single line-scan camera

in combination with backlighting. Their first prototype, which made used of a linear 1024-
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pixel czimera (EG&G Reticon, 1902), was installed on a 33MHz VME bus-based computer
system equipped with a DataCube (Max-Scan) multifunction digitizer board and a (Max—
Graph) graphics board. The digitizing board provided camera timing, image digitization,
thresholding and run-length encoding, and the graphics board supported display onv an

image monitor. The prototype could produce a grading rate of as high as 10 seedlings‘ per

‘second for 1+0 seedlings with a spatial resolution of 1 mm longitudinally and 0.1 mm

laterally. Results of their study also showed that machine vision measurements had a

standard deviation of approximately one-third those of manual measurement. This, again,
proved that machine vision could comfortably outperform manual measurement, not only in

terms of accuracy, but also of speed.

Based on a similar idea, their second prototype10nly differed from the first one in terms of
the platform and camera resolution. With the use of a 2048-pixel line-scan camera (EG&G
Reticon, LC1912) and a DT-2856 digitizer card housed in a 50MHz 486DX PC, they
achieved a higher transverse resolution of 0.05 mm. Another improvement of the system
was an interactive user interface through which an oberator could modify the éetpoints of
the measurement as well as observe the graphical results in real time. However, because of
the overhead of graphics display, the inspectidn rate dropped down to about 3 seédlings per

second.

One limitation of Rigney and Kranzler’s work is that their systems (both 2-camera
configuration and line-scan conﬁguration) could only perform grading in a one-by-one

seedling basis, i.e. only one seedling appearing within the camera field of view at a time.
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Chapter Four

4. DESIGN OF A MACHINE VISION PROCESS

4.1 Chapter Overview -

Machine vision, also referred to as computer vision, has been described as “the integration
of image sensors with digital computers to obtain useful information™ [24]. If p_roperly
applied, machine vision can dramatically reduce production costs and improve product
quality by enabling accurateA and inexpensive 100% inspection of the products. In order to
better understand how machine vision works, it is necessary to understand the processes or
the elements of which a machine vision éystém is coﬁpﬁsed. Therefore, the objective of
this chapter is to present an overview of the five basic processes of machine vision in
relation to the system developed in this thesis. The five processes are (1) illﬁmination, )]
image acquisition, (3) image segmentation, (4) feature extraction, and (5) image

interpretation.

4.2 Illumination

The formation of an image begins with the generation of light reflected from the object
being observed. The quality of the image can be greatly affected by certain fundamental
characteristics of the illumination source, such as the wavelength of the source and the

orientation of the source with respect to the object. Suitable illumination not only can
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increase image quality but also facilitate inspection, avoiding the need for complex image
processing algorithms. Research has shown the importance of illumination techniques

associated with different conveying methods in produce inspection [1].

Different scene illumination techniques are useful in the acquisition of different object
features (Fig. 4-1). When certain key surface features must be studied, such as texture and
label on a container, diffuse front lighting is desirable. It floods the area of interest with

' light such that the surface characteristics will act as the defining features in the image and is

particularly useful for working in gray scale. In contrast, backlighting provides high contrast

silhouette images, useful in locating image boundaries for dimensional measuremcnt'or
recognition of object presénce. To detect surface defects, both dark and light fields of
specular illumination can be used. In the dark field specular ill'uxﬁination, as light striking a:
specular of mirror surface reflects off at an ahgle that is equal-and opposite to the incident
fay, the only illumination going to thé sensor is the redirected light rays caused by the
defecté or scratches. As a result, defects shogv up as bright spots in a dark field in the image.
The light field illumination uses the same principle except that the ‘image sensor is
positioned in line with.the reflected ray. Tﬁé on}y ti;ne illuminétidn ‘i_s.no_t transmitted is
when deformity‘ of the specular surface exists which shows up as dark spots in a‘.‘ light ﬁeid

in the image.
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Figure 4-1 : Different illumination techniques
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Another commonly employed illumination technique used in machine vision is strobe
lighting. It is useful when it is desired to freeze the apparent motion of moving objects.
Strobe lighting is provided by a short puléé of a Iﬁgﬁ-intensity l1ght éoﬁrce, like a xenon
flash; but close attention must be paid to both the duration of the flash and . the

synchronization with the image sensor during the presence of the object.

In a broad sense, structured light is the use of illumination of the object with a special
pattern or grid. Depending on the shape of the surface feature, the intersection of the object
and the projected illumination results in a unjciue pattern which can be used to determine the
ﬁee-dimensional shape and orientation of the object. One example of structured light
application is the use of a laser line projected on an object to measure its depth through

triangulation.

Another consideration in proper image illumination is the choice of the light source. The
source of light should be chosen in a 'way that its output/wavelength matches .the
sensitivity/wavelength of the image sensor [4]. For example, flash tubes are considered to
be inefficient when used with solid state sensors because most of the output has a short
wavelength, whereas the sensors are sensitive in the higher wavelength range (400 - 1100
nm). Fig. 4-2 shows the spectral distribution of some common illuminators used in machine

vision. Moreover, if the images are to be processed in color, the colors of interest can be

detected only when the appropriate wavelengths exist in the illuminators.
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Figure 4-2 : Spectral emission of some common
illuminators used in machine vision (Source: EG & G
Reticon 95/96 Image sensing manual)

Note that the above mentioned illumination techniques and light sources are not meant to be

inclusive. They are just a few of the common types used in machine vision systems.

4.3 Image Acquisition

Once the scene has been properly arranged, an imaging device is needed to create the two-
dimensional representation for further processing and interpretation. An imaging device is a
sensor which collects light from a scene (typically through a lens) and then converts the

light into an electrical signal through the use of some type of photosensitive target. There

are two basic types of imaging device for use in the machine vision industry: tube sensors
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and solid state sensors. Tube type (vidicon) cameras were commonly used in the early
vision industry but were later reblaced by solid state cameras because of several impottant
advantages. In addition to being smaller than vidicon cameras, s(v)lid' state cameras are also
more rugged and tolerant of intense illumination and magnetic fields. Their performanqe is
not degraded by geometric distortion énd lag. Image lag appearé as a ghost of a b‘n’ght'obj‘ect

after it has moved, and results from electric charge remaining on the sensor after the scan.

The most common type of sensors used in solid state cameras is the charge-coupled device
(CCD). These sensors can be fabricated in different geometric configurations, such as
linear, matrix and rectangular. When light passing through the .camera lens strikes thé array,
each photosensitive element converts the pot'tion of light falling onto it into an énalog
electric signal. The entire image is thus broken into arrays of individual picture elements
(pixels). The magnitude of the analogvvoltag'e for eacfl pixel is direétly proportional to the
average of the light intensity variation Zover the area of the pixel. CCD arrays differ from
others sensor types, like CID (charge-injected device), primarily in how voltage is extracted

from the sensors.

Typical matrix array solid state cameras have 1024 X 1024 photosensitive elements,v
although a number of other configurations, such as 256 VX 256,512 X 512, 2048 X 2048 are
also readily available. The output from ‘matrix cameras may or may not be compatible with
commercial TV standards (RS-170) to ac.commodate a more flexible frame rate. Linear
array or line scan solid state cameras may have from 256 to 4096 or rhote (8000 under

development) elements. A complete two-dimensional scene can be acquired by a matrix
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camera with a single exposure. For a line scan camera to acquire the same image, it must be

positioned in relation to the scene and then the camera must be moved past the scene, or the

scene moved past’ the camera. However, the use of a line scan camera facilitates many types
of applications, such as inspection of a part traveling on a conveyor or mechanical scanning
device using a rotating mirror which requires the object to be arialyzed on a line-by-line

basis.

. In addition, there are two main reasons to consider using line scan cameras : resolution and

speed. Generally, resolution means either greater field-of-view or greater accuracy in
measurement. Resolution is basically the number of pixels in a line. Matrix cameras

nowadays offer high resolution (2048 X 2048 elements); but their use may not be justified

due to the higher cost (large total number‘(')f sensing elements and the up-to-date

technology). On the other hand, line scan cameras having 4096 pixels are not u_ﬁcommon.
One line scan camera can be used instead of two matrix cameras for the required horizontal
resolution. When the exposure‘titlne. (or integrafion time in electronic equivalent term) of the

line scan camera is well adjusted with the velbcity of the inspection belt, reasonably high

vertical resolution can also be acquired. In terms of speed, line-scan cameras generally have

a higher pixel output rate thap a rhatrix camera. Image data can be processed line-by-line, as
opposed to acquisition of an eﬁtire frame rate. before précessing on cdnvehtional systéms. In
other words, the image data in the line-scan camera is always ready for process'ing. In
contrast to a matrix camera, extra care should be taken 6n the .proper triggering of .t.he image

capture.
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The output of the camera USually results in a series ‘of voltage levels representing light
intensities over the area of the image. Tlﬁs preliminary analog yideo must be convertéd intc;
digital format before it can bev stored or pfocessed in the computer. This is usually
aéco_mplished through some sort of plug-in interface boarci. The range of iﬁterfaée board
could vary from a simple A/D converter to a full scgle image processing system depending
upon the complexity of the image operation. A typical low-end commercial frame gfabber
contains features like : signal digitizer, loék up table,ﬂ fast stéfagé buffér, dispiay support,
extémal trigger and some basic image manipulatibn routines such as image subtraction and
file type conversion. Although there exists such a .variety of ﬁJnctionality, all interface
boards pefform the basic transformation 01f .Pi_xfl mten51ty into discrete gray level of 8 to 24

bits long.

4.4 Image Segnientation

The third general step in the vision sensing process is to distinguish the subject from the
background. For the simplest case, an object may Be adequately segmented from its
ba_\ckground with proper illuminétioﬁ. Wifh the use of backlightihg, an 6bject appears as a
silhouette on a white background. Typically the ‘imaging device might producé a gray sgale
image like the one as shown in Fig. 4-3 with its corresponding gray scale histogram which,
basically, is a plot of the frequency distribution of the gray levels in the image (Fig. 4-4). In

the case here, the histogram of the backlit object contains a group. of pixels predominately in

the dark area (the object) and a group of pixels in the predominately light area (the
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background). Such a distribution is bimodal. An optimal binary segmented image can be
obtained by thresholding the image at a gray level between the two peaks. All pixels darker
than or equal to the threshold are mapped to black and all pixels lighter than the threshold
are mapped to white. An appropriate choice of thresholding value could have a significant
effect on the image segmentation and thus the shape and size of the object in the binary

image.

Figure 4-3 : 256 gray-scale image of a seedling
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Figure 4-4 : A bimodal gray level histogram
4.5 Feature Extraction

The reason that machine vision systems érs being increasingly employed in automation
processes is that typical parts from the object being examined tend to have distinct shapes or
properties thaf can be recognized on the basis of very elementary features. Very often these
distinctive features are simple enough to allow identiﬁcationlof the parts or the objects, or
the corresponding position, orientation, 6r size. The process of determining these

elementary features of the image is referred to as feature extraction.

In most cases, the features selected are highly dependent upon the specific application and

the analysis technique employed in a later stage. To measure geometric properties of an

object, feature like “edges™ are usually found to be useful and the operation for extracting
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these is called “edge | enhancement”, which is typically followed by a
thresholding/segmentation process [16]. An edge is a boundary within an image where there
is a large change in light intensity between adjaceﬁt pixels. These boundaries usually
correspond to real edges in the object being examined and thus are very important for

dimensional measurement.

Edges are usually determined by using one of a number of different “edge masks” which
mathematically calculate the presence of an edge point by a weighted summation processv
(convolution). To illustrate the idea, consider an imagé of a simple dark object on a light
background having an intensity profile along a horizontal scan line of the image (Fig..4-5). It
is noted from the profile thaf an edge is modeled as a ramp, rather thaﬁ as an abrupt change
of intensity. The first derivative (the gradient) of the profile is zero in all regions of constant
intensity, and constant during the intensity tr'ansition; The.se.cond déﬁvétive (the gradient
change), on the other hand, is zero except at the start and end of an intensity transition.
Based on these observations, it is evident that the gradient magnitude can be used to detect

the presence of an edge, while the sign of the gradient change can be used to determine

whether an edge pixel lies on the light (background) or dark (object)': side of an edge.
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Figure 4-5 : Elements of edge detection : Dark object on a
light background

In a digital image, the magnitude of the gradient at any pixel is computed by convolution of
an edge mask with that pixel and its neighbors. To save computation time, the size of the

mask or “convolution kernel” is usually 3 by 3 and it is by far the most common size used in
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industrial computer vision due to the low computation requirexfieni compared to large
convolution kernels. There also exists a large number of edge masks and among the most
widely used are the Sobel, Gradient Directional and Laplacian edge enhancement operators
[16]. Sobel is computationally very efficient; Gradient Directional favors edges in a selected
direction; and the Laplacian is insensitive to edge orientation and generates sharper .edge
definition due to its second derivative nature (i.e. it detects magnitude of gradient changes).
Depending on the edge mask used, the transformed image will represent either the gradient
magnitudes or the magnitude of gradient changes. The gradient or edge-extracted irriage

may be used for dimensional measurement.

Another operation commonly used in the feature extraction proéess is called runlength
encoding which is used to compress the amount of data required to be stored. This operation
is similar to edge detection in binary images. In runlength encoding, each line of the image
is scanned and transition points from black to white or white to black are noted, along with
the number of pixels between transitions. This runlength data is then stored in mefnory

instead of the original image and serves as the starting point for later processing.

Both feature extraction operations (edge enhancement and runlength encoding) stores only
the features of the image instead of the entire image in memory, thereby substantially
reducing the amount of memory required. However, mnlength coding is much simpler to
implement for a simple image in an on-line inspection process wh;:re speed is of concern.

Convolution is always computationally expensive and its use is only justified when it is

supported in special purpose hardware.
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4.6 Image interpretation

When a system has completed the process of analyzing image features, some conclusion
must be made about the findings, such as the verification of the presence of the objecf, the
identification of the specific part in the object or the geometric. properties of the object.
Based upon these conclusions, certain decisions can then be made about the object or the
production process. These conclusions are formed by comparing the results of the analysis
with a certain set of standard criteria. In an inspection operation, the whole ‘image
interpretation process is usually incorporated into-the system through software means. The

decision made by the system may then be used as the input to other processes in the whole

production line.
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Chapter Five

5. DESIGN AND DEVELOPMENT OF THE PROTOTYPE

5.1 Chapter Overview

From the study of previous automation efforts, it can be seen that the handling problem of
how well the seedlings can be separated and orientated prior to grading is the limiting factor
in automating the whole production line. In addition, the inspection configuration plays an
essential role in efficient grading. In this chapter, a novel design of a machine vision and
handing system is introduced and the development of the prototype is discussed. This
design, which is based on line-scan imaging of fiber optics in conjunction with the use of
structured backlighting, airhs at eliminafiﬁg- the ;:bhiplicated process of separating the
seedling as well as providing reasonably high measurement accuracy and inspection rate.
The chapter first starts with the assumptions of the design, followed by the grading criteria
used in the system. Then the equipment used for the construction of the prototype is

described. Lastly, the grading algorithm and the design of the user interface are presented.

5.2 Assumptions

As was mentioned earlier, bﬁilding a proof-of-concept prototype was one of the primary

objectives of this research. It could be used to prove the concepts as well as to confirm that

mechanical and electrical parts could be integrated with the computer and vision system in
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order to simulate the operation at a reasonable rate. There were, however, several

L

assumptions made regarding this prototype.

¢ As the automated process of extracting seedlings out from the block had already existed
and had high performance in operatioﬁ, we would merely adépf the. technology; while
requiring minimum changes to be made to the existing systém configuration. As a
result, a seedling processing rate fast enough to synchronize with the extrélction rate (8 -

10 seconds per row) would benefit the overall production rate.

¢ Containerized seedlings are grown in styroblocks with various configurations of
cavities. It could range from 8 to 16 cavities per row in a styroblock. As being one of the
most popular sizes for 1+0 seedlings, the 14 seedlings per row block was used in this

study.

¢ Interior spruce is one of the major anci popular tree species used by the commercial
nursery industry in vthe province of British Columbia. Because of the morphological
differences between species of containerized seedlings, this study was limited tq'the
grading of containerized interior spruce. However, it is anticipated that the methodology

and grading algorithm developed here':éb't'llzi be Védapted to the grading of other species

of containerized seedlings.
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5.3 Seedling Grading Criteria

Morphological characteristics are used for grading most nursery stock. These characteristics
include stem diameter at the root collar, shoot hexght, robt growth and plug integrity. Stem
.diarheter and shoot height are generally given priority and were adopted as the grading
criteria for this project. Stem diameter is typically coﬁsidered more imp(;rtant. The
measurement accuracy of the stem diameter and shoot height is to be 0.1 mm and 1 cm

respectively for machine vision grading.

5.4 System Hardware

This section describes the equipment used for constructing the prototype. The main
components were a conveyor system, fiber optic strips, the camera system, a structured
backlight and a PC. Fig. 5-1 shows a picture of the prototype and Fig. 5-2 shows the

corresponding schematic (however, only 4 seedlings are shown to keep the diagram simple).
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Figure 5-1 : The prototype of the scanning system
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Figure 5-2 : Scanning system using fiber optics
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5.4.1 Conveyor System

To simulate production inspection and sorting operations, two sets of variable ‘speed
conveyors were constructed. The first conveyor, the inspection cc')nveyor,’ consisted of two
sections of conveyor belt aligned end-to-end in the same directicn of' travel. A row of 14
seedlings was placed manually on .the first section of the inspection conveyor to which the
extractor was expected to_v connect. Driven by a 12V DC gear motor with a 2A power
supply, the inspection conveyor was capable of operating at a speed between 2 to 6 cm/s.
The width of both sections were 61 cm (2 feet) and the length ot; the first and second section
were approximately 34 cm and 17 cm respectively. A setof2.5 cm rall guide-rails was used
in the first section. to separate the seedlings and to constrain their lateral movement Before
entering the inspection stage. With tops pointed 'roward the direction of travel, the seedlings
were inciividually scanned as they crossed a 1 cm gap between the two sections. Strips of
plastic fiber optic ribbons, each corresponding to the transverse field-of-view of a seedlrng, '
were used as the scanning mechanism and were sandwiched between two aluminum plates
mounted' at approximately 5.5 cm above the grip. As the seedlings passed the gap, they
intersected the structured backlight projected onto the fiber optics proportionally to their
size and shape, forming high-contrast images. These signals or images were then used for
the measurement of the seedling morpholc\gicei.fee‘lrrrres. A more deétailed description of the

scanning mechanism is provided in the coming sections. However, to provide more

stability, the inspection conveyor was made of non-slip foam.
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The second conveyor system was the sorting conveyor, running perpendicularly to the
inspection conveyor. The sorting conveyor was made up of two synchronous belt drives
with 4 timing pulleys of equal size and was powered by a 90V gear rﬁotor with a controller
to vary the speed. Synchronous belt drives eliminated the problems of noise, slippage and
lubrication because power was transmitted by posiﬁve engagement of belt teeth rather than
by friction as in conventional belt drives. Two sets of 14 seedling holders were bolted
across the belt drives directly opposite to the other and were used fof picking up the
seedlings from the end of the inspection conveyor. The motion of the sorting conveyor was
controlled in such a way that the sorting conveyor remained motionless upon the arrival of
seedlings for a short duration; then it moved to transport the row to the next stage and stop’
again when the other set of holders settled in position awaiting for the next row of
seedlings. Whenever the sorting conveyor stopped, the seedling holders were aligned with
the seedlings coming out ﬁom the inspection conveyor. For this simple “stop‘and run”
motioﬁ, a circuitry was designed to add to the motor controller to create a duration of 2-

seconds stop and 6-seconds run. Fig. 5-3 shows the circuitry and the details of design is

documented in Appendix A.
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Figure 5-3 : Motor control circuitry for the sorting conveyor

5.4.2 Fiber Optics

Fiber optics is best known for its communication applications. Nevertheless, it was used for
the application of image transmission / light guiding as part of the image acquisition process
in this project. As briefly mentioned in the previous section, 14 strips of optical fibers were
used as the linear sensing device to scan seedlings individually as they crossed the gap
between the two sections of the inspection conveyor. Each strip was made up of three 13
mm wide plastic fiber ribbons (Mitsubishi Rayon, SK-10R) taped side-by-side, thereby
forming an effective transverse field-of-view (FOV) of approximately 4 cm for each
seedling. As for the ribbon itself, it was made up of bare plastic fibers with 250 um in
diameter aligned and bonded parallel to each other. Each fiber has a concentric double-layer
structure consisting of a core of transparent polymethyl methacrylate (PMMA) covered with
a thin layer of fluorine polymer cladding. The refractive index of the core is higher than that
of the cladding, so light in the core that strikes the boundary with the cladding at a glancing

angle is confined in the core by total internal reflection, as shown in Fig. 5-4.
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Figure 5-4 : Structure of optical fiber and diagram of light
transmission ‘

Numerical aperture (NA), which relates to fhe‘ brightne‘ss of theﬂ optical fiber, i.e. quantity of

input light, is expressed by the formula as follows :

NA=nl-n}

where n, and n, represent thie refractive index of the core and cladding respectively. For
our SK series fibers with n, = 1492 and n, = 1417, N4 =0467. Therefore, the

acceptance angle (« ) the angle over which light rays entering the fiber would be guided

along its core, is:

a =2sin"' yn’ —ni =56

In the design of the fabrication of fiber optics, the acceptance angle or the numerical

aperture is an important parameter because fiber optics usually require a lens or some form

of light structuring to be useful. In the next section of illumination, two different designs of
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illumination system will be discussed in order to project light onto the fibers so that the

proper silhouette image could be formed as the seedling moved past these “line-scan” fiber

optic sensors.

Other considerations in choosing this particular series of optical fibers were its flexibility,
ease of handling (i.e., it can readily be cut without special tools) and low attenuation in the -

visible spectrum (400 - 800 nm) as shown in Fig. 5-5.

Collimated Light

Antenuation {dB/K

400 500 ~ 600 700 800
Wave Length {nm)

Figure 5-5 : Spectrum attenuation of the SK series optical
fibers (Source : Mitsubishi Rayon Co., Ltd)

Attenuation measures the amount of signal lost in transmission by comparing output power

with input power as defined as [9]: R
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Power ,
LOSS in decibels (db) = -10 log,, | ————

Power ,,

At a wavelength of 633 nm, which corresponds to that of Helium-Neon laser, the signal
only experienced an approximately 250 db/km loss. This translated to an efficient 94% net

light transmittance per meter.

5.4.3 Illumination

Selection of the illumination technique and the setup of the corresponding optics are critical
to the system performance. This séction describes two illumination systems designed for the
prototype based on the technique of backlighting.} The second illumination system was
designed to overcome problems encountered by the first syste'm.' The objective of the both

designs, however, was to couple light properly to the fiber’s FOV. |

Fig. 5-6 shows the ﬁrst-deéign of the illumination system in which: two long plano-convex
cylindrical lenses were arranged in axial alighment with each other such that a light ray was
transferred from one focal point (the source) to the other (the fibers). The image detected by
the fibers and thus transmitted to the camera system was of silhouette form. It was produced
by a series of haiogen lamps shining from behind while the fibers pointed straight doWri to

the object (seedling) as shown. Note that the use of backlight, which provided high contrast,

eliminated the need for computationally expensive edge enhancement process.
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Figure 5-6 : First illumination design with cylindrical lenses

Similar in appearance to spherical plano-convex lenses but rectangular in shape, these two
cylindrical lenses are chosen for two reasons. The first was the long focal length (91 cm)
because it provided a reasonable clearance for the seedling passing between the fibers and

the lens. The second is the light gathering capability, quantified as follows:

F+D
05+ f/#

14
N4

where f/# = f-number, F = focal length, D = diameter of the lens and N 4 = numerical

aperture.
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In Fig. 5-6, theta (@) illustrates how the numerical aperture of the lens controls the angle of
llight converged‘by the lens. As the f/# mcreases,theta, the accéptance angle, decreases
and the lens becomes more capable of converging light. To be sensitive in detecting the
" object, it is important that the acceptance angle of the lens (&) is as small as possible within
~ the range covered by the fiber (). In our case, the chosen cylindrical lens yielded the best
combination of physical length, focal length and light gathering capability, giving F'= 91

.mmand a=41.8°< @ =56°.

However, test results with tlﬁs optical setup were unsatisfactory. Due to the lightfemitting
nature of the source, light rays cdming at an angle to the length of the lenses; interfered with
~ the projection of the shadow of the object being measured. The lens combination waé only
capable of focusing light in one direction. A 2 dimensional foc;xsing lens combination'l
:would have been used to adjuét the problem or some sort of light céntrol'“léuver” ilad to be
~used to restrict the direction of light prior to the lens system. Nevertheless, thé ideal
* condition of light coupling would simply be a plane of collimated light projecting onto the
field-of-view of the optical fibers, which was approximatély 61 cm (2 feet). wide. It is

difficult to optically generate such a wide span of collimated light. However, a second

optical illumination system was designed in an attempt to simulate such a condition.
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Figure 5-7 : Second illumination design with structured
" light -

The concept of combining structured light and backlighting effect was used to project a

single line pattern on the fiber optics as shown in Fig. 5-7. An 8 mW helium-neon laser with

a wavelength of 633 nm and a beam diameter of 3 mm was used as the illumination source.

By using two mirror-type beam splitters (30/70 and 50/50, %reﬂectivity/%transmission) and
a right angle prism, the laser beam was broken into 3 separate beams with approximately
one-third of the original input power. A section of glass rod was placed in front of each

laser beam to project a plane of light with the thickness equal to the Original beam thickness
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onto the fiber optic sensors. Two dividers were used to separate each section as shown and
they were each wrapped with a piece of black cotton to avoid specular reflection from the
stray light, which could lead to false readouts from the sensors. With this method of light
projection, light rays entering the fiber sensors closely approximated that of collimated
light. The discrepancy in this case was adjusted through calibration. Fig. 5-8 shows the

corresponding optical setup.

Figure 5-8 : Optical setup for the prototype with the custom
made optical bench

The effect of transforming a point of light into a line image by using a glass rod is basically

the same as that by using a cylindrical lens. Fig. 5-9 illustrates the idea.
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- Rod diameter = 3 mm

B /2, Half fan angle

Beam radius = 1.5 mm

Figure 5-9 : Transforming of a point image into a line
image using a glass rod

As the beam passing through the glass rod, the dimension of the'.beaim‘ in the y-direction is
stretched or magnified while its dimension in the x-direction remains unchanged. Using a
simple geometric calculation, the fan angle () caﬁ be determined based on the radius of the
beam and the focal length of the rod. The advantage of using a glass rod over cylindrical
lens 1s that the focal length of a glass rodmis. lff;;lcil'éméller given the same curvature. As a

result, a wider fan angle and a longer line can be obtained.

To be compatible with the set distance of 42 ¢cm between the rod and the fibers, a 3 mm
diameter glass rod was used for each of the three sections dividing up the entire 61 cm span.

Each section of this setup achieved a fan angle of approximately 120° and generated a line

of 145 cm long. Since the intensity of the laser beam is Gaussian’s distributed, the
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 corresponding line generated is “bright” around the center region and fades out towards the
ends. Therefore, it was desirable that a much wider line be used to cover each section of the
span so that the portion projécted onto the optical fibers would be as uniform as possible as
the “bright” region was stretched to a longer range while the remains of the line poﬁion

were blocked or cut out by the divider which separated the sections.

5.4.4 Camera System

The use of fiber optics in thi.s project has realized grading of more than one seedling at a
time in parallel without sacr_iﬁcing resolution by using only a single area camera. The fiber
strips were arranged such that they were all perpendicular to the direction of motion. The
diameter of the individual fiber dictated not only the transverse rcsplution but also the
longitudinal resolution as viéwed by the CCD camera. This section describes the camera
system used in the prototype and how the output signal from the fibers was mapped to the

CCD sensors. -

A digitally controlled/digital output tele?iéidﬁ;liké. mbhochrome camera (Electrim EDC-
1000HR) with a half-size (16-bit) plug-in card was used as the camera system. The‘ camera
has a resolution of 753 (H) X 244 (V) pixels operating in non-interlaced mode and 753 (H)
X 488 (V) in interlaced mode. The EDC-1000 HR camera system is an inexpensive
alternative to a standard TV camera attached to a frame-grabber board. It has the feature of

fixed pixels (direct mapping between pixels and computer memory bytes) and a spectral

range from 0.4 pm to 1.1 pm. The output from the camera system is an 8 bit digital signal
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corresponding to the quéntized value of brightness at serially sampled spatial data points
(256 gray levels). The computer-controlled exposure time caﬁ be varied between 1
‘millisecond and lQ seconds and the pixel ﬁahsfer ratc;, is‘ up to 1.6 Mb/sec. Frame rate can
vary depending on the exposure time, display resolution, and the computer clock speed. |
Image data existing in computer RAM after each scan is proceséed by the computer CPU.
The camera head .unjt was equipped with a 12.5 - 75 mm focal length zoom lens éndian
additional lens extension ring was used to inséﬁ between the lens aﬁd the camera in order to

allow a shorter focal distance (or working distance).

As shown in Fig. 5-2, the ends of each fiber strip were assembied in such a way that one
. stacked on top of the other with a small clearance in-between so that the linear images | |
conducted by the optical fiber strips would map to certain rows of thg CCD Sensor arrays.
To achieve this high-precision light coupling, a fiber holding unit was constructed as shown
in the assembly draWing in Appendix B. Piéces of approximately 1 mm thick plastic plate
were used to separate the fiber strips and the side facing the camera was painted in matte
black to distinguish the output signal of the fibers. The fiber unit, which had a size of 3X3
X 1 % inch, were housed in one side of the camera mount made ‘of an aluminum square
“ tube, while the camera was éecured in the other side of the mount. The camera mount also
accommodated a slot for the fiber holding unit to slide in either direction along the camera’s ‘

optical axis to adjust the desirable FOV. Fig. 5-10 shows a picture of the camera mount

- supported by a frame above the conveyor system. Detailed dimensions of the frame can be
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found in Appendix C. Fig. 5-11 shows an instance of an “unprocessed live” image as

viewed by the camera.

Figure 5-11 : Raw image as viewed by the camera system
(no object detected)

The camera was orientated in a fashion that the fiber strips lay horizontal in the FOV, and
was operated in non-interlaced mode (i.e. 244 rows of pixels). Interlaced mode would

otherwise only enhanced the image for human viewing; and it was not desirable for machine



Chapter 5 : Design and Development of the Prototype ‘ 55

vision processing because the double-vertical-resolution effect was generated by shifting
down alternative rows by one-half pixel. An aperture (f-number) of f/ 4 was found to be the

optimal value used for contrast setting.

With the fiber unit positioned at 13 cm in front of the camera, the zoom lens was set at a
focal length of 25 mm to obtain a transverse spatial resolution aﬁd a longitudinal sbafial
" resolution bofh at approximately 0.1 mm: Higher spatial resolution in both directions could
be achieved by further decreasing the FOY (ie. reducing the focal length 1n the zoom lens).
Howéver, the choice of this spatial settings was justified as follows. Basically, vthev éccufacy
of the seédling’s diameter measurement is goverﬁed ‘by the resolution (or diameter) of the
optical fibers which is 0.25 mm Nyquist’s"SaiﬁipIiﬁg theorem states that in order to recover
the information in an undistorted form after a sampling process, the original information _
must be bandwi(ith limited to half the éampling frequency. In digital image processing,
sampling frequency is equivalert to spatial resolution beéaus,é of the ﬁnité size pi'xelé. Since
in our case the image as viewed by the ﬁber optics was glready limi_ted to a reéélutjon of |
0.25 mm, in order to retain the accuracy of the stem”diameter mgasu;ement or be able to
measure the diameter of the fiber with .subpixél acéuracy,. the sampling has to be performed
at a resolution higher thaﬁ 0.125 mm (i.e. < (0.25 +2) numerically). A resolution lower than
0.125 mm (under-sampling) would miss t'he.features' of thé_ image and introduce artifacts.
. Therefore, a transverse (or the scan direcﬁon as shown in Fig. 5-12) resolution of 0-‘1 mm

was an appropriate choice in terms of speed and the conservation of the stem diameter
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accuracy imposed by the fibers. A higher value could be chosen at the expense of lower

processing speed due to higher number of pixels representation.

Optical fiber

Coupled CCD sensor grid

0.1 mm

iLJI

Scan direction ~=———mom—p

Longitudinal or Motion direction

Pixel average value as seen by the sensors

Figure 5-12 : Sensors mapping

With the longitudinal spatial resolution set at 0.1 mm, two rows of the CCD array were used
to represent the resolution of a fiber strip in the direction perpendicular to the scan. In a
static situation, the resolution of the fiber or the two-rows length in the CCD sensors
determines the longitudinal resolution capacity of the system (assuming that the numerical
difference between the resolution of the fibers and that of the CCD sensors are insignificant,
ie. 0.25 - 0.10 x 2 = 0.05 mm). In a dynamic situation where motion is present, the

longitudinal resolution is also affected by the exposure time and the speed of the seedling’s
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motion (i.e. the speed of the inspection conveyor). Fig. 5-13 shows an illustrative example

of the effect of motion upon the longitudinal resolution of two coupled rows of pixels.

Distance travelled during
exposure time

=
g
Motion B §
=
=
<
Q
wl .
End of intergration Start of integration

Figure 5-13 : Motion and resolution

The darkly shaded area is a projection of the coupled array pixels on the conveyor surface
and the lightly shaded area shows the actual portion of the belt seen during the exposure
time. In such case, the effective longitudinal resolution consists of a static resolution
component plus a dynamic component equal to the distance the object moves in the
direction of motion during a given exposure time. The same argument was used for the
calculation of the longitudinal resolution for the height measurement in the system, which

can be expressed as :

Longitudinal Resolution = Static Longitudinal Resolution + [ (Belt Velocity) x (Exposure Time) ]
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where static longitudinal resolution = 0.10 x 2 = 0.20 mm. One obvious advantage of this
setup was that the longitudinal/height resolution could be individual‘iy adjusted by either the:
belt velocity or the exposure time. In addition, two dimensional images could be
constructed iine-by—line “endlessly” for each section as the seedling moved past thé fiber

optic strip.

5.4.5 Computer

The image processing operation was implemented in software by the computer CPU. The
host computer was a 486 DX4-100Mz PC equipped with 16 Mb of RAM. An ATI mach 32
chip set VESA graphics card with 1 Mb of memory was used as the graphics display card
for both image display and command 1nterface0ne .1‘6-bit (ISA) slot in the corﬁputer
housed the digitization board of the camera system which provides soﬂware-controllable
camera exposure and image digitization at a rate up to 1.6 x 10 ® pixels per second. With
753 pixels in a row, 2 rows representing a single fiber strip, and 14 strips in total, the
maximum image acquisition rate was approximately 76 Hz, resulting in a lowest attainable

exposure time of 13.2 milliseconds.

5.5 System Software

Acquiring the line scan data into the computer is just the beginning phase of the entire

measurement process. A software program, written in the C programming language, was

developed for the on-line morphological inspection of the seedlings. The software also
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provides a convenient, multi-functional, menu-driven graphical user interface (Fig. 5-14)
which supports different scanning and display options, camera controls, grading criteria
selection, statistical reports, and options such as saving runlength data to file. This section
will begin with the overall description of the program modules. The stages involved in the
initialization process will next be discussed. Then the scanning operation and the
measurement (grading) algorithm will be presented, followed by the description of the

different functions supported in the software.

\-}véc:mae to

By
Wing Poon

Automatic Seedling rading

e ——

Figure 5-14 : User interface of the prototype

5.5.1 Description of the Program Modules

The interactive grading software is the predominate part of the entire system. It is composed
of four program modules: control.c, menu.c, graphics.c and chart.c. All of these programs
used standard C functions under the Microsoft C/C++ development environment (version

1.51). Module control.c contains the main() program function to control flow among
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different menu options (run(), display(), setting(), stat()) as well as t_hé runléngth encoding.'
(ruh_length()) and measﬁrement (gradé()) functions. In addition, it contains a camera
initialization routine (init_camera()), four' scanning routines (i_scan_1(), g_scan_1(),
scan_4() and scan._éll()), whi;:h correspond to diffe‘rent-display or scanning modes, and
~ other supporting routin.es like memory allocation_for image a;nd display buffer, stétﬁs bar
anifnatidn for object deteétian, and results display: in botAh» graph pl..otting and table format.
Module menu.c consists of routines which build: up thé ‘rrller.lu—driven interface and handle
error messages. Graphics.c has routines which are re-sponsible‘ for general Sgireen faybuf and |
color setting for each display mode. The last ;h(édule, chﬁrt.c, contains;routines whic.h' are
used when the "v‘show 'result" option under statis‘;ics men{J is selected. For‘ example,
pie_chart() routine, which is used for displaying the percentage diétribution of detected
objects in pie chart format, and plot_result(), which is used to plot the height and diameter
distribution, -are two of the statistics ro‘utines defined in the chart.c mo:dule. A short
description of all the 47 (3 camera's linkéble and 44 user-defined) functions/routings listed

in an alphabetical order can be found in the function prototype section in control.c.

5.5.2 Camera Initialization

Initialization (init_camera()) has to be performed prio‘r to any scanning operation (Fig. 5-

15). The pfocess involved consists of four stages.
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Stage 1 : Memory space is first allocated (build_section()) for eaéh section variable (of
structure section) enough to hold a 500-row-long continuous runlength image and other

parameters.

Stage 2 : The pointers pointing respectively to the beginning of two lines corpespbnding tq
the location of a fiber strip in the image buffer (charactérized by an array of 244 pointers)
are assigned to thé two line parameters (line1 and line2) of a section variable. This is done
for all 14 fiber strips. The locations (or line numbers) of each of the fiber strips in the ifnage
buffer array were determined in advance through a sirgple program dg:éigned to display only
the rows selected; and the corresponding lines‘ were examined visua]ly to see if they covered

the entire strip.

Stage 3 : After the assignment of all the line parameters, the function hsubcam1() of the
camera is called and an image is read intdnth.e lirh;clge buffer whjéh ‘has an allocated size of
753 x 244 bytes. Function hsubcam1() is a linkable routine provided with the camera
system and is used for the sub-array scanning operation. It is passed the parameters like
exposure time, clear count, antiblooming flag, interlace ﬂag,v the address of .the pointer to
the start of the first line in the image buffer array, and the address of the line lehgth array
which specifies the number of pixels to be read from the beginnihg of eéch iﬁdividual line
selected. The antiblooming function is tuméd on, but the interlace option is turned off‘
during the operation. The default value of the exposure time and clear count is set to 100

msec and 4 respectively and it can be changed under the "Setting" menu. The camera is
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instructed through the line length array to read all 28 rows (28 x 753 bytes) associated with

the fiber strips under the set exposure time.

Stage 4 : As last stage of initialization, routine init_section() is called and is used to find the
effective FOV (or width) of each fiber strip in terms of pixel location characterized by the
parameters offset and span of the section variable. Since the FOV of a fiber strip takes
approximately 400 pixels in width under the current lens setting (40 cm + 0.1 mm per
pixel), it proportionately reduces the processing time by processing only the corresponding
pixel span as opposed to the full horizontal row consisting of 753 pixels. If init_section()
detects any section having a span less than 200 pixels, the user will be prompted to perform
initialization again. Such a situation occurs when the user forgets to turn on the laser before

initialization, or misalignment of the lines mapped to the fiber strips occurs.

% Fiber Scan

Figure 5-15 : User interface - Camera initialization
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5.5.3 Scanning Operation

The scanning operation of the prototype involves a loop in which 3 sequential processes
take place repetitively. The first process involves the loading of the images of the pixel rows

corresponding to a number of the fiber strips into the buffer under a set exposure time. As

" soon as the images are ready, image segmentation and extraction of features like stem

diameter and shoot height are then performed, followed by the display of results based on

' the measured features. In a detailed view of how seedlings are measured, the procedure for

measuring the seedlings is described as follows.

-On any image row returned from the camera, the high contrast, gray scale pixels

representing the FOV of the fiber strips are first thresholded to produce a binary image
which segments the object (seedling) and the background light. Thresholding here refers to
the process of examining each pixel"s gray value, which is between 0 (black) to 255 (pure
white) inclusively; so that a value less than or equal to the threshold is considered to be
black (object) and a value greater than the threshold is considered to be white (background
light). Next, the binary imagé is runlength encoded. The number of transitions between the
object and the background light, and the maximum | consecutive dark pixel count
(henceforth refers to as dark pixel count) of a row are recorded as the runlength parameters.
By defining these two parameters, the beginning of the plug may intuitively be expected in
the location where there is an abrupt, positive change of the dark pixel count.‘ Thé detection.
of a seedling is triggered by the change of the number of transitions from zero to noh—zero

and a row counter is used along the length of the seedling. The shoot height could then be
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determined based on the distance in roW below which marks the beginning of the plug. The
root collar zone is defined as the region from the 9/10th to the full length of the shoot
height. Needles and branchés contribute many transitions to the image rows (as shown in
Fig. 5-16). As a result, the row in the root collar zone in which only two transitions are
recorded (corresponding to the edgeé of the stem) and the associated dark pixel count is less
than the expected stem width will be identified as a candidate row for diameter
measurement. In such a case, the root collar diameter is taken as’the average of the dark
pixel count of the candidate rows. Figs. 5-17 and _5-18 show typiqal‘ plots of the two

runlength parameters of a seedling against its length in rows.

Figure 5-16 : Binary seedling image around the root collar
zone
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Figure 5-17 : Pl,ot.of dark pixel count vs length

No. of trahsitions

0 50 100 150 200 © 250 300 .350
Length in rows

'Figure 5-18 : Plot of nuinber of transitions vs length

In the program code, the functions which carry out. the runlength encoding and the

measuring scheme are run_length() and grade() respectively. Funétion run_length() is
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passed a threshold, the number and the addrgss of a section; functlon grade() is passed only
the'number and the address of the séme section. Grade() is called whenever the end of the
seedling is detected as indicated by the change of the number of transitions from non-zero to -
zero. However, to prevent false detection, the grade() fﬁnction will not be activated if the

object's height is less than 15 rows in length. ... ...

In the gradg() function, any one of the three attributes, tree, unknown or plug, is assigned to
the object after the measurement process. If the beginning of the plug is located and at least
one candidate row of the stem diaméter in the root collar zone is found, the iject will be
classified as a “tree”. The shoot height in millimeters is calculated from the corresponding
length in rows multiplied by a height coefficient which isa funétion of the inspéction belt
speed. In a similar manner, the stem diameter is converted to millimeters by multiplying the
corresponding average pixel co@t by a width factor determined from calibration. Due to the
imperfect light collimation, each section has its. own width factof which is different from the
other. The calibration of both height coefficient and width factor wi!l be further discus‘sed in

the next chapter.

If the start of the plug is located but no candidate row of stem diameter is found, the object
will be classified as “unknown”. Its entire length from the tip to the end is recorded instead,
and the diametér is assigned as zero. On the condition that the start of the plug'cannot be

found, the object will be attributed as “plug”. In such case, the diameter measured can be

seen as the average width of the plug as it is calculated based on the average of the dark
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pixel count of the rows which satisfy with only two transitions, and the entire length will be

determined. Fig. 5-19 summarizes the heuristics of the grading process.

Object represented by
the runlength parameters

object = Tree
dia. = stem diameter .
height = shoot height

object = Unknown
dia. =0
"height = entire height’

Calculate :
the average width object = Plug
based on the L——>] dia. = average width
average dark pixel count height = entire height
from these rows

object = Unknown
dia. =0 )
height = entire height

Figure 5-19 : Flowchart.of the grading algorithm
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Note that with this setup of grading process, even the seedling rolls during scanning (as is
usﬁally the case when being transported in belt), the algorithm will still be able to correctly

measure the seedling so long as it travels under the FOV of its corresponding fiber strip.

5.5.4 Scanning Modes

" There are four different modes for the interactive scanning operation, which vary in terms of
display capability and number of sections (or fiber optic strips) that are supported.” The
features of the four different scanning modes in the prototype are summarized in Table 5-1

and the layout is shown in Fig. 5-21.

e no. of sections supportéd = 1

Image mode : i_scan_1() e on-line binary image display

e result in table form (height, dia. & .
object)

e no. of sections supported = 1

| Graph mode g_scan_1() ¢ on-line plotting display

o result in table form (height, dia., object
& plug location) ‘ '

| @ no. of sections supported = 4
¢ object detection with animated bar

e result in table form (height, dia. &
object)

Four mode scan_4()

e no. of sections supported = 14

All mode | scan_all() e object de'tectlon with ammateq bar
‘ : e result in table form (height, dia. &

object)

Table 5-1 : Features of different scanning modes
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The scanning mode is selected through the “Display” menu (Fig. 5-20) prior to the scanning
operation activated by the “Start scanning” option under the “Run” menu. The default mode
set in the program is Image mode, which is applied to section 8. Other sections can be
chosen by entering the desired section number after selecting “Single section...” option. To
switch to Graph mode, the “Graph” option should be chosen under the “Format...” option

as shown. Selection of the other two modes is trivial as shown in the user interface.

Single section...
Section 6 to ¢
All sections

Fo

Automatic Seedling Scanning te PAR Lab 1996

Figure 5-20 : User interface - Selecting different modes
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Plot of dark pixel
Binary image count vs length in
display on-line Animated TOWS

detection bar
Plot of no. of

transitions vs
length in rows

Image mode Graph mode

Animated detection
bar, moving while an
object is triggered

Result in table
format

Four mode All mode

Figure 5-21 : Layout of different scanning modes
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In Image mode, the mechanism of the scanning opération can be understood via the

flowchart shown in Fig. 5-22.

Graphics Initialization

!

B Load image into buffer with

the set exposure time o

Perform runlen'gth encoding

Perform Grading

Display image on screen

Show result in table

No

Jay

Return to the User Interface

Figure 5-22 : Flowchart of the i_scan_1( ) routine
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The mechanism of fhe Image mode routine is similar to that of the Graph mode routine,
except that result data is plotted rather than displayed on screen. The Graphics initialization
process involved, first, setting the monitor display into a certain screen resolution. Then a
gray scale display driver, supplied with the camera system, is used to map the color palette
into gray scale form. Some screen decorations, like drawing buttons and overlaying text, are

added as the last step of the Graphics initialization process.

The same entire process is used for the other two modes of scanniné. The only difference is
that, instead of analyzing one section after refreshing the image buffer each time, four and
fourteen sections are analyzed sequentially for the Four and All mode reépectivély. To
indicate that an object is triggered and being processed, an animated bar, which is right. next
to the result table of the corresponding section, is used. It is worth noting that the Four
mode option is most useful in experimenting with and setting-up of the system since fewer

seedlings need to be handled.

Thé setup of the number of secﬁons cuﬁently in the profotype was 14, WMCh corresponded
to the number of seedlings in a row of the. styroblock in study. quever, the program has
the ability to adapt for more sections for fﬁture expansion if desired. Theoretically, if 2 rows
are usg:d for each section which is the case in this project, up to 144 sections could be

supported in a similar fashion. In such case, a more powerful system should be used to

compensate for the longer prbcessing time.
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5.5.5 Grading Parameters

There are 7 parameters associated with the scanning operation. The parameters are
threshold, exposure time, clear count, inspection belt speed, data storage, plug & stem
difference, and the maximum stem diameter. Each parameter can be set interactively under

the “Setting” menu as shown in Fig. 5-23.

Threshold. ..
Exposure time...
Clear count...
Belt speed...
Output file...

Grade criteria...

Automat

Figure 5-23 : User interface - Parameter setting

All parameters, except the data storage (“Output file...” option), affect the result of the
scanning operation. The optimum value of the 2 camera control parameters, exposure time
and clear count, was found to be 100 msec and 4 respectively. Clear count is the number of
times charge is transferred down the CCD to the clearing drain to clear it. The camera
manufacturer suggested 7 times to clear all charge. However, as taking exposures in

succession, 4 clearing cycles was found to be satisfactory, at a saving of time.
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Threshold, belt speed, plug & stem difference, and maximum stem diameter are parameters
related to the grading process. The proper value of threshold was found to be 70. The belt
speed, which is expressed in terms of the input voltage to the DC motor driving the
inspection belt and is later converted into the unit of cm/s, is used to determine the
longitudinal resolution of the object measured. The plug & stem difference is basically the
change in the number of dark pixel counts expressed in millimeters, which is used to
identify the beginning of the plug. The maximum stem diameter is the parameter which is
used for locating the diameter rows in the root collar zone. The two parameters, plug &
stem difference and maximum stem diameter, allow flexibility in the grading scheme which

are essential to the variation of seedling species and size.

The option “Output file...” is used to save the runlength parameters into a file for further
analysis if required. Initially, if the user does not change any setting of the parameters, a set

of default values is used as shown in Fig. 5-24.

Start scanning

Display
Threshold —
Exposuve tim
lear count

Belt speed —
Dutput file
Plug & sten

Max. stem dia —

Autonatic ; ing Systen b : W995

Figure 5-24 : Default value of the parameters
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5.5.6 Result Statistics

As a powerful feature, the program allows a user to examine the result statistics through the
“Show results” option under the “Statistics” menu, Figs. 5-25 and 5-26. Thus, 100%

inspection of objects is permitted and this is another benefit of machine vision.

:': Fiber Sean

Shou results
ear data

Figure 5-25 : User interface - Statistics option

Percentage distribution of
the detected objects
expressed in pie chart form

Plot of measured

diameter and height Table shows the

of the tree (seedling) total number of
objects and the
number of trees
detected

Figure 5-26 : Layout of the statistics routine
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At this point, the program supports only simple statistics such as piotting the .stem diameter
and shoot height of the object detected as a tree, and showing the distributiqn of all the
objects being measured. As for the ‘commercial interest, a speciﬁééltion of grade cogld be
implemented in the program such that the nufnber of seedlings associated with different A

grades (such as acceptable and cull) could be shown.
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Chapter Six

6. CALIBRATION, TESTING AND EVALUATION

6.1 Chapter overview

Proper calibrationA of threshold value, width factor and height coefficient is essential to .
optimum algorithm or scanning performance. This chapter begins with the discussion of the
calibration of the vision system, followed by result and discussion of different ‘tests
performed on the system. The performance of the prototype was evaluated in terms of 5
categories: (1) accuracy of the object classification, (2) accuracy of diameter measurement,
(3) accuracy of length measurement, (4) speed of scanning under different hardWare

configurations and (5) repeatability in multiple scanning.

6.2 Calibration

Different calibration steps were berformed with the use of a seedling sample and a slender
rod of known size. The seedling simple was used to determine the proper threshold value,
whereas the calibration rod was used to determine the horizontal scale factor for each
section, and the height coefficient as a ﬁmctiqn of conveyor speed which were incorporated

into the grade() routine.

To determine the proper threshold value, image of a seedling sample (Fig. 4-3) as viewed by

a fiber section was retrieved and analyzed. The brightness distribution of the image (Fig. 4-
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4) showed that a threshold value between 45 to 165 was an appropriate choice to separate
the seedling and backlight represented by two peaks. A threshold value of 70, which is in
the lower side of the range and is therefore less prone to noise, was selected and set as the

value for the default setting (Fig. 6-1) as well as the testing of the measurement algorithm.

:: Fiber Scan

Threshold. ..
posure time...
i Clear count...
Belt speed...
Output file...

| Grade criteria...

i Automatic S

Figure 6-1 : Threshold setting

The width factor, expressed in millimeters per pixel, represents the transverse resolution of
a section. The procedure involved to obtain the width factor is described as follows.
Scanning is performed on the calibration rod to measure the corresponding width in pixels,
while the width factor was initially set to 1. Extra care was taken to make sure that the
calibration rod pointed in the direction of travel at all times while being scanned. Due to the
shape resemblance to a plug, the resulting diameter measured by the algorithm showed the
average width of the rod in terms of number of pixels. The width factor was then
recalculated by dividing the known width (or diameter) of the calibration rod by the

measured diameter in pixels, averaged from 10 measurements. This calibration process was



Chapter 6 : Calibration, Testing and Evaluation 79

done for all 14 sections and the value for each section is shown in 'Fi'g.'6-2. Note that the
resulting values were in close -agreement with the measured transverse resolution of

approximately 0.1 mm per pixel when the camera was first set up.

0.1
T 000 | PRI |
s 9 4 MMMMW‘*O
E 008 |
S
B8 007 }
8
K=
bt
B 006 |
£
0.05 i i L l. A 1 : 1 L 1 ' ‘l A
1 2 3 4 5 6 7 8 9 10 112 13 14

Section

Figure 6-2 : Width factor of all 14 sections

In a similar manner, the héight coefﬁcient, expressed in centimeters per row; was obtained
by dividing the known length by the number of rows the calibration rod represented in the
image. This was done for different con\;éy(;f sﬁééds- aﬁd for different scanning modes.
However, since the belt speed is aifunctiorll of the 4motor input voltage, it was necessary to

first obtain a relationship as shown in Fig. 6-3.
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61  F(x)=0.7755x - 1.4846

Conveyor Speed (cm/s)

e : A Experiment
: ——Fitted Curve

2 3 4 5 6 7 8 9 10 11
Input DC Voltage (V)

Figure 6-3 : Relationship between input voltage and belt
speed

Once the above linear function was established, the number of rows representing the length
of a calibration rod was recorded for different voltages ranging from 2 to 5 cm/s
correspondingly. This was done for all 4 modes. Because of the variation of the number of
sections being processed and the complexity of the graphics display used in each mode, the
number of rows representing the length of the sarné calibration object varied; so did the
height coefficient which is summarized in the Figs. 6-4 to 6-7 shown below for different
modes. The height coefficient shown in the figures is in the “per-2-rows” basis, which is the
unit length representing the diameter of the optical fiber (see Fig. 5-12), so 'that a

comparison could be made with the ideal longitudinal resolution (as discussed in the camera

system section of the previous chapter) which depends on a static portion, 0.020 cm, and a




Chapter 6 : Calibration, Testing and Evaluation ' 81

dynamic component equal to the product of exposure time and belt velocity which, in this

case, is 0.1x cm.

Each data point of a height coefficient was calculated by dividing the known length by the
number of representing rows averaged from 4 test runs, and then multiplied by 2 to. obtain

the unit of centimeters per 2 rows.

All of the height coefficient functions shown and obtained from linear regression were for
reference purposes. The actual functions implemented in the grade() routine were in the

per-row basis and took on motor voltage as input.

1.4

12 F A -
F(x) = 0.193x - 0.3254

©  Experiment
Fitted Curve, F(x)
""" Ideal, I (x)

08

06

04

Height coefficient (cm / 2 rows)

I(x) = 0.1x + 0.02
o b (x) = 0.1x + 0.020

0 A i e A A Il A A
1 2 3 4 5 6

Belt speed (cm/s)

Figure 6-4 : Height coefficient of Image mode
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Figure 6-5 : Height coefficient of Graph mode
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Figure 6-6 : Height coefficient of Four mode
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Figure 6-7 : Height coefficient of All mode

6.3 Accuracy of Object Classification

©

Experiment
Fitted Curve, F(x)

""" Ideal, | (x)

&3

The test conducted to evaluate the performance of the measurement capability of the

prototype in terms of object classification entailed measuring a set of 10 seedlings (1+0

spruce) obtained from the nursery of the Forestry Department at UBC. Among the set, 2

seedlings were cut flat right above the top of the plug so that they represented the plug. The

rest of the set had the stem diameter measured manually at the stem caliper ranging from 2.3

to 3.2 mm, and the shoot height measured from the base of the plug to the tip of the seedling

ranging from 11.4 to 16.2 cm. With the use of one fiber section (section 11), each object

(seedling or plug) was manually placed on the inspection conveyor running at

approximately 3.5 cm/sec and scanned repetitively for 10 times. Setting of the two

parameters, plug & stem diff. and max. stem dia., were fixed at 5 mm and 3.8 mm .
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respectively and the scanning mode was set at Image mode so that image could be visually
examined as for conformation. Results of the measurements were recorded as shown in
Table 6-1. Since the objective of the test was to see if the algorithm was able to identify the
correct object as either “tree” or “plug”, attention was not paid on the measured value of
diameter and shoot height so long as the deviation of the measured value of the diameter
and height from the true value was below 0.5 mm and 2 cm respectively (in fact, this was
the case). An informal investigation on the distribution of measured stem diameter .and
shoot height through the statistical display in the program revealed the compliance of the

distributions of the seedling set.

Table 6-1 : Classification result from a set of objects
consisting of 8 seedlings and 2 plugs

As indicated from the result, there was a 9% classification error for tree and a 5%
classification error for plug, both of which added up to the 14% misclassification as
unknown. The cause of the first case was due to one of the seedlings in the set which had

branches protruded into the collar zone. This resulted in more than two transitions counted

in each row along the root collar zone which caused the algorithm fail to locate the stem
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diameter row and consequently identify it as unknown. The latter case could be explained
by the portion of the plug leaning out of the fiber’s FOV during scanning, which was caused
by the lateral movement of the cylindrical plug due to rotation. It was observed on the on-
iine image displayed when this phenomenon happened. Since therc_lwas only one transition

along the plug’s length, it was subsequently classified as unknown.

6.4 Accuracy of Stem Diameter Measurement

The stem diameter measurement of a seedling varies subjective to the rotation about its
longitudinal axis because different views Qf a seedling have diff_erent sizes projecting onto
the optical fibers. As a result, it was decided that a thin, rectangular plate attached to a rod
. having an uniform diameter of 3.12 mm (see Fig. 6-8) was used instead to.detennine' the

accuracy of the stem diameter measurement in the program.

10.0 cm

12.5em

z

Dia. =3.10 mm

Figure 6-8 : Object used for the accuracy of stem diameter
and height measurement

This object, which was seen as a “tree” in the grading algorithm, was scanned repetitively
for 50 times by using Graph mode. The section used for scanning was section 7. Conveyor

speed was set at 3 cm/s (though it would not affect the measurement result). The diameter

of each measurement was recorded. The mean value, standard deviation and the coefficient
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of variation (standard deviation divided by mean) was found to be 3.12 mm, 0.12 mm and

4.0% respectively.

In general, measurement aécuracy specifies the maximum total deviation of the true
dimension from the measuréd dimension. For the diametef measurement under high |
contrast image condition, the best accuracy was expecféd to be equal ‘tol the resolution of the
optical fibers (even though the fiber was sampled by the camera sensors at approximately
0.09 mm per pixel). However, the measurement results showed high measurefnent accuracy

obtained from this vision setup.

6.5 Accuracy of Length Measurement

To determine the accuracy of the length ﬁe%wement in the system, the same 6bj.ect for
diameter measurement was used. Testing was conducted by scanning the object for 20 times
for 4 different speeds (2.5, 3.5, 4.5 and 5.5 cm/s) under different scanning modes. An effort
was made to randomly select different sections to scaﬁ the objeci wheh fhe scanning mode
was at Four or All mode which supports more than one section scanning simultaneously.
Unlike the stem diameter measurement, the number of rows representing the.object’s shoot
length (12.5 cm) was recorded. Results of the measurement are presented in terms of

coefficient of variation and the standard deviation for the number of rows measured as a

function of belt speed (Figs. 6-9 and 6-10).
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Figure 6-9 : Result of variation in length measurement
—&— |Image mode —& Graph mode -&-- Four mode —>¢— All mode
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Figure 6-10 : Result of standard deviation of length
measurement in rows -

The low coefficient of variation, which range from 1.37 to 3.99%, suggested the high

consistency of the length measurement regardless of speed. The low standard deviation, .
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which ranged from 0.63 to 1.65 rows, measured a low spread about the average value (or
the mean) of the sample data. During the testing, it was observed that the difference of row
length was always + 2. This in fact was in close agreement with the unit of accuracy in rows

representing the resolution of the optical fiber.

The accuracy in terms of the actual length in centimeters was closely related to the overall
system resolution in the longitudinal direction, which is the height coefﬁcient. Being a step
further from the calculation of ideal resolution, the height coefficient accounts also for the
time to process the image as well as the time it takes to display the ‘graphics. This could be

understood through the comparison of the height coefficient as shown in Fig. 6-11.
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Figure 6-11 : Comparison of the height coefficient of all 4
’ modes
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At a speed of 4 cm/s, the expected accuracy of the system is 0.60 cm by scanning all 14
seedlings simultaneously (41l mode), which is within the required accuracy of 1 cm for the
length measurement. This speed would also provide a maximum allowable length of 32 cm
for a seedling that could be measured accordingly (4 cm/s x 8 sec. of extraction time
between rows). Assuming all seedlings are below the maximum length limit, this speed

would yield a seedling throughput of 1.75 seedlings per second.

6.6 Speed of Scanning

For a given belt speed as shown in Fig. 6-11, the differe‘nce in the height coefficient of any
of the modes from the ideal longitudinal resolution is due to sacrificing of time on the image
processing and displaying of graphics. Because a certain length of time was needed to be
allocated for these two tasks, the time between camera exposures was elongated.
Consequently, a fewer number of rows would represent the same length of the object or

lower resolution could be expected given the same belt speed. The large offset from the

Image mode was sorely the result of on-line image display.

The speed of scanning depends upon the desired accuracy or the resolution of the iehgth
measurement which relates to the exposure time of the camera,- the speed of the host
computer, and the speed of the video card. For a specific object length, a shorter exposure
time translates into a higher sampling frequency in the longitudinal direction. Howe\}er, too

short of an exposure may result in insufficient illumination to the sensing elements; but too

long an exposure time may also introduce image blur given the same moving speed of the
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object. In our prototype system, it was found that an exposure time between 80 to 100

milliseconds was the optimum value for the best performance of image algorithm.

It is definitely not surprising that the speed of the computer plays a role in having .better
accuracy in length measurement. In the case of grading all 14 seedlings simultaneously, the
sooner the runlength encoding and grading routines ﬁmsh executing ali 2v8 lines (2 lines for
each section), the sooner the next data sample is acquired, which means more lines or rows
will represent an object of the same length given the same exposure time and conveyor
speed. A faster computer will be capable of eggcgting _the image processing algorithm in a

shorter time as all of the processing power relies on the host CPU.

Similar to the effect of a faster computer, a faster speed of video transfer to the monitpr will
also help improve the speed of the overall system and the precision of length measurement. ‘
Since the user interface is graphically very demanding (like plotting results on-line and
showing a moving bar indicating that an object being scanned in the section), a lot of
processing time is dedicated to the display i)f graphicé. A faster vand‘ tietier video card (for
example, having a VRAM instead of DRAM) will certainly be helpful in shortening the
stall. As proof to this argument, a demo program was created which reads iniage data from
files and has the same mechanism of data acquisition as the program reading directly from
the camera. To simulate the exposure time of the camera, a simi)le time delay function
corresponding to the length of ex;iosure time was incorporated into the demo program. The
demo program weis then run on computers with different configurations with the results

summarized in Table 6-2. The basis of comparison was made by reading the same image,
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processing and displaying it line-by-line (Image mode) until a field of 244 lines had been
acquired and processed. As 2 lines were acquired during each 100 millisecond exposure, a

simple calculation, ignoring the expense of computation and image display operation, gave

a total processing time of 12.2 seconds.

486 - 100 MACH 32 1 DRAM 26.58
P5 - 75 MACH®64 2 DRAM 13.12
P5 - 100 MACH 64 1 DRAM 13.02
P5- 166 MACHB4 | 2vRAM 12.96
P6 - 200 MACH 64 2 DRAM . 13.04

*Note: Comparison was based on Image mode, exposure time = 100 msec.

Table 6-2 : Graphics performance test on various computer
' configurations

An interesting observation is that the speed of the computer does not significantly affect the
performance so long as it is faster than that of a 486 DX4 computer. The video card
configuration, on the other hand, was an important factor for performance imprpvement,
which also could translate into higher measurement accuracy in length. It is élso important
to note that each of the four different graphics modes (Image mode, Graph mode; Four

mode and All mode) supported in the program has a different level of complexity in terms of

graphics display operation. The Image mode is the most time consuming mode among the
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four and it was chosen for overall performance comparison based on. various hardware

configurations.

6.7 Repeatability in Multiple Scanning

As the last test of the prototype system, anattempt ;vas Ihade to inveéstigate the repeatability
of the seedling measurements by scanning the same seedling which was stored previously in
file (Fig. 4-3). The All scanning mode was used in this test and all 14 sections read the same
image file and processed it simultaneously. This was done for 20 repetitions. The setting of
all grading parameters was kept unchanged during the simulation. Results showed that the

exact values of stem diameter and shoot height were obtained each time after scanning.

This, therefore, showed high reliability of the measurement program and algorithm.
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Chapter Seven

7. CONCLUSION AND RECOMMENDATIONS

7.1 Conclusions and Contributions of the research

A research project investigating the use of machine vision technology for measuring
morphological properties of containerized seedlings has beén initiated. A prototyp¢ PC-
based machine vision and handling system has been developed. The prototype system,
which employed a novel design of line-scan imaging of fiber optics_ in conjunction with the
use of structured backlight, simplifies the whole on-line measurement process and addresses
the production needs of commercial forest nurseries. The multiple processing approach of
simultanedusly scanning an entire row of. 14..seedlings satisfies the time constrainf of 8
seconds to measure the diameter and shoot heighf of all seedlings based on their high
contrast imagés prpjected onto the optical fiber sensors. The system has a high tranéverse
resolution equal to the resolution of the optical fiber. The longitudinal resolution dépends
on the exposure time, belt Speed as well as the speed of the host computer and graphic

display board.

A multi-functional, menu-driven graphical user interface was developed for the system
prototype. It offered a convenient means to control the camera settings (like exposure time) -

and various grading criteria (like threshold and maximum stem diameter) interactively".

Additionally, it supports a different number -of scanning sections..(l, 4 and 14) and has
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various display capabilities. The interface also supports simple statistics for each measured

feature which could be valuable for quality control.

The performance in terms of the object classification in the measurement routine, grade(),
was good. Most of the time the algorithm could correctly identify a seedling? with the only
exception being when branches protruded into the root collar zone, resulting in more than 2
transitions counted in every diameter row. .However, this algqﬁthmic flaw could be
eliminated by adding several more heuristic criteria in the algorithm which makes use of the

prior knowledge of the stem diameter.

The measurement accuracy for stem diameter was excellent. A test object having a “tree”
shape and a uniform stem diameter of 3.10 mm was measured through 50 repetitive scans.

The standard deviation was found to be 0.12 mm.

The accuracy of height measurement depended on the longitudinal resolution of the system
(or height coefficient). At a belt speed of 4 cm/s under the All scanning mode, the accuracy
of length measurement was found to be 0.6 cm and a seedling throughput of 1.75 seedlings
per second could be expected. Given the same sl;eﬂed,' the accuracy could be increased by

using a better video graphics board which could minimize the overhead due to graphics

display.
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APPENDIX A

ON-OFF Motor Control Circuitry
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In order to provide a “stop-and-run” motion for the sorting conveyor, the controller of the

motor is modified to add a timer and relay circuitry. A schematic is shown below.

2a \K
Contact switch
9v DC
6V DC Relay
(DPDT)
Initial B
Delay Adjustment
Timer Circuit Main switch .
1a 1b Motor controller
—> Ryy T [
Ryp D,
7 3 1N 914 Power supply
N
‘ 1%}
5 R 6 5
2 IN914
D,
o 6V DC Relay
i (DPDT)
T c,=01pF
N C,=s8F

Figure 7-2 : Motor control circuit

The function of the circuitry is to enable the sorting conveyor to come to rest for a short

duration so that seedlings can settle down on it as they. arrive from the inspection conveyor.
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After the “resting” time, the graded seedlings can bé transported to the next rejection and
bundling process (future work). The circuitry has an 8 second period (6-seconds “ON” and
2-seconds “OFF”) which is referenced to the extraction time between TOWs performed by‘
‘the extractor. The circuitry is divided into two main parts: a basic astable timer circuit and

an initial delay adjustment relay.

As pins 2 and 6 of the 555 timer chip are connected together, the lower circuit triggers itself

each timing pulse and functions as an oscillator. C, charges through (R,, + R,;) and
(R,, + R,,), but discharges through (R,, + R, ). The charges on C, ranges from 1/3 to

2/3 of the input voltage which in this case is 9V and therefore, the value of the input voltage
has no effect on the timing cycle. To avoid false triggering, pin 5 is tied to ground via a 0.1

uF capacitor. D, absorbs voltage generatea by 'Ivfh.enrmelay coil #1 when it is switched off.

The value chosen for C, (68 uF) is based on the selected oscillation frequency (0.125 Hz)

according to the specification chart given in [19]. The value of resistors is calculated

according to the equations:
1,=0632 (R, + Rw) +(Ryy+ Ryp))
1,= 0632 (R, +R,,)

With ¢, = 6 seconds and ¢, = 2 seconds, (R, + R,:) and (R,, + R, are obtained as 47

kQ and 94 kQ respectively. However, if it is des1red to -Véry these times, it is only necessary
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to adjust the R,, and R,, . The upper graph in Fig. 7-3 shows the output pulse from the

timer circuit.

Output pulse with the
the first pulse timing error

0 time (s)
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!
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|
i
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0 r : oy time (s)
t H ¥
{ H i
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Output pulse after t
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the release of contact t
H
switch K .
0 T time (s)
i i H H H
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Figure 7-3 : Circuit response curves

As shown in the upper portion of Fig. 7-2, the second relay (coil #2) is used to adjﬁst the
pulse error introduced by the first “ON” pulse delay in the timing circuit. While the contact
switch is depressed, the relay 2a contact are opened whenever the timer energizes the relay
coil #1 via the contact l1a. This prevents the power supply from reaching theA motor

controller or the motor. When the contact switch is released after the timer has stabilized,

relay coil #2 is de-energized permanently and power to motor is controlled by contact 1b
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only. The bottom graph in Fig. 7-3 shows the timing pulse to the motor with the elimination
of the first pulse timing error. The contact switch was released during the 2 seconds “QFF”
interval. This adjusted output pulse is important for the correct placement of the holders

‘used to transport the seedlings in the sorting conveyor.
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APPENDIX B

Assembly Drawings foj‘ the Camera Mount and the Fiber Optics Unit
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Dimensional Drawings for the Prototype Frame
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