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ABSTRACT

The rapid growth in the world population demandsoastant food supply with
quality. In Asia, decreasing farmer and labor papah due to various factors is a serious
problem that leads to increase in labor cost, highgut harvesting energy consumption
and less resource utilization, especially in Japss.a result, to solve this problem,
researchers are engaged to provide long term awdtémh solutions in terms of
mechanization and automation of agriculture sebtousing highly sophisticated robots
that replace manpower in tasks when a person pesfarorse than an automatic device in
terms of precision, consistency and working cydlee agricultural production rates are
significantly influenced by utilization of robotsié tools and techniques developed for
decision support system. To obtain the automatstesy in agriculture sector, three main
problems need to be solved: (1) the guidance ofrdhet through the crops, (2) the
location and characterization of the fruit on trees and (3) the grasping and detachment

of each piece.

In Japan, green sweet pepper is tlenfost important fruit vegetable grown on
approximately 3430 hector area of land producing,@d0 tons yield which needs not
only high man power but also high input energy comgtion during harvesting operation
leading to increase in labor cost and productiost.c@his issue also connects to
decreasing population of Japan in recent decadesh®other hand, detection of fruits in
natural background is difficult when color of fraidnd background, such as the leaves and
stems or fruits, are similarly greenish. As botteeln sweet pepper and leaves has almost
same color and due to that it is very difficult tecognize them separately during
automatic harvesting. Thus, by considering thesgeis, a green sweet pepper was selected
for the research study. This research focuses catitm and characterization of green
sweet peppers on trees and grasping and detacloheneet peppers during harvesting
operation in the greenhouse horticulture.

By considering a need of simple and economical rebd-effector, several types of
prototypes were designed and developed based @awusamechanisms, parameters and
materials; and tested for their performances. Tio¢op/pe model were first modeled and
simulated in the software to observe the static &attjue characteristics of each

component in the system and obtain the optimalgdegiarameters for prototyping



environment. After the successful and satisfactesults obtained from the simulation;
the prototypes were built and verified for performoa and reliability. A prototype based
on mechanical contact gripping strategy showed ifssggnt results during harvesting
operation under several situations. This pickingtay prototype showed significant
results under selected testing conditions with % 9erformance efficiency, 1.1s to
perform the harvesting operation and no physicatatge was observed to the harvested
fruits. Considering the fruit shelf life and quglimeasures, thermal cutting system
prototypes were developed based on amplified vel&gd current potentials. In electric
arc thermal cutting system, 1mm and 2mm diametsteldes were tested for harvesting
operation in which 1mm diameter electrodes fourghifcant for cutting fruit stem of
5mm diameter in 2.2s. In temperature arc therm#lngusystem, 0.02mm, 0.5mm and
1mm diameter nichrome wires were tested for hairvgsiperation in which 0.5mm and
1mm diameter nichrome wires found significantlyeeffve for cutting fruit stem of 5mm
diameter in 1.5s and 1.4s respectively. Amongweegrototypes, temperature arc thermal
cutting system demonstrated good results in whiabed on physical configuration of
prototype, 0.5mm diameter nichrome wire was reconded for harvesting operation. By
adopting thermal cutting system, the physical daradtruits could be avoided and there
was no viral or fungal transformation occurred wththe harvested fruits which
considerably help to preserve the quality and slifelfof fruits up to 15 days at normal

room conditions.

A color recognition system and fruit detection aition was developed and tested
for several color space models based on color rgaéttributes and reflection feature
attributes to find out the significant color spacedel for detection of green sweet peppers
in natural background. In case of color images, HB8Wr space model was found more
significant with high percentage of green sweetpgepletection followed by HSI; as both
provides information in terms of hue/lightness/cheoor hue/lightness/saturation which
are often more relevant to discriminate the freotri image at specific thresholding value.
In HSV color space model, based on image histognaatysis, it was found that there was
significant difference between reflection from feuan reflection from leaves and stems.
Due to this higher reflection feature attributeg fruit visibility was higher in HSV color
space model followed by HSI color space model wtampared with other color space

models in which the fruit visibility was low due taconsistent or lack of reflection feature
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attributes. The recognition rate found higher f@&\Hcolor space model as 84% while for
HSI as 72% which was further categorized into 4ed#nt groups based on various
conditions that occurs during harvesting processcation and orientation i.e. 3D

coordinates and inclination angle of detected fsteim with respect to vertical axis were
obtained. This positional information of detectaeen sweet peppers was found highly
reliable in which the depth accuracy errors anghatisy parallax errors were minimum

when distance between cameras and fruit was 5@0@omm and distance between two

cameras maintained to 100 mm.

A multispectral IR recognition system and fruit elgton algorithm was developed
and tested during day and night time under sewscted conditions in which IR 96
optical filter found significant to detect the sweeppers in day time without any artificial
IR lighting. IR 78 and IR 80 optical filters wereund not significant to locate the fruits as
these filters were highly sensible to artificial lighting intensity and it was also found
that there was no color difference observed betviegts and background. IR 90 optical
filter was found moderately suitable with reasopaliluit visibility percentage for
detection of fruits in night time at high light ertsities but the results were unstable as the
change in image capture camera angle and distanfreits were found as influencing
factors for successful detection of sweet pepp€&he histogram values of reflection
feature attribute thresholding and light intendityesholding had significant difference
which made sweet pepper detection possible in riigheé based on reflection feature
attribute. There was considerable difference fobetiveen color of fruits and rest of
background which caused a partial detection ofdrwith IR 90 in day time. IR 96 optical
filler was found highly significant for fruit deteon or multi-detection with high
percentage of fruit visibility under several comatis during day time. There was
significant color difference observed between §@hd rest of background which caused
successful fruit detection and high fruit visilylipercentage for single fruits, fruits with
leaves or overlapped and occluded fruits by usmmgpass filter thresholding.

The fruit maturity determination algorithm was dieped by using PCA analysis
based on strong correlation of chlorophyll reflece of fruits detected by IR 96 optical
filter to IR wavelength. The single fruits or frsiitvith leaves whose detection was possible
successfully, the maturity determination percentages found higher compared with

occluded and overlapped fruits. The maturity deteation by using developed algorithm
v



was found high in G1 group (76.07%) and G2 group.98%) followed by decreasing

trend for G3 and G4 groups. Unstable results waned when leaves or stems overlapped
or occlude with the fruits and detected in recagnitresults as a part of detected fruits.
This was due to the influence of chlorophyll reflecce from leaves and stems on

chlorophyll reflectance of fruits in the recognizegults of sweet peppers.

Keywords: Sweet pepper, gripper, simulation and modelinggrttal cutting, electric arc,
temperature arc, recognition system, multispeatnalging, image processing,
thresholding, maturity determination, automaticveating
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1. INTRODUCTION

The drastic changes in automatization from compu@merically controlled
machines that work in limited environmental facttwrsiumanoid, space, surgical robots
with artificial intelligence has been took placdast few decades. This chapter gives an
insight into the developments and achievementienagricultural robotics in past few
decades; the background, problems, objectives,esaogd limitations of the research

study presented in this dissertation.
1.1 Background

Agriculture and food are the backbone of many dgyadl and under developing
countries that helps country to grow up their ecoiral, social and individual status.
The development of agriculture in traditional hurgatherer societies started around
10,000 years ago and has been crucial to the famat human civilizations across the
globe. Over the centuries agriculture has morpmd the modern large-scale bio-
industry it is today, producing goods through thewang of plants, animals and other
organisms in close interaction with the environm@ifite major changes in agriculture
has occurred through domestication of crops andhalsi weed control techniques,
water management, fertilizer/pesticide applicatiganetic engineering and the large
scale mechanization that ensued in the middle 80’89 These major changes helped
agriculture sector to grow up rapidly with mechatian and precision technologies by

discovering incredible innovations and bringingieas revolutions around the world.

In recent decades, advanced technology and laestts of scientific research
have been largely applied in agriculture in ordemtprove the quality of products and
to increase the productivity. The rapid growth Ire tworld population demands a
constant food supply with quality. In Asia, deciegsfarmer and agricultural labor
population due to various factors is a serious lerob especially in Japah®. As a
result, to solve this problem, researchers aregetto provide long term and low tech
solutions in terms of mechanization and automatéragriculture sector by using
highly sophisticated robots that can replace mampowtasks when a person performs

~worse than an automatic device in terms of pregjstonsistency and working cycle..
v 2'
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1.2 Present Status of Fruit Harvesting Robotics

The development of robot system that enables h@mgesutonomously has
received considerable attention in the last decdmeshas gained least amount of
technological development for satisfactory autoomatiin agriculture automation, the
production systems should provide higher qualitgdpicts at lower cost in order to
become competitive when the agricultural productaies are significantly influenced
by utilization of agricultural robots and tools atethniques developed for decision
support systeri-?.

Among the various farm management operations, Bangeis an important
operation which needs not only labor power but diggh energy input with high
resources. Most of the other farm management apaesatan be carried out by highly
precise and accurate commercialized mechanizaimtques but harvesting operation
still has not gained the similar commercializatistatus which engaged many
researchers to study and develop the agricultwhbtr applications for harvesting
purpose. The study of agricultural robot applicasidor plant production presumably
started with mechanical citrus harvesting system1@68 3. Thereafter several
achievements in fruit and vegetable handling haaentfound around the globe which
helped to enhance the harvesting operation stattisld management. Since 1968, the
major achievements gained in the application obtiak for fruit harvesting are listed
below in Table 1.1.

So far, no harvesting robot has reached the stagenumercialization, because of
their low operation speeds, low fruit recognitiater in variable field conditions, low
successful fruit harvesting rates, complexitiesthie robot manipulator movement
control and high costs. To overcome these hurdhespaovide a sophisticated robot
technology that can replace human by means of watesks and in order to achieve the
commercialization status of fruit harvesting robatsny researchers are working on
autonomous harvesting robots. The real time cdst®fe and fully automatic robotic
fruit harvester might have a long way from the fiocammercial prototype yet, however,
some interests for future research to develop ttenpial use of these automatic fruit

_harvester or harvesting systems is possible. Anteogbot which is the closest to
v 3V
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commercialization may be a strawberry harvestifpt8-?. The robot operates during
night time and harvests fruits suspended from tlessof a table top culture in

approximately 20 s, yielding a harvest capacit@.8fha greenhouse per night.

Table 1.1: Achievements in fruit harvesting robstic

Fruits References
c Schert and Browh; Blandini'"*; Hayashi and Ueda®; Recce
itrus

et al.*®; Brown™": Hannan and Burk$®; Muscato et af'?

- D'Esnon and Rabatel'!”. D'Esnon et al.™'%: Kassay!*:
pple .

Bulanon et al**®: Setiawan et al***; Zhao et al*

Kawamura et al**®: Kawamura et al*”: Kondo et al.**®!
Tomato [1.19] [1.20] [1.21]

Kondo et al!~~, Monta et al:~<"; Kondo et al:~

Amaha et al**?: Arima et al.**; van Henten et al**; Vvan
Cucumber [1.25) [1.26]

Henten et al:"“>; Tang et al:™

Ceccarelli et al**: Arima et al.l'*®; Kondo et all***; Hayashi
Strawberry

et al.[13

Benady, et al'*': Benady and Mile§*?: Edan and Mile§>%: Y.
Melon

Edant3%
Grapes Sevilla et df-*! Sevilla and Baylolf**; Monta et al'**"]

Sweet pepper| Kitamura and 0k&”; Kitamura and Ok&>°

Eggplant Humburg and Reid'”; Hayashi et al™**:
Mushroom Tillet™*?: Reed et al™**!

Cherry Tanigaki et al***

Kiwifruit Scarfe et all**]

Chicories Foglia and Reina™

The achievements of researchers listed in abovie &g only few examples,
apart from these examples; there are many otheardsers working worldwide on
developing autonomous robotic systems for harvgdha fruits. The detailed review on
various harvesting systems based on the harvestitigods, based on different machine
vision systems and based on various methods indrdatp analysis on fruit harvesting

‘was given byLi e al. (1471 along with various projects started on automatidt f

v v
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harvesting systems and several research issug¢sdelath automatic fruit harvesting

systems.
1.3 Problem I dentification

As mentioned byJimenez et al. ¥ to obtain the automatic fruit harvesting
system in agriculture sector, ideally, three maiobfems need to be solved: (1) the
guidance of the robot through the crops, (2) tltation and characterization of the fruit
on the trees, and (3) the grasping and detachnfieatch piece. The first problem is not
critical and can be solved using one operator tdegthe robot through the crops or
adopting line tracing moving base system. The other problems have received
remarkable attention during the last thirty yeahough no commercial harvesting
robot is available. To solve problems of locationd a&haracterization of fruit on trees,
an efficient recognition system is required that t@cate the fruits on trees with their
positional information i.e. the location and oreidn of the fruit. Further, the
recognition system should be able to locate théuded or fruits partially covered by
leaves in the variable field environment. Also,smve the problem of grasping and
detachment of fruits, an effective gripping andtiogt system is required that can
harvest the fruits under various conditions withcatising any physical damage to the
fruit. Moreover, the picking system should be atdehandle the soft, delicate fruits
during harvesting time with respect to their vas@lape and size without causing any
damage to trees and could able to perform the bangeoperation at higher speed very

precisely.

To avoid the physical damage to soft and delicatésf manual harvesting is
preferred which significantly increases total cokfruit production. Also, this type of
harvesting method is highly labor intensive andficient in terms of both economy
and time. To perform the intensive manual harvgstimigh labor power is required. If
the labor population in the agriculture is taketoinonsideration, then since last few
decades, the labor population is decreasing rapif§l. Figure 1.1 shows the
agriculture labor population around the globe fro®80 and predicted until 2020 while
Figure 1.2 shows the decreasing trend of agricaltabor population from 1980 and

_predicted until 2020 in case of Japan. N
5
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The main reasons for this declining trend of adtical labor population in the
last few decades were major innovations in aguecalt and introduction of
mechanization and computerization in agricultuuad early 90’s. As a result, getting
adequate agricultural labors to perform the agtical activities became difficult and
thus the labor wages increased rapidly. The hitgd®r wages adds additional cost to
the production cost and hence to the market cesttieg expensive commaodities in the

market. The use of labor power for agricultural ragiens also increases the input

P
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energy consumption and overall resource utilizatmm agricultural activities. In
addition; there is less agriculture labor power available due tatinaous out flow of
workers from agriculture to more comfortable anttdyepaying jobs in other industries.
At the same time, the high costs of producing foothe developed countries compared
to the costs in poorer countries are pushing tr@wers out of business. Since the cost
of labor is constantly rising, the only way to ntain, or reduce labor costs per unit of
output is to increase productivity of labor incredlse volume of output. Competing on

low labor costs is infeasible, given world tradedaand cost of living.

Hence, mechanization is the only answer, sincefférg potentially, the only
option for reducing harvesting labor expenses hsb growers can stay competitive in
the years ahead and even expands mafk8tsAlso, mechanization plays a vital role in
securing the future of fruit growers in developexdimtries. Moreover, in addition to
providing means for reducing the drudgery of hartabor and the only solution to
harvest productivity, harvest machinery improves #bility of farmers to perform
operations in a timely matter. It also reducesribies associated with the need for large
amounts of seasonal hand labor for short periodisnef and lessens the social problems,
which accompany excessive influx of low-wage woskerFinally, harvest
mechanization can also potentially reduce humartactrwith food and thus reduce
contamination possibilities. The machine harvessggtems are a partial solution to
overcome these issues by removing fruits from thest efficiently thus to reduce the
harvesting cost to about 35 - 45% of the total potion cost**" and helps to save the
labor cost, input harvesting energy consumptiontarichprove the resource utilization
on agricultural activitie$"®?. Thus, by considering the facts mentioned abowkan
understanding the need of efficient and effectimevlsting systems, the research was
carried out which is presented in this dissertation

Japan is well known for high tech and sophisticatgdculture food production
even though the agricultural labor power is lesngared with other countries. This is
possible due to only mechanization and atomizatioagriculture sector which can be
seen by various attempts made by previous reseaarthéntroduce the atomization in

various agricultural activities. Table 1.2 shows thajor fruit vegetables produced in
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Japan while Figure 1.3 shows the status of swegiggproduction in Japan for last few

years.

Table 1.2: Major fruit vegetable production in Japa®

Production year Onions| Tomatoes Cucumbern Eggplants| Sweet peppersTaros
2009 1154 718 620 349 143 182
2010 1047 691 588 330 137 168
2011 1066 703 585 322 142 -

2011/ 2010 (%) 101.8 101.7 99.5 97.6 103.6 -

(Unit: 1,000 t)
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Figure 1.3: Sweet pepper production in Jadpah

In Japan, green sweet pepper is tHem®st important and valuable fruit vegetable
grown on approximately 3490 hector area of landipeing 142,700 t yield->* which
needs not only high man power but also high inm#rgy consumption and high
resource utilization during harvesting operatioadieg to increase in labor cost and
production cost'**. This issue is also related with decreasing pdjmrzof Japan in
recent decade$>®. On the other hand, detection of fruits in natusatkground is
difficult when color of fruits and background, sua$ the leaves and stems or fruits, are
similarly greenish. As both, green sweet pepperlaades has almost same color and
due to that it is very difficult to recognize thesaparately during automatic harvesting.
The numerous research studies have been carriednowgcognition system for major
fruit vegetables based on different feature attebulike shape, size, color, edge etc. But
in case of green sweet peppers, all these featuileude parameters are not accountable
during recognition operation. Thus, by consideringse issues, a green sweet pepper

was selected for the research study.
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1.4 Objectives

This research study mainly focused on picking ambgnition system of green
sweet peppers. The main objective of this reseatgtly was to design and develop
various automatic harvesting systems for green wswmppers in greenhouse
horticulture and to evaluate the performance ofhesgstem individually. Detailed

specific objectives according to the each harvgstystems are listed as follows,

1. Picking System

1.1To design the models of various picking systemstastithem by simulating and
validating under real time variable field conditsorto obtain the optimal
prototyping parameters before constructing the exymntal prototypes.

1.2The Picking system should be able to grasp andeauh fruit under various
conditions like: single fruit, occluded fruits, ftsi partially covered by leaves.

1.3The picking system should avoid any physical damagthe soft and delicate
fruits during harvesting operation.

1.4The grasping and cutting operation should be peearsd should work at high
speed with high working cycles.

1.5The picking system should be compact, lightweiglfficient and easy to control
and communicate with harvesting robot manipulator.

1.6To develop the technique for picking system so thate would not be any viral
and fungal transformation during harvesting whicbuld help to increase the
shelf life period and quality of perishable fruits.

2. Recognition System

2.1The recognition system should be able to recogarm locate the fruits under
conditions like: single fruit, fruits with leavefsyits with leaves and stem.

2.2The technique should be applicable in the situatismhere certain areas of the
fruits are not visible due to partial occlusionlbgives or by overlapping fruits.

2.3The recognition system should be robust enougloperating in the presence of
difficult and variable field conditions like brighlight reflections, shadows,

variable lighting conditions, night operations amaisy background.
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2.4The recognition system output must supply the 3edisional position of the
recognized fruit.

2.5The developed algorithm must operate in real-tima general purpose sequential
processor the support of special image processiagls.

2.6To evaluate the performance of algorithm used &mognition of green sweet
peppers and recognition rate by using same regogrgystem.

2.7To develop multispectral recognition system to detbe sweet peppers under
various selected conditions such as single fruiy,dinuits with leaves, partially
overlapped fruits and partially overlapped andipbytcovered fruits.

2.8To develop and test the algorithm for multispectratognition system to
determine the maturity stage of detected fruitshst only matured fruits should

be harvested.
1.5 Scope and Limitations of Research

The mechanization and atomization of fruit harvestystems can help as labor
aids and facilitate the harvesting and picking wddbor-saving machines or mass
harvesting systems that improve productivity anduoe labor power by robotic
harvesting or automation. The research study pteden this dissertation is basically
focused on green sweet peppers but the same hagvegstems can be adopted for
various another fruits and vegetables with some ifications in each system. The
recognition system is as important integral parhadfvesting system which might need
special attention when adopting for another fraitsl vegetables. The thermal picking
system presented in chapter 5, if adopted for amdthits and vegetables, it will help to
increase the shelf life and quality of the produtd can be preserved for longer time at
normal room temperature when compared with congeati cutting methods. This
research study may provide partial or permanenitisols, new guidelines towards the

probable solutions to the several problems mentiem¢he section 1.3

On the other hand, this research will also haveesbmitations and need to be
taken into account in order to link the differerdrvesting systems and results and
discussion derived from the experimental datas Ivery difficult and complicated to

~automate the harvesting operation in greenhougtdsagery intricate process, involving
. 10
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a multitude of tasks which require dynamic, realdiinterpretation of the environment
and execution of various sensing-dependent opesatiWhile the schematic analysis of
harvesting robot manipulator may seems rather géitfarward, it requires the
integration of a host of technologies, which ardhat cutting edge of our knowledge
today such as machine vision system, image prowpssobot kinematics, sensors,
controls, work process flow controlling, programgiand communication skills and
computerized signal analysis. For adoption, utilota and application of these
technologies in robotic harvesting, the cost oélffiproduct might be high making the
harvesting robot quite expensive at commercialiratstage. Moreover, at research
level, the system might face failure sometimes wuaadequate developments in the
variable field condition environment such as inageq fruit detection or inability to

reach and detach all the recognized fruits.
1.6 Organization of Dissertation

Chapter 1: Introduction — this chapter gives amgimsinto the background and present
status of robotic harvesting, the latest achievémanohieved by some researchers, the
justification of this research study and need tdaive and efficient harvesting systems
for sweet peppers in greenhouse horticulture. Eurtthis chapter also explains the
detailed objectives of this research along withpscand limitation that might rise up

during research activities.

Chapter 2: Structure of Harvesting Robot — thisptiiaexplains the whole architecture
of the harvesting robot. The detailed descriptiam a@ependent and independent
parameter classification, determining the integparameters that will affect the
performance, how to find out the optimal parameterd what should be the design
strategies during designing process can be founthign chapter. The prototyping
environment was explained along with various sulesys, components and flow charts.

Finally, each system in sweet pepper harvestingtrisbexplained briefly.

Chapter 3: Picking System | — this chapter mainlgused on modeling, simulation and
validation of picking system which helps to deterenithe optimal parameters and
component structure for the picking system protetyydodeling and simulating before

o

11

P
) 4



| Chapter 1: Introduction |

&
A g

prototype construction offers many advantages dioly selection of components,
parameter selections, materials and working meshamecision and also to test the
performance of the simulated model under real-tiomnditions. Designing the

developing the picking system by this way helpsdue cost and time. The simulation
results and performance test evaluation resultsgalaith discussion can be found in

this chapter.

Chapter 4: Picking System Il — the application feértnal cutting technique in picking
system was explained in this chapter. The mainatibg of this chapter to develop
efficient and effective picking system that will l@able to perform the harvesting
operation and so help to increase the shelf lifi gurality of fruits. Two different types
of prototypes based on voltage and current areuslssd in this chapter along with
respective experimental results. The chapter furtencludes that thermal cutting
system helps to increase the shelf life and qualitfruits by avoiding viral and fungal

transformation and can be preserved longer at rioooen temperature.

Chapter 5: Recognition System | — this chapter arplthe color camera recognition
system which includes various sensing componeetsgnition algorithms and feature
attribute parameter extraction for harvesting pagadrhe chapter enlightens the steps
involved in image processing, how to differentigteen sweet pepper, stems and leaves
in natural background with numerous color spaceetsodrurther, the process involved
in obtaining the positional information i.%, Y andZ axis coordinates of detected fruit

and orientation of detected fruit is illustratedwseveral figures.

Chapter 6: Recognition System Il — this chapterused on multispectral infrared
imaging recognition system for detection of greeeet peppers. The main objective of
this chapter was to use multispectral imaging mby éor detection but also for maturity
decision. This multispectral recognition systeml|wiélp to decide the maturity of
detected fruits so only matured fruits can be hstece This chapter explains the
procedure, analysis of developed algorithms toaldtee sweet peppers and decide the

maturity stage of detected fruits.
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Chapter 7: Conclusions — this chapter highlighésittiensive and concrete conclusions
withdrawn from analysis and processing of experiedata of research study. This
chapter provides only selected brief conclusiom& tletailed conclusions for each
system can be found at the end of conclusions cseatif respective chapters.

Furthermore, few suggestions and recommendatiangigen at the end of respective

chapters to improve or enhance the research sasijts if any.

L 2
4



Chapter ||

STRUCTURE OF

HARVESTING

ROBOT




| Chapter 2: Structure of Harvesting Robot |

L 4

2. Structure of Harvesting Robot

This chapter highlights the structure of harvestiofot, architecture and main
units of robot, design considerations and pararsetéth few designs models and
inclined trellis training system adopted to growe g8weet peppers in greenhouse to test

the performance of each designed and developeensyst
2.1 The Optimal Design Subsystem

The role of this subsystem was to assist in desggprocess to determine the
optimal configuration and parameters given somk sgecifications and some of the
parameters. The following sections describe theuiredq tasked to be done to
accomplish this part along with some design strageg

2.1.1 Constructing the Optimization Problem

Any optimization problem has three main componealgective function to be
minimized or maximized, optimization variables amdt of constraints. A set of
objective functions that can be used in the opttnin problem were specified. This set
will form the database for the formation of thealimbjective functions for some of the
parameters using the task specification and thimqmeance requirements. Some of the

criteria that can be used to form objective funwiavere:

Workspace
Manipulability
Speed
Accuracy

ok~ 0N PR

Power consumption of motors

In addition to these quantitative measures, thezesame rules and assumptions
that need to consider to solve the parameters amive guidance during the design
cycle. Some of the assumptions made to simplifyptioblem were:

1. The robot type and the degree of freedom are given

L 4
L 4
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Only revolute joints are considered
The links are uniform with rectangular cross settio

There is a finite set of material used to build rthleot with known densities

o b 0N

There are finite number of actuators and sensotis kviown specifications
that can be used in the design
These quantitative measures, rules and assumptiamsbe used as objective

functions for some of design parameters from r@ipecifications.
2.1.2 Design Strategies

During designing, when the performance requiremerdgese stated which form
one or more objective functions, a set of constsaimere formed from the given
specifications, the parameters to be determinedptimal performance were specified
and finally the strategy for solving the problemrgvexplained. An example of design

strategy is given in Table 2.1.

Table 2.1: Design strategy example

Performance criteria Optimization Constraints

Efficient link lengths Link lengths Total link letigs
Maximum manipulability Link masses Link lengths, saas
Minimum position error Feedback gains Maximum tar@wailable
Maximum speed Joint friction Feedback frequency
Maximum acceleration Joint connection Motor paraarset

Minimum power consumption  Sensor locations  Sersmuoge
Maximum accuracy Work cycle Maximum computer speed

Maximum repeatability Cost Maximum communicatigesd

The strategies for solving the optimization probheith be to divide it into stages,
at each stage solve for some of the parametens,ube the values obtained for these
parameters in the succeeding stage. By definingesainthe parameters before solving
the system for other parameters would be helpfulesigning cycle. The flow chart of

designing cycle is presented in Figure 2.1.

2
2
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Task specification
and initial parameters

L 4

Optimal design

module
N
Simulation phase
Performance analysis Change
YSI3 Parameters

Figure 2.1: The optimal design cycle

2.2 Prototyping Environment
The prototyping environment consists of severakgstems such as:

* Design

* Simulation

» Control

e Monitoring

* Hardware selection

* Modeling — CAD/CAM/Solidworks/ProE
» Part ordering

¢ Physical assembly

» Performance testing and evaluation

Figure 2.2 shows a schematic view of prototypingviremment with its
subsystems and interface. These subsystems shayepar@meters and information. To
obtain the integrity and consistency of the whglgteam, a central interface is necessary
with required rules and assumptions for passingrtf@mation. This interface will be

P o
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the layer between robot prototype and subsystents ianwill also serve as a
communication channel between different subsystdins.main functions of interface
are to store set of data, information, generate nconication layers, update the

information, and control the systems and subsystems

Optimal
Design Hardware

Simulation .
Selection

Interface

Robot
Prototyping

Control Modeling

Part

Monitoring Ordering

Assembly
and
Testing

Figure 2.2: Robot prototyping environment

2.3 Prototyping Environment Database

A database for system components and design paesristnecessary to enable
the central interface to check the constraintsadply the update rules, to identify the
subsystems that should be informed when any chaakgeplace in the system and to

supply the required reports. This database contallmsving components:

* Robot configuration

* Design parameters

« Available platforms

» Design constraints

e Subsystem information
e Update rules

» General information about system

2
2
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Figure 2.3 shows the top view of the main compahent the prototyping

environment and Figure 2.4 shows one of these casmngs in details.

[Prototyping Environment]

g—

e,

Robot F

g~

S

Constraints F

—

-

Communicatioﬁ

g

S,

System
Information

ﬁUpdate Rules

oy

_—

H Platforms

Subsystems }

L

Reports

_—

Figure 2.3: The main components of robot prototgm@nvironment
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Figure 2.4: Detailed analysis for robot classes
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2.4 Overview of Harvesting Robot

To perform harvesting operation of sweet peppesglengreenhouse, the design
of robot must be simple, compact and precise. Bysiclering this fact, the robot was

designed which can be seen in Figure 2.5.

«—Recognition System

(Position, Orientation, Size)

«— Picking System
(Grasping, Cutting)

| e—Moving System

| | E (Positioning, Moving)

Figure 2.5: Overview of harvesting robot

The harvesting robot composed of three main umts every unit was designed
by considering the basic requirements to perforenhilirvesting operation. At the same
time, cost of construction, efficiency of each cament, working mechanisms, material
selection and working accuracy of each unit wae &&en into account. Each unit of

harvesting robot is discussed below.
2.4.1 Moving System

The moving system consists of crawling tracks ameels which forms a base.
This base provides a rigid platform to mount thieotomanipulator on it. The moving
system was equipped with line tracing system thHaiva moving the robot base inside
the greenhouse without any difficulties. For thisgmse, each furrow needs a line track
laid before harvesting operation starts. The mogygfem was controlled by S-box and
a control program developed in Matlab. The whe#ksched with crawler helps at the
end of furrows to make a good turning when moviystean changing the furrow. The
developed program allows base to stay standby timtilcommands received from
manipulator control unit to move forward or backdiaihe main function of the

2
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moving system was to position the robot manipulettatively according to location of

the sweet peppers on trees and move the manipwatarever necessary.
2.4.2 Recognition System

The main function of recognition system was to findt the location and
orientation of the sweet peppers on trees. In mEtiog system, two CCD cameras
along with artificial lightening system were usex dapture the real-time images in
greenhouse. The captured images were transferredniputer through image grabber
interface and further processed in the Halcon imagecessing software. The
recognition of sweet peppers involved several stépsng image processing. An
algorithm was developed to perform the image prsiogssteps continuously based on
binarization ofHSV color space model. The software can detect thesfioy using light
reflection feature. The software provides 3D lomatand orientation of fruit, stem
inclination with respect to fruit, stem length andenter reference point. This positional
information data were stored in the computer anthéur directed to the main robot

control program.
2.4.3 Picking System

The picking system consists of gripping and cuttimifs attached at the end of
robot manipulator. The main function of picking t®ye was to grasp the fruits and cut
them accordingly without causing any physical daendg fruits. The positional
information obtained from recognition system waeduby main control program and
according to the target location; the movementobbt manipulator takes place. When
the end-effector reaches near the target locatlmm;central reference point obtained
during image processing defines the grasping poirtie gripping unit then grasps the
fruit and cutting unit cut the fruit stem accorditggset length of stem cut. The main
purpose of gripper was not only to grasp the fouit also to avoid any physical damage
to the fruit. The opening-closing of gripping uaihd cutting process were performed
with the help of servo motors which offers high eghehigh accuracy and precise

movement during the control of end-effector.
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2.5 Architecture of Harvesting Robot

The structural design of the harvesting robot cxiesof oneOriental step up
motor for base, twdlaxon motors for arm and orkeondo servo motor for picking unit.
All the motors were connected to computer througbtom controller and Universal
Serial Bus. The selection of motors for manipulatess done based on kinematics and
dynamic analysis of the robot. Two CCD cameras \aittificial lightening around
camera neck were connected to the computer viadnfragne grabber to capture the
real-time images. The robot control system compadeskveral application programs
linked with each other. The robot control progrand aiser interface graphic window
was developed iNisual Basic C++ version 6. The architecture of the harvestingptob

iIs demonstrated in Figure 2.6.

Computer
F——*{Image Grabber] {CCD Camera]
CCD Camera
Windows

VB C++ Ver. 6 USB Controller |—»| Kondo | —
i
Oriental Application

Maxon Application USB Controller Maxon Arm

»

Kondo Applicati
ARG SRReatE USB Controller Maxon Arm

Halcon Application 1

USB Controller Oriental—» Base|

t

Power

Figure 2.6: Architecture of harvesting robot

The graphical user interface window of control peog offers two ways of
control mode; manual and automatic. In manual cbmtiode, the manipulator could be
controlled by operator by inputting desired positMalues while in automatic control
mode, the movement of manipulator takes place aatioadly without interference of

human. All the harvesting operations in this modgied out automatically by control

2
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program. The program also provides emergency stomanipulator to avoid any

accidents under circumstances of risky environment.
2.6 Inclined Trellis Training System in Greenhouse

The harvesting equipment can operate at maximundugtvity when the
workspace has been organized to minimize inefficiebstacles, standardize fruit
presentation, provide sufficient alleyways and nraze fruit density on uniform
growth planes. Certain tree species and even peviieties within species have an
optimal subsistence are for best fruit productiwhich provides a proper ratio between
the number of leaves needed to produce carbohgdeaite other organic compounds,
and the number of developing frulfs’. The woody mass-roots, trunks, scaffolds and
branches supports the tress canopy but contriloit@sally towards fruit development
once nutrient uptake and moisture demands are hhatvever, the woody mass
continues to use the resources from tree to mairtaelf, offering obstructions to
robotic harvestingBen-Tal *? suggested that maximum yield per unit area woeld b
achieved by a large number of relatively small gremuggesting that smaller robotic

systems may actually provide a better economiametu

In the conventional plant training system, swegqipee plant grows in upward
direction and leaves cover most of canopy area lwhesults in difficulties for fruit
recognition and manipulator movement. Unlike thenho eyes, a robot with visual
sensor cannot distinguish one object with a certailor from another object with a
similar color and determine the shape of an objeely not be able to detect fruit which
is entirely or partly covered by the leaves. Iniadd to this, the stems and leaves are

more likely to become obstacles when the maniputas to approach the fruft®.

The advanced plant training system helps to sdiesd problems by separating
fruits easily from leaves and stems. The use @nsis or threads helps the plants to
grow in almost Y-shape which makes convenient tovds sweet peppers without any
obstacles, reduces recognition errors and smootfement of manipulator. The wide
distance between furrow and ridges helps for easly ssmooth operation of moving

system.
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According toJuste and Sevilla >4, the configuration of the trees significantly
alters the percentage of visible fruits on the.tféer tree row configurations, with a
hedge appearance, the visibility of the fruit caadh 75%-80% of the actual number of
fruits which is much better than the 40%-50% ofhiigy for conventional plantings.
Figure 2.7 represents inclined trellis trainingteys in greenhouse adopted to grow the

sweet pepper plants.

I

1600 mm

Leaves and fruits __,)
supported with thread

Picking
System

300 mm

|1— 1000 mm A{M}IQ— 1000 mm 4)|

K—lﬁ(lll mm —’!

Figure 2.7: Inclined trellis training system adapte greenhouse
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3. PICKING SYSTEM -1

This chapter describes the design consideratiomscking system, modeling and
simulation fundamentals of designed system, prptotyand experiments with picking
system that validates the designed model.

3.1 Introduction
3.1.1 Background

The development in the technology leads to widdiegaons of industrial robots
in a large number of areas such as assembly, mlakemdling and machine tending,
packing, picking, palletizing, gluing and sealiragc welding, spot welding, painting
and coating, foundry applications and water jetiegt The application of robots and
robotic manipulators in Agriculture is very comman these days; especially, the
modern high-tech greenhouses are always equippéd automatic machines and
control systems which are derived versions of nically controlled machines. Fruit
harvesting is one of the important application iaen house horticulture that helps to
save labor cost, input harvesting energy consumpdind to improve the resource

31331 Robot gripper is the main functional part of rolaom that helps to

utilization
grasp the fruit and then cut accordingly. It casoabe used for pick and place, packing
or welding operations. In agricultural harvestinggny researchers are engaged to
design robotic devices for efficient and delicagri@ltural product picking and
handling as the agricultural production rates ageificantly influenced by utilization

of robots and tools and techniques used in decisigoport systen®*. Chen !**!
mentioned different gripping mechanisms with selv@@rameters and also gave a
detailed classification of the grippers based oin @@ments used in their construction
as linkage, gear and rack, cam, screw, rope arldyptyjpes and miscellaneouSarig

381 described a brief review of work carried out ivelepment of fruit harvesting robot
from 1982 to 1992 in different countries. This wonkas focused on the technical
development with different aspects of harvestingbfgms by pointing out the
necessities to optimize research and developmemk wexquired for realization of
robotic harvestingEl-Kalay et al’*” focused on industrial robot working mechanisms
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and their workspace. They also described the canceagripping of cylindrical objects
in relation to rack and pinion type grippers. Thewrk concluded that the rack and

pinion type grippers are mechanically unfit for trersh industrial environment.

To avoid the physical damage to fruits, manual éstimg is preferred which
significantly increases the total cost of fruit goation. For the efficient mechanical
harvesting, the most important part is to designgtoper gripper that can handle soft,
delicate objects like fruits, with respect to thearious shapes and siZ&& *°! The
mechanism based on cutting device attached towaiurm for picking soft fruits was
designed byHarrell et al. % which consists of a rotating lip that detaches ftié
already enclosed in the tube; the fruit then ralsvn the tube to a container. A
telescopic robot hand design was givenlbg et al. Y which include set of DC
motors and 3D vision sensor used to grip and aiagparagusplants in greenhouse.
This robot arm took 13.9 s and 23.9 s to performplete harvesting operation. The use
of vacuum grippers in delicate fruit harvestingtthaoids high air pressure and physical
damage to the fruit was tested Bgrig et al.**?, Hayashi et al®***'and Monta et al.
3141 with the help of vacuum technology. This type dppgers shows good results for
picking tightly clustered fruits. At the same tinier vacuum grippers, small leakage in
the system leads to failure of operation and higtmrstruction and operating cost
results in expensive system. In addition, with suctup and gripperan Henten et al.
B3] reported use of thermal cutting tool for cucumbervesting in which cutting was
performed by a thermal cutting technique. Though thermal cutting operation has
several advantages over bacterial transfer, its1peecise system contr@@hambers et
al. 3% developed hydraulic gripper and moving jack usethove the heavy structures
and for heavy payloads. Though they provide higéngith and high speed operations;
these types of grippers required large floor spau precise control over the system.
The miniature gripping device was proposed for lapeopic operations bylorra et al.
317 and Carbone et al®!® but they encountered the problem of maintaininghhi
pressure inside the master chamber which actuagerest of mechanisnKondo et al.
319 developed an end-effector to harvest tomato dlsisbesed on force sensing
principle operated by couple of servo motors amadinder in which the main stem of

tree was detected by photo sensor and the pedohttenato cluster was detected by
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strain gauges mounted on grippers. An end-effeitok 15 s to perform harvesting
operation of a single tomato cluster. The developed-effector was failed to extend
into plant canopy area where node lengths in tgk-bensity system were too short for
the end-effector to grasp the main stem near tmat cluster which results in overall
harvesting success rate of end-effector as 50%.

3.1.2 Problem Identification

To overcome the problems encountered by previousearehers, several
researchers have developed robot grippers thattgpeith the help of electric motors
and these types of grippers were found suitableséwveral applicationd 431 3:19-3.20]
Most of the robot end-effector uses one electricamtor gripping and one for cutting
operation and during programming the control systeach motor needs separate
control. This makes the system complicated to @wgwhen the whole robot control
system program is considered and requires spetiBation. Also, using two motors for
gripping and cutting unit increases the cost adogrdo the application. Thus, by
considering the need of simple and economical gripihis research was carried out to
design gripping and cutting system that operatén witly one electric motor which

would reduce complications in programming and oj@na

This chapter also focuses on different aspects adiating the prototype with
various design parameters and different charatteyioof kinematic and dynamic
performances. To obtain the optimal parameters watld enhance the performance
and at the same time, prototype could be simulaédore manufacturing so that if there
would be any faults or failure within the systenerthit could be replaced during
simulation. This helps to reduce the time over titaglitional error and trial design
method and also it saves the cost of manufactumngroviding the best options for
construction of prototype. This chapter describbe importance of modelling,
simulating and validating the prototype by consitgrdesign factors, static and
dynamic behaviour of the prototype and its perfarogaunder various conditions.
Developing the suitable model with several desigdiss and performing simulation of
the designed studies provides the optimal desigranpeters and selection of
economical and efficient materials for prototypititee model. The various motions
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within the model can also be observed during sitrariaand this could help for
designing the control system of the prototype tbates time, cost, defects in the
prototype and assure the efficient performancéefiesigned prototype.

3.2 Picking System Design Considerations

The robot grippers in horticulture applications fivesh fruit and vegetable
manipulation have to fulfil some specific requirarteesuch as high speed activation,
adaptation to a variety of shapes, maximum adherarad minimal pressure, no
damage to the product, low maintenance, high nétiablow weight, be approved for
contact with foodstuffs, low energy consumptiomuieed positional precision for both
gripping and releasing of the product, ease ofnitep easy and fast ejection of the
product (important for products of low weight). Bgonsidering these special
requirements and to specify the gripping manipaigtithe strategies mentioned by
Blanes et al’**! were followed to design the picking system forsthésearch. The

classification of the manipulation strategies arethods can be seen in Table 3.1.

Table 3.1: Classification of manipulation stratasgemd methods

Handling ability Damage type
Strategy Method
Gripping Positioning Orienting Placing Bruise Tear Break Deformation
Air Vacuum Suction cups Yes No No Yes Low Low Low Low
Pipes Low Yes No Yes Yes Yes Low Low
Pressure Bernoulli Yes (no contact) Low No Yes No Yes Low Low
Blow No Yes Low Yes No No Low No
Contact  Gripper Electric Yes No Yes Yes Low Low Low Low
Pneumatic Yes No Yes Yes Low Low Low Low
Hydraulic Yes No Yes Yes Yes Low Yes Yes
Rubber Yes No No Yes No Low No Low
Robot hands Yes No Yes Yes Low Low No No
Multibody mechanism Yes No Low Yes Low Low No Low
Ingressive Needles Yes No No Yes Yes No Yes No
Fluid Rheological change Yes No Low Yes Low Low No Yes
Product  Gravity No Yes Low Yes Yes Low Yes Yes
properties  Piling up, pushing No Yes Low Yes Yes Low Low Yes
Dynamic No Yes Low Yes Yes Low Yes Yes
Scooping up No Yes Low Yes Low Yes No No
Vibration No Yes Low Yes Yes Yes No No

Thus, by considering the above strategies andldétesview of previous work, a
simple comparison was made within electric, pnewratd hydraulic grippers which

offers low damage good results of gripping, positig and orientation. This
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comparison would be helpful to decide the desigtofg and manipulation strategy for
picking system in this research. The comparisoelettric, pneumatic and hydraulic

grippers can be seen in Table 3.2.

Table 3.2: Comparison of electric, pneumatic andrawylic grippers

Electric Grippers Pneumatic Grippers Hydraulic Grip pers

High accuracy and | Smaller units, quick ) )
High strength and high speed

repeatability assembly
Less floor space High cycle rate Large robots, $dkaor space
Low cost Easy maintenance Mechanical Simplicity

) Needs Precise systemUsed usually for heavy
Easy maintenance
control payloads

Good results for Good results for ' .
Good results for single fruits

single fruits cluster fruits

Based on the comparative study on electric gripppreumatic grippers and
hydraulic grippers, it was decided that the newkipg system should be designed based
on contact gripping manipulation strategy usingtele motor gripper method. In case
of sweet peppers, the shape of fruit is irregutat surface is not always smooth which
made difficult to consider about pneumatic and hutic grippers. As electric gripping
method has several advantages over other methadmastly it is suitable for single
fruit harvesting operation, the number of desigrexevprepared by consider other

design parameters essential for efficient pickiygtem.

All the possible interactive factors and input paeters relevant to gripper design
were framed together and the steps followed toiolike optimal gripper design. The
factors significantly influence the gripper seleatican be seen in Figure 3.1 in which
crucial conditions of not only dynamic but alsotist@omponents were interconnected
with the optimal gripper design. The flowchart lhe® several questions that helps to

decide these interactive influencing parametersbeaseen in Appendix A: 1.

2
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Optimal
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Material and Defining the
surface of gripper drive
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sequence of forces gripper gears
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Velocity and motion Chec_:k a_nd
acceleration optimization
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7
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flange and for gripper gripper
type of drive connections
energy

L 4

Figure 3.1: Interaction factors and input paransetelevant to optimal gripper design
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3.3 Design of Picking System
3.3.1 System Design

The mechanical system to which this chapter reptese a picking and cutting
system which composed of two parts; the first psraimed at grasping the sweet
pepper and the second part is aimed at cuttingtdma of sweet pepper from the plant.
These both parts have been specifically designed thie purpose of imitating the

manual operations by labor.

Figure 3.2 shows the concept of new gripping anttngutool designed to harvest
the sweet peppers. In this system, two same siggdars and one small size gear was
used. The same size big gears were meshed togettianstalled on supporting plate
with washers and power was provided to one of thegbar through servo motor axis.
Further, the small gear was meshed with one ofsthime size big gear installed
previously and a circular disc was attached tadipeof small gear axis. A sharp scissor
was installed on the circular disc by means of lm&chanism so that it can operate

through the power provided by servo motor at basét.s

The gripper was connected to the big gears of sam@eand cutter was attached
on the circular disc. The care was taken that tigpgr links should not interfere with
small gear when it is in operation. The gripper ¥emwicated by using small aluminium
plates and internal thermo-col coating was apphiedhe inner sides of plates to avoid
any physical damage to the sweet pepper. The gripgrs were attached at root pitch
level of the gears and this joint was fixed. Inecad cutter, the links were used to
connect the scissor and circular disc. The joirttene links connect to the scissor were
tightened while the joints where links connectiticdvere kept loose to rotate freely.

L

Circular Disec
1 Big Gear
Small Gear

Supporting Plate

Sweet Pepper Motor Axis

Figure 3.2: Concept of picking tool
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3.3.2 System Operating Mechanism

The rotating power from the servo motor was tramsteto the big size gears and
then to the small gear. The circular disc instatbedthe axis of small gear rotates with
the same speed of small gear while gripper conddcté¢he big gears rotates with the
same speed of big gear. The purpose behind usiiegetiit size gears was to obtain the
speed variation in the harvesting operation; that means the gripping speed should be
slower than the cutting speed but both gripping eumting operations should perform
simultaneously. This offers good advantage of Imgdhe sweet pepper slightly earlier

than cutting the stem.

The gripping system and cutting system were cdetidly KondoKRS 6003 HV
servo motor®?? through computer and whole system was programmedperate
accordingly. The opening - closing of gripper acgsor was controlled by a program

which was developed in Visual Basic C++.

When the servo motor rotates, the power from mshaft was transferred to the
big gears which drive the gripper. At the same fismeall gear meshed with one of the
big gear drive the circular disc installed at otl#rd of axis. Further, the scissor
attached to the circular disc starts operating wathtion of disc and the arrangement of
disc interacting with scissors can be seen in [EigiiB. Due to variation in size of
holding area and cutting area, these big gearsianadl gears offers speed variation that

helps to hold and cut sweet pepper at the same time

Figure 3.3: Attached scissor on circular disc

*
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3.3.3 Speed Control of the System

Figure 3.4 represents the detailed block diagranthefcontrol system used to
operate and control the gripping and cutting systEime control program was written in
Visual Basic C++ to interface between servo motat e@omputer. The servo controller
KCB-1 3% was used to control the Kondo servo motor. Theomattates by 270
without restriction and the program was used totrobrihe rotation of motor in two
patterns, first pattern rotates motor by 1735slow speed while second pattern rotates
motor up to 202%in fast speed. The first pattern assists in grigpvith slow speed
while the second pattern facilitates cutting withhhspeed. Therefore, for complete and
successful gripping and cutting of the sweet peppetor was programmed to rotate by

202.5 with two speed variations.

Servo Controller Kondo Servo Motor
Computer |— (KCB-1) — | (KRS6003HV)

T T Gripping and
Cutting Tool
VB C++ Power Supply
Program

Figure 3.4: Block diagram of speed control of thistem
3.3.4 Advantages of Designed Picking System

In the prototype developed W¢itamura and Ok&>?%, the gripping system was
based on parallel link mechanism which was madawiy metal links that causes
physical damage to the fruits and cutting systera made from the pruner which fails
to cut the stem of fruits when fruits were overlegpThe prototype was sliding rail type
timing gear based device which takes time to exehatvesting operation. In proposed
design, gripping and cutting operations intende@edorm by using only single servo
motor to avoid complications in the overall programg system and operation. Also, it
helps to save the cost of manufacturing and coshaihtenance. The proposed device
can easily be mounted to the harvesting robot deeel previously**” and can
execute the harvesting operation only in 1.10 stheamore, the proposed device was

found very suitable to cut the fruit stem underisas conditions including overlapped

2
2

34



| Chapter 3: Picking System - |

&
A g

fruits. In the proposed device design, 10 mm thagler of thermo-col was applied to
the gripper bars to avoid any physical damagetitstrThe thermo-col layout forms an
open box container structure which stabilizes thieet pepper by direct grip and holds

fruit stem immovable for cutting operation.
3.4 Modeling of Designed Picking System

The developed model of designed gripping and aytiystem can be seen in
Figure 3.5. The model was simulated to observe dygem behaviour with real
parameter environment and to test the system agdififerent kinematic and dynamic
performances. The modelling of the system provalethe optimal parameters which

were used to build the prototype and improve tlstesy performance.

Scissor cutter

Sy %

Front View Side View

Figure 3.5: Designed system model with differeetng

3.4.1 Simulation Parameters and Conditions

During the simulation, the forces and torque actinghe model were considered
along with all mass properties of the system cormptsrand centre of gravity acting
centrally downwards to the model. The torque remuifor gripping and cutting
operation by servo motor was computed by dynamétyars of robot. In the simulation,
the rotational torque 1.32 N-m was applied to tretanaxis. The grasping force that
causes physical damage to the fruits was also leédcliby force impact tests. The
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opposing grasping force 1.603 N was applied to lyoihper bars by maintaining the
distance between two gripper bars at 50 mm. Tretadce was considered based on
average diameter of matured sweet peppers. Théogeeegripping and cutting model
was tested by means of high quality solid mesh wiffoint Jacobian having 1.06 mm
tolerance and total 16626 nodes. The different @orapts were specified with the
specific materials and S-N curves so that the hcasalts can be obtained that would
be used to build prototype. For this purpose, thiuilt material property libraries were
used and to avoid the complications in the simogtthe components were assembled
by using the various assembling options availahlghe software. After successful
meshing of the model, it was tested against stadcacteristics like stress, strain, factor
of safety, displacement of the components and desgjght and fatigue properties like

fatigue - damage, fatigue - load factor and fatiglie cycle.

3.5 Simulation Results of Model

The model was simulated to obtain the data forcsetd fatigue studies; that
means to check the model for its dynamic physicedperties and kinematic
performance. The simulation results of gripping antting model helps to determine
the static and fatigue characteristics and effeawss of the system. Figure 3.6
represents the component contact and applied mgtatirque acting on the gripping

system along with center of gravity force actingtcally downward.

Figure 3.6: System components with acting forcestarque

3.5.1 Static Characteristics

The simulation results for stress on the systenewiistrated in Figure 3.7 which
indicates clearly that the system supports thessé® developed internally. This also

means that the model can tolerate the stressesagemafter application of torque and
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during the operation. Only some part of gripper teat connects to the gears were
observed more stressed than other components. Tienum stress and maximum
stresses were recorded as 117.4 Ndmd 16.82 x 1ON/m? respectively which are in

safe limitst>24,

The simulation results for equivalent strain on slggstem were shown in Figure
3.8 in which it was observed that the gripper bat tonnects to the gears were slightly
exposed to the strain. The minimum strain and marimstrain were observed as 5.62 x
10° and 5.94 x 18 respectively which are negligible values. It meawsrall system
has almost inferior deformation when the externaicds applied or during the

operation.

The Figure 3.9 shows overall displacement of moelwhich maximum
displacement was found at gripper bars and thestiasor tips; 150 mm and 42 mm
respectively. This clearly indicates that gripparsand scissor tips has supplementary
movement in association with gears. Also distinctiio displacement confirms that the
speed variations of large and small gears whichewesponsible for movement of
gripper bars and scissor tips at different speeddisplacement, drive components that
means all gears were not considered as circularement of those components was

restricted by servo motor controller.

Model name: AutoRecover Of Gripper 3
Study nams: Study 4

Plot type: Static nodal stress Stresst
Dsformation scale: 1

von Mises (Nm”2)
165215460
l 15,419,760.0
140178750
- 12B816,163.0
_ 112144030

_ 98125170

| 64108320

. 7,008,046.0

| 5,607,260.5

. 42054745

2,503,688.8

I 1,401,903
1174

Figure 3.7: Stresses acting on the model
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Model name: AitoRecover Of Gripper 3

Studty rvame: Sty 4

Plat type: Static strain Strain]

Defornation scale; 1

ESTRN

59486005

l 5452005
. 4357e.005
. 4.461e-005
. 3.9556.005
. 34708.005
| 29742005
| 2478e-005
. 1.983e-005

. 1.487e-005

9.914e-006
4 957e-006
5.626e-010

Figure 3.8: Strains acting on the model

Model natme: Gripper 3
Study name: Study 4
Plot type: Stetic displacement Displacement1 URES imm)
Deformation scale: 1
1.5008+002
1.375e+002
- 1.250e+002
- 1.125e+002
-1.0002+002
~ 8750e+001
| - 7.:500e+001
. B2502+001
_ 5.000g+001

- 3.750e+00

2.500e+001
1 250e+001
0.000e+000

Figure 3.9: Overall displacement of the model

A Design insight plot shows the regions of the nidttiat carry the loads most
efficiently with a continuous path between the @as forces acting on model as shown
in Figure 3.10. Design insight plot helps to replabe system components if any
component of the system unable to carry the lo&diaitly. The model was found

significantly strong to carry all the forces actimg it without any modification.
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Maied name MBoRBEG OF Gippee 3
Shcly name. Shusy 4

it typs: Dasir maigh Design st
Bamsn Yidlume = 100 00 %

Figure 3.10: Design insight view of the model

3.5.2 Fatigue Characteristics

Figure 3.11 represents the factor of safety plotlie model in which the model
was found significantly safe against deformationd abuckling effects. It also
demonstrates that the structural capacity of aegydteyond the expected loads was

enormously higher.

Mogai name: Autofiscovee CF Grippard
Shushy name: Study 4

ok Tyoes: Fracton of Safety Facior of Safety2
Crierion - Aunmatic

Finds FOS=3  «Bus

ol vwie 30,2413 b § B0 005

Figure 3.11: Factor of safety plot

The percentage of the life of the structure conguimethe defined fatigue events

can be seen in Figure 3.12 in which the percentigeage was found very less for
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model. The model was fully loaded with 1000 cydéad during the simulation. This
property of the model was found significantly atest by life cycle and can be seen in
Figure 3.13. The biaxial ratio was found as 1 wtatdarly indicates that life cycle of
the model affected moderately by performance ofesys The biaxial ratio helps to

determine a fatigue strength reduction factor.

it ropres. it it e G Grpme 3
st e Shady 8
Bl typm Padgmnil e e

-1 e 00

Figure 3.12: Fatigue — damage plot
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1 D005
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I 1 Dse08
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Figure 3.13: Fatigue — life cycle plot

The load factor of safety for fatigue failure atlkedocation was demonstrated by
Figure 3.14 in which all the system was exposethéofactor of safety as 3. The load
factor less than 1 indicates the failure of thetaysand in developed model it was

found as 5 which confirms the minimum fatigue feglwf the model.
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Figure 3.14: Fatigue — load factor plot

The simulation results of the model validate theygutal characteristics and
properties of the system and confirm its reliapiind significant effectiveness of the
system. The data obtained during the simulatioreweed for fabricating the prototype.
The static characteristics allow the selection a@itarials while the fatigue properties
help to determine the component structure andhiétiaof the each component. The
optimal parameters like component displacement @ggign insight properties were
found helpful for optimal design of prototype. THistance between gears, attachment
of gripper to big gears and attachment of scissatiricular disc were determined by
designing several models. The optimal openinggippgr and scissor were determined
by driving the model with real conditions of senvmtor and torque acting by it on the
model. The simulation results presented here wetaired from the optimal model

design parameters.
3.6 Experimental Device and Experiments

Based on the results obtained from model, the grgppnd cutting prototype was
constructed. The plain carbon gears; two of mo@uewith 36 teeth and one of same
module and 18 teeth were used to drive the syst#ém2@’ pressure angle, 10 mm face
width and 10 mm nominal shaft diameter. A 50 mnewdar disc was installed on the
top of small gear shaft along with scissor as showigure 3.3. Two links were used
to connect the circular disc and scissor. The jthat connects scissor and links were
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tightened while another end of the link which cortedo the disc was kept free to rotate.
This helps to drive the scissor with rotation oé ttircular disc. In the prototype, the
gripper opening was found exactly same while irea#sscissor it was found as 45 mm.
The grasping force by gripper was determined byl loall while required torque to
perform the operation was calculated by using ket®mand dynamic analysis of the
robot hand. In the prototype, another supportiragepivas used to maintain the height of
the scissor and keep the scissor in horizontakipasiThe scissor was attached on this
new supporting plate and horizontal movement adssii on the plate was restricted by
using screws. The thermo-col coating was applistienthe gripper bars to form a box
structure which helps to carry the small sweet pepduring harvesting.

Table 3.3 represents the characteristics and prepeof the experimental
prototype and components used. To validate andtiesperformance of prototype, all
the material and component properties used to rarighe prototype were same as that
of properties and characteristics used in simulatnodel. Further, Figure 3.15

illustrates built prototype with set of componeansed in the model.

Table 3.3: Configuration of experimental prototype

Property Value
Degree of Freedom 1/2
Gripper Grasp type Compliant, parallel grasp, force closure
(Aluminum | Maximum opening 150 mm
1060-H18) | Grasping force 1.603 N
Grasping surface 80 X 45 mm
Cutter Cutting type Slicing horizontal cut, force closure
(Stainless | Maximum opening 45 mm
steel) Cutting tool Scissor
Motor Kondo,KRS 6003HV | DC servo, 5W
6 Serial servo ports, 7 analog input ports
Controller | Kondo,KCB -1 and 6 configurable digital I/O ports (4 can
be set to PWM output)
Torque Motor torque 6.57 N-m
Required torque 1.32 N-m
Gears Plain carbon (2) 2.5M 36T 20PA 10FW 10NSD
Plain carbon (1) 2.5M 18T 20PA 10FW 10NSD
Average time to grasp and cut 1.10s
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Figure 3.15: Experimental prototype

The performance of the developed experimental dewias tested and validated
by means of adopting the device to grasp and autstireet peppers in green house.
During the experiments, various features of theetvpeppers were recorded. For the

experiments, four different conditions were seld@s shown in Figure 3.16.

1. Sweet peppers without 2. Sweet peppers with leaves 3. Partially overlapped sweet 4. Overlapped sweet peppers with
leaves peppers leaves

Figure 3.16: Experimental conditions

The purpose behind selecting these conditions wasinfort the new system in
previously developed robot prototype Kjtamura and Okd>*??. Also, almost same
conditions were adopted for distinction and recbgniof sweet pepper during image
processing byitamura et al.??* andKitamura and Okd*>?®!. So, it was decided that
to adopt the same conditions that used to deterthi@esweet pepper distinction and
recognition during the experiments so that thecsiffeness and functionality can be
determined easily. During each grasping and cuttimg time required to perform the
operation was recorded. The depth of stem cut Baeet pepper was supposed to deep

*
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so the distance of cutter was adjusted to 40 mm fice gripper. This distance can be
increased or decreased by adjusting the shaft tércinstalled on circular disc or

making adjustment in height of cut screw that cetrszissor and supporting plate.
After each harvesting operation different featuséshe sweet peppers were recorded.
To check the practical feasibility of the systeniffedent size and shapes of sweet

peppers were used for experiments.

3.7 Results and Discussion

The constructed prototype was tested for the mactipplication for grasping and
cutting the sweet peppers so that the designedtygpst model could be validated and
confirms the performance. The performance of pypetwas found significantly
reliable during the experiments. Figures 3.17 89 3hows the pictures taken during the

testing of prototype with four different conditiottsscheck the performance of prototype

in the field and validate the simulation resultsaiired from designed model.

Pati@ ke
Figure 3.19Field testing- condition 3 Figure 3.20:|Bitesting- condition 4
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In all four conditions, sweet peppers of big si2e &nd L), small size (M and S)
and irregular size were tested. The sweet peppershe greenhouse used for

experiments were classified based on their sizensght as illustrated in Table 3.4.

Table 3.4: Classification of sweet peppers

Class Size Height, mm Width, mm |  Weight, g Sample lage

2L above 75 above 55 56 — 80

A L 55— 75 45 — 55 41 - 55 ""

M 4055 35 _ 45 28-40 QY@ Y
s 35— 40 5-35 1 Z-279N09
® - less than 35 less than 25 - |9 "'

In the £' and 29 condition of experiments, the significant perfonoa of the
prototype was observed. The grasping and cuttitigresc were detected smooth and
easy. There was no judgment errors found duringhtrgesting operation and all the
samples were harvested successfully. Here, judgments were not due to image
processing unit or false detection of sweet pepgdrs judgment errors occurred in the
situations when more than 3 fruits forms clusteetber or the fruit stem was twisted
around branch of tree. In case of fruit clustee, sfems together forms solid structure
and locating right stem of grasped fruit was difficwhich results into grasping one
fruit and cutting another fruit. In case of twistetems, it was difficult to perform
cutting operation as cutter exposed to fruit sted amall branch together. Though
these situations are not common, still there anedleances to encounter these judgment
errors. If all the clustered fruits would grasp dtter or the stem twisted with thin
branch, then there are possibilities of succedséuvesting operation. In“3and 4"
conditions, the slight judgment error was obserglad to fruit clustering but still the
prototype was able to perform harvesting operatispecially, in 4 condition, the
observation was recorded that the two overlappexbspeppers were grasped but only
the first one was exposed to cut by scissor. Adsen the stem was covered with leaves;
the cutter cut the stem through the leaves. Thimmeance of the prototype was found
satisfactory under'3and 4" conditions. As per the results obtained in siniotgtnone
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of the system component exposed to deformationfatigue. Figure 3.21 shows the

smoother depth of cut while Figure 3.22 shows theet peppers after harvesting under
different conditions. None of the harvested sweeppers were found physically

damaged due to direct grasping action by grippes;ba fact, the thermo-col coating

absorbs the grasping force impact during grippictga.

Figure 3.21: Average depth of cut Figure 3.22:Mdated sweet peppers

During the experiments, all the small size sweepppes with 4 different
conditions were harvested with good results antdaut any judgment errors. In case of
big size sweet peppers, only condition 3 and 4 Vieced problem of judgment error
but still the device was able to perform the operatsuccessfully. Table 3.5
summarizes the harvesting performance of the deldnder each selected condition, 6
samples were tested to verify the reliability anddtionality of the device and validate
the simulation results. The numbers in the brackgresents the numbers of test

samples out of 6.

Table 3.5: Experimental device performance

Small Sweet Pepper Big Sweet Pepper
Successfully |  Judgment | Successfully | Judgment

Harvested Error Harvested Error
Condition 1 Yes (6) No (0) Yes (6) No (0)
Condition 2 Yes (6) No (0) Yes (6) No (0)
Condition 3 Yes (6) No (0) Yes (6) Yes (0)
Condition 4 Yes (6) No (0) Yes (5) Yes (1)

Harvested Sweet Peppers = 47
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The average depth of the cut was found 15 mm ah@dfod8 samples, 47 sweet
peppers were harvested successfully. fncdndition with big size sweet pepper, only
one sweet pepper was failed to perform the hangsiperation. This was due to the
excess overlapping and judgment error to locatestm of sweet pepper. The sweet
pepper stem was twisted along the thick brancthefttee which results into failure in
harvesting operation. Apart from this, under srsaé condition, 24 sweet peppers and
under big size condition, 23 sweet peppers wereested successfully. The thermo-col
coating applied on inner sides of gripper helpgrasp the sweet peppers very smoothly
and provide a box like structure around the swesippr so that the harvesting
operation was performed without any physical damamgehe fruit. The successful
harvesting operation of sweet peppers under vagouaditions confirms the significant
performance of the prototype. Also, the consistemiking operation of prototype along
with its performance validates the prototype basadsimulation results. Table 3.6
represents the various features of the harvestegktspeppers in which the average

values under each condition for big and small sizeet peppers were presented.

Table 3.6: Features of harvested sweet peppers

N Big size sweet Small size sweet
Feature / Condition
pepper pepper

1 2 3 4 1 2 3 4
Average stem diameter, mm 6 57 6.1 52 |3 3 4 3.8
Average stem cut height, mm 17 16 15 15 a5 |14 |14 15
Average width of sweet pepper, mm 42 48 A5 47 |25 | 238 30
Average height of sweet pepper, mr[n 86 [/8 80 |85 (458 |452 50

3.8 Conclusions

The gripping and cutting tool system was modeled simulated inSolidworks
successfully. The performance of the system wagrgbd significantly reliable and
effective. The static and fatigue studies of thetay confirms the consistency and
effectiveness with maximum factor of functionalifjhus, the physical characteristics

and properties of the system were verified.
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The gripping and cutting prototype was construeed tested successfully based
on the simulation results obtained from designeddehoThe experiments with 4
different conditions confirm the significant penfieaince of the prototype. Thé' and
2"conditions were observed having significant sudoésate of harvesting than th&'3
and 4" conditions. In all 4 conditions, harvesting opieratwas performed successfully
which helps to confirm that the proposed grippingl autting tool system can be
adopted for previous prototype of sweet pepperdsinvg robot with same recognition
system. As the situations which can cause the jedgnerrors during harvesting
operation are not much common in advanced inclgwggporting system in greenhouse,
the possibilities of encountering judgment erragsywoften during harvesting operation
are less. Moreover, the developed gripper andnzutthol system prototype for sweet
pepper harvesting robot hand confirmed its sucuegsfrformance. The static and
fatigue characteristics results of simulated modetre found similar during
performance testing of prototype which confirmea talidity of designed model.
Further, optimization of parameters with differentaterials, different gripping
manipulation strategy and mechanism and improvenmenthe performance with

various experimental conditions can be considesati@further research.
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4. Picking System — Il

This chapter is focused on increasing the sheafdif fruits and avoiding the viral
transformation after harvesting of fruits which hagpact of cutting process during
harvesting operation. This chapter also explaiedthsic design and working principles
of thermal cutting system along with prototypingiwb types of thermal cutting system
and their performance evaluation against harvestpgration. The postharvest
inspection confirms the significant effectiveneggh@rmal cutting system to increase

the shelf life of fruits and avoiding fungal andalitransformations.
4.1 Introduction
4.1.1 Background

The application of robots in agriculture is on ea&se in these days; especially,
modern high-tech greenhouses are always equippéd automatic machines and
control systems which are derived versions of nically controlled machines. In
greenhouse, every production system needs to obiglrer quality products at a lower
cost in order to be competitive. By developing awdtic systems that replace
manpower in tasks when a person performs worseahautomatic device in terms of
accuracy, repeatability and working cycle, the pgobof higher quality products at a
lower cost could be solved. Moreover, harvestingrapon system has received a least
amount of technological development for satisfaceutomation. In agriculture, some
damage resistant agricultural products like oligsaed almonds can be harvested using
trunk or branch shakel&". However, delicate fruits, such as tomatoes, aangpples
or strawberries for fresh market cannot be hardesi®ng aggressive methods like
shakers. If these methods were used, the fruitédcoet damaged by impacting the
branches of tree during the fall or directly fajjidown on ground, and therefore fruit
would loss the quality and results in reductiortratling cost in the fresh market. Also,
there are probabilities of detaching unripenedmalsimmature fruits by shaking the
trunk or branches of tréé?. Again, man power will be required to collect tineits
dropped on the ground after shaking resulting iera@asing labor cost and cost of
harvesting operation.
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4.1.2 Problem Identification

The current method for collecting delicate frugshiand harvesting. This method
implies the use of temporal manpower which increds®l cost of fruits in the market.
Perhaps, adoption of robots in fruit harvestingpme of the important application in
greenhouse horticulture that helps to save therlaost, input harvesting energy
consumption and to improve the resource utilizatfch In application of robots for
harvesting, robot grippers are main functional éntobot arm that helps to grasp the
fruit and then cut accordingly. Thus, design ofatbgrippers for efficient and delicate
fruit harvesting has a vast research scope in ilgiplication for fruit harvesting. To
avoid the physical damage to fruits, manual hamgss preferred which significantly
increases total cost of fruit production. On thkeothand, the agricultural production
rates are significantly influenced by utilizatiori wbots and tools and techniques
developed for decision support systéff). Hence, for the efficient mechanical
harvesting, the most important part is to designgtoper gripper that can handle soft,

delicate fruits, with respect to their various stmpnd size4®.

On the other hand, as mentioned yJ. Van Henten et df:® in horticultural
practice, to avoid virus transformation, a knifeedisto cut the stem is repeatedly
immersed in skimmed milk before each plant contkot. a robotic application this
approach was not considered to be practical. Tlougutomated cutting of the stems, a
thermal cutting technique provides better cuttipgraach by cutting the stem due to
high voltage when come in contact with electrodesring the contact of stem and
electrodes, an electric arc is created which resalsudden temperature increase at that
point and hence cutting operation is carried owidéntly, high water content of the
tissue material alleviates this process. This aggrdhas two distinct advantages. First,
during the cutting process viruses are killed du¢he distinct temperature increase at
the cutting surface. Second, the wounds of botHrthieand the plant are closed during
the cutting process. This results in less wates fosm fruit and consequently a longer
shelf life. Also, by closing the wounds, the plantonsidered to become less vulnerable

to fungal diseases.
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The Probabilities of virus transformation are higdering harvesting and post-
harvesting processes which makes fruits vulnerabtkseases and reduces the shelf life
of fruits. If farmers are aware of proper approachs cutting, handling and storing
fruits then vulnerability to fungal diseases canrbduced and quality of fruits will be

improved.
4.1.3 Scope and Objectives of Research

To perform tasks of robotic fruit harvesting, aifronust be detached from the
plant during robotic harvesting with appropriatetinogls which is one of the key
technical difficulties to be overcome. The detachtrad fruits is accomplished usually
by wrist motion of the robot or by certain cuttidgvice.Liu et al."*"! demonstrated a
spherical universal harvesting robotic picking systfor tomatoes, apple and citrus. In
the cutting system, a 30 W, 980 nm fiber-couplediisenductor laser was used to cut
the tomato peduncle. The cutting process was faiguificantly dependent on input
laser power, defocusing distance, incident lasgteaand diameter of peduncle. A 5
mm diameter peduncle needs almost 16 s to finisicthting process and this cutting
time further increases with increase in incidesetaangle to peduncle. Furthermore, to
accomplish cutting task, rotation of focusing lemas required since the laser beam
focus diameter was smaller than peduncle diamelechsmade impossible to cut off
the peduncle directly. The authors concluded tbaintprove the efficiency, setting
negative defocusing distance and increasing las@mifocus diameter with increasing

laser power.

According toE. J. Van Henten et &f*®, thermal cutting creates an important
improvement versus the traditional knife based irggitthe application of thermal
cutting for detaching process would be more eféectio avoid viral and fungal
transformations. So far, only few researchéfs®! are engaged to develop efficient
thermal cutting system which has received a leastuat of technological development
for satisfactory automation in past decades. Thoysconsidering this fact, it was
decided to develop an efficient thermal cuttingeysfor sweet pepper harvesting robot.
This may open a new passage for a virus free guitystem in harvesting robotics
which helps to increase the shelf life of fruitteatharvesting. The conceptual idea and
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model of thermal cutting system was designed amsgdan the concept, experimental

prototypes were developed. The thermal knife (retkras TK) used b¥. J. Van

Henten et al!*® for cucumber harvesting and the thermal cuttingtesy (referred as

TCS) developed for sweet pepper harvesting rob®fdibbwing differences:

Voltage: A high voltage range from 500 V to 700 \Mthwhigh frequencies

between 500 to 800 kHz were used in TK while TCS wasigned to use low
frequency and relatively lower voltage range that The TCS uses voltage
range from 210 V to 300 V at 50 Hz frequency andn2® current which was

converted from 12 V DC power source.

Power source: The power source used in TK was expeivalleylab Solid State

Electro surgery Model SSE3 while TCS designed t&raje with 12 V DC power

source and specially designed electric device. T€&ls less power input and
consumes less energy when compared with TK.

Current: The basic designs for TCS had two subgdssione was based on
voltage and second was based on current. TK wagrgesbased on only high
voltage and high frequencies while TCS for sweegbppe harvesting robot

presents two different types of system by usingntfaé cutting technique. The

TCS design based on current uses 12 V DC powecspaame as that of TCS
design based on voltage.

A new gripping system was designed which can fihvidoth designs of TCS.

The grasping type of gripper driven by speciallysigeed notch plate and a
single servo motor used in gripping system. Thisigte offers two types of

electrode positioning for cutting operation whitedaucumber harvesting robot, a
suction type of gripper used with only one typelgictrode positioning.

The TCS was designed in such a way that both deslggsed on voltage and
based on current; should work with same gripperl@gic components of TCS
by changing only electrodes. This provides a bérdfieasy and fast shifting

between two designs in case of any fault or faiboeurs in picking system. The
safety fuse and switches were used to avoid akyofislangerous accidents or
any risk of injury to human if there would any ut@ntional contact between

electrodes and human.
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4.2 Design of Thermal Cutting System
4.2.1 System Design

The mechanical system to which this paper represer grasping and thermal
cutting system which composed of two parts; thst frart is aimed at grasping sweet
peppers and the second part is aimed at cuttimg stesweet pepper from the plant by
using thermal cutting technique. These both paatetbeen specifically designed with
the purpose of imitating the manual operationsamots and preserving the nutritional
values of fruit.

Figure 4.1 shows conceptual schematic of grippind ¢hermal cutting tool
designed to harvest sweet peppers. In gripping paot aluminum links were used as
gripper to grasp fruits. To avoid physical damagéhe fruit, 10 mm thermo-col coating
was installed internally at gripper bars which makatainer structure. This structure
helps to hold fruits without any physical damagd amall fruits can be captured inside
the container structure which avoids fruit fallidgwn to ground. The gripper bars were
driven by specially designed notch plate which mess 60 mm X 80 mm in
dimensions and driven by servo motor. The servoomatas installed on supporting
frame and the rotary power was transferred to thtemplate by means of rack and
pinion mechanism. Two wooden poles were used tmetnnotch plate and gripper
bars. One end of poles was fixed with gripper vange another end kept free which
help to move the wooden poles smoothly throughctiveatures on notch plate. When
notch plate moves forward, gripper bars moves idwasulting in grasping the fruits
and cutting the stem of fruit while when notch plahoves backward, gripper bars
moves outward leading to release the harvested. fitie forward and backward
movements of notch plate were controlled by servatom controller and control
program. In thermal cutting part, two electrodeseniastalled at the front end of notch
plate and an electric input was supplied to eleleso The cutting system was designed
to operate with 12 V DC power source and to obkag voltage for cutting operation,
a small electric device was designed and fabricdtbs small electric device works as
an inverter and help to amplify the output voltalgebetween this device and electrode,

a small safety fuse and switches were used as/safstautions.
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Notch plate Gripper Bars
/ Sweet Pepper—
Electrodes / ~ FreeEnd Electrodes
/ ) of Poles
Servo motor [~ Curvatures on
Notch Plate
- ﬁllﬂf"ifi 111!::“ to ~Free End of Poles
Fixed End of Poles G 25
Gripper Bar e| || |®

. B 7
Supporting Frame — -

Ko Rack and Pinion

Servo motor | *** i
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Figure 4.1: Conceptual schematic of thermal cutsiygtem
4.2.2 System Operating Mechanism

The important part in the system operating mecimamiss to transfer the rotary
motion of the servo motor to notch plate by efintienechanism as the place and
workspace for movement was very small. To solve, tiie servo motor was installed at
the end of supporting frame and rotary motion freenvo motor was transferred to
linear motion by means of rack and pinion mechaniShe components for this rack
and pinion mechanism were modifies in the laboyafoom various materials. The
transferred linear motion of servo motor driveschoplate and during the forward and
backward movement of notch plate, the poles engagéte curvatures and fixed with
gripper bars drives gripper bars accordingly. Thevature notches on the plate were
designed such that when plate moves forward, grippes moves inwards to grasp the
fruit and when plate moves backwards, gripper baryges outwards to release the fruit.
This combined movement of system allows graspirgftbit and cutting fruit stem
simultaneously. The servo motéondo KRS 6003 HV® was controlled through
computer and control program was developed in Vidasic C++. The vertical
distance between gripper bars and notch plate dhaés the electrodes for cutting
operation was maintained by considering physicaratteristics and properties of
sweet peppers. This vertical distance also helpmutdhe stem of fruit at appropriate
length and work as pre-set fruit stem cutting madma. This vertical distance can be
adjusted according to the situations or requireményt adjusting the height of screw

that connects rack and pinion mechanism and ndath.p
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4.2.3 Speed Control of System

Figure 4.2 represents detailed block diagram ofrobsystem used to operate and
control gripping and cutting system in which pragravas written in Visual Basic C++
to interface between servo motor and computer. Séreo controlleiKCB-1 Y was
used to control the Kondo servo motor. The motsates by 27®without restriction
and program was developed to drive the motor by &6@le from home position, wait
for 3 seconds at final position and then drive baxkhome position. This allocation
allows to move the gripper inward and grasp thet fwhile moves the electrodes
forward and start cutting process which may depemdde diameter of each fruit stem.
The waiting time of 3 seconds was allowed to acdminpand confirm the cutting
process; if the cutting process was still not fieid then this waiting time would help to

finish the process.
Servo Controller Kondo Servo Motor
Computer [t (KCB-1) (KRS 6003 HV)
T )
VB C++ Power Supply
Program

Gripping and
Cutting Tool

Inverter

Figure 4.2: Block diagram of speed control of syste

In the block diagram of speed control of systens, power was provided to the
servo controller and to inverter. Under thermalingtsystem, two different prototypes
were designed and fabricated based on currenteangerature. When thermal cutting
system based on voltage was in operation; a speleietric device designed to amplify
the voltage and works similar to inverter, the powas supplied to inverter. But when
thermal cutting system based in current was inaipmar; this system do not need any
current amplification and hence the power was sagpio servo controller only and
inverter was omitted from the system. The amouninptit power was considerably
selected based on the several trial and erroreguzh voltage and current requirement
for cutting operation and power consumption dutimg cutting operation. This makes
the thermal cutting system different than othekipig system of harvesting robot.
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4.3 Thermal Cutting System

The prototype of thermal cutting system was desiga@d built by using
aluminum, plywood and plastic material. Aluminumsmased for the construction of
supporting plates, gripper bars; plywood was usad poles and connecting links
between gripper bars and poles while notch plate Vedricated by using plastic
material. The model of thermal cutting system desibin the solidworks can be seen in
Figure 4.3. When installing this prototype on hatireg robot manipulator as an end-
effector, operator needs to connect notch plateselo/o motor shaft and fix the

supporting base plate on robot arm.

Supporting Frame .

Figure 4.3: System model design of thermal cuttirggotype

In the experimental prototype, two different type$ systems were built
depending on the voltage and current potentials Eiectric arc thermal cutting system
and Temperature arc thermal cutting system resfsdgtiAn electrodes installed at the
front side of notch plate can be replaced accoldigystem requirements. For
switching electric arc system to temperature astesy or vice-versa, an operator only
needs to replace the electrodes and electricalt itgothe system. In the electric arc
system, two iron metal rods varying from 1 mm tm& diameter size were used while
in case of temperature arc system, two steel rogte wonnected by using nichrome
wire. The temperature arc system was dependent iciirome wire temperature
response to current and as corrosion factor of stéess than iron, the steel rods can be

used for longer time compared with iron rods. Ieecaf electric arc system, the system
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depends on voltage which needs a good conductetecfricity with high electricity
conductivity and less resistivity. As an alternatier nichrome wire in temperature arc
system, tungsten wires also tested for temperatesponse to input current but

nichrome wire found more suitable than tungster wir
4.3.1 Electric Arc Thermal Cutting System

The design of Electric Arc Thermal Cutting SystedBATCS) was based on the
input potential of voltage. As described in systdasign concept, a servo motor was
installed at the end of the supporting frame an@ryomotion of servo motor was
transferred to linear motion by using rack andginmnechanism. The transmitted linear
motion was provided to the notch plate and polesewsed to connect notch plate and
gripper bars. One end of poles was fixed with geippars while another ends kept free
to move smoothly inside the curvatures on the ngqielte. The forward - backward
movement of the notch plate results into openingosing of the gripper bars and
detachment of fruit stem at the same time. 10 mitkthayer of thermo-col was
installed inside the gripper bars to avoid any pdalsdamage to fruits when grasping

action takes place.

For electric input, as cutting operation intendedtake place by high voltage,
direct voltage input was not possible from the drégs or using electricity source. To
solve this problem, a special electric device wasighed which works similar to an
inverter. The device was capable of changing 12G/Hattery input to output of 300 V
AC with 50-60 Hz frequency at 20 mA current. In #eperimental prototype, input
from 12 V DC battery source was supplied to thigicke and output from this device
was extended to the electrodes. Two electrodes wwstalled at the front end of notch
plate as shown in the Figure 4.4 (b). Two typeslettrode set varying in diameter size;
1 mm and 2 mm were selected for experiments andmdie between two electrodes was

set as shown in Figure 4.4 (a).

A safety fuse and switches were used to avoid amgerous accidents or any risk
of injury to human and the inverter device was pthaway from the system to allow

safe operation during harvesting process.
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Gripper

Thermo-col ' Electrodes
coating
v Output
300V AC
20 mA Inverte

Notch Plate [ 50 - 60 Hz

Servo Motor I

Power Source
12V DC

(a)Electrode positioning (b) EATCS Prototype
Figure 4.4: Electric arc thermal cutting systemtptype
4.3.2 Temperature Arc Thermal Cutting System

The design of prototype of temperature arc thercoting system (TATCS) was
based on current input in which cutting operatimtended to take place with the help of
high temperature. The working mechanism and allpmments of TATCS were same as
that of EATCS expect electrode positioning. In TA,CGwo front electrodes were
replaced from main system prototype by another éfeatrodes placing 20 mm apart
from each other. These two electrodes were contduteNichrome wire. The system
prototype for TATCS can be seen in Figure 4.5 alaityy electrode positioning. The
material used for two electrodes were steel asdnosion factor of steel is less than
iron which helps to deliver a good response todase in temperature with respect to

increase in input current.

The input current was supplied and controlled adiogr to the manufactures
recommendations of nichrome wire for current caigycapacity and resistance. When
the current applied to both ends of nichrome wtine, wire gets heated and turn into
high temperature arc. An increase or decrease antémperature of nichrome wire

depends on the input current supplied. On the dihad, servo motor keeps working
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according to the program which helps to move ngiielte resulting in grasping and

cutting operations of fruit.

20 mm
S *Nichrome
—

Wire

[-Electrodes

(a) Electrode positioning (b) EATCS Prototype

Figure 4.5: Electric arc thermal cutting systemtptype
4.4 Experiments of Thermal Cutting System
4.4.1 EATCS Experiments

The application of high voltage with 50 Hz frequeror cutting operation was
tested as a part of thermal cutting system. Themxental set up of EATCS includes
DC power source, an electric device similar to re® gripping system and thermal
cutting system. The electric device similar to iee was placed away to avoid any

interruption during the experiments.

When cameras capture the images and image progessftware detects the
sweet peppers to be harvested, 12 V DC input waplied to the device which
produces 300 V AC with 50 Hz frequency at 20 mArent as output. At the same time

2
2

60



| Chapter 4: Picking System —|lI

servo motor starts to operate according to therabptogram. The transmitted linear
motion from servo motor drives the notch plate agripper bars together. The
electrodes on notch plate moves in forward directiod gripper bars moves in inward
direction. When the stem of fruit came in contadgthwelectrodes, due to the high
voltage which forms electric arc between two elsbds causes vaporization of water
from fruit stem and results in detachment of eaelh marticle of fruit stem and hence
cutting operation takes place. On an average, tbm ©f matured sweet pepper
measures 5 mm. In the positioning of the electrodesentrance was kept 7 mm which
helps to position the fruit stem inside two eledes. Further, as the notch plate keep
moving forward, the span of 40 mm at 3 mm distaapart from each other allows
deeper cut in the fruit stem and finally the exitus 5 mm at 2 mm distance apart from
each other finishes the cutting process. The mnigjoficutting operation accomplished
over 45 mm distance span that is between entrandenaddle span of electrodes.
Simultaneously, gripper bars also keep moving ivweith forvard movement of notch

plate which allows grasping of sweet pepper astrae time of cutting.

In the EATCS, the diameter of electrodes and ouiplitge were important parts
of the system which affects cutting time and cgttrate. By keeping these points in
view, the system was tested by varying diametezl@dtrodes and output voltage from
inverter. The diameter of electrodes was varietiim steps, 1 mm and 2 mm while the
output voltage was varied from 150 V to 300 V iapst of 10 V. For efficient cutting
operation by using iron electrodes and high voltageall grooves were made on the
electrodes so that when electrodes moves forwaedsinall notches on the electrodes
help to cut the fruit stem efficiently. The groowv@sthe electors also help as irregularity
on the surface area of electrodes which incredmefittion between two surfaces. The
variation of the output voltage was controlled witke help of variable resister of

inverter.

The speed of servo motor that moves the notch m@atk electrodes was also
considered as affecting parameter but the reldtiprisetween cutting time and speed of
servo motor was not found effective to output wgdtaand diameter of electrodes and

hence speed of servo motor was kept constant thouighe experiments. Figure 4.6
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shows EATCS prototype during the harvesting expenits with 300 V output voltage
and 1 mm electrode diameter.

(a) Harvesting Robot Prototype (b) EATCS Prypet

Figure 4.6: Testing of EATCS prototype

4.4.2 TATCS Experiments

The experimental set up of TATCS includes DC/ AQvepsource and gripping
system attached with thermal cutting system. Astioeed in the design of TATCS, the
two electrodes were placed 20 mm away from eachr @hd connected with nichrome
wire. The temperature generated at nichrome wipelgs on current supplied to the
nichrome wire. The rest of working principle anchtol system of TATCS was similar
to that of EATCS. In TATCS, inverter was not usedtlais system does not need any
current amplification to perform the cutting op&rat

In the TATCS, generation of temperature was theomamt factor in cutting
process of fruit stem which had influence of nicheo wire diameter. Hence, by
considering this factor, prototype was tested hying diameter of nichrome wire and
input current to the nichrome wire. 0.02 mm, 0.5 mmd 1 mm diameters were selected
for the experiments and tested these nichrome dien@eters by adopting them for fruit
stem cutting operation. The input current was hfiem 0.5 A to 12 A in steps of 0.5
A and temperature was measured at the middle secfithe nichrome wire with the
help of infrared thermometer. Figure 4.7 shows T#TCS prototype during the
harvesting experiments with 8 A output current Brilmm diameter nichrome wire. In

TATCS also, the speed of servo motor kept congtantighout the experiments as the
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relationship between cutting time and speed ofasargtor was not found effective with

generation of temperature and variation in diameteichrome wires.

Figure 4.7: Testing of TATCS prototype

In both EATCS and TATCS prototype experiments,hesdize of fruit stem also
influences the cutting time and cutting rate, hetheefruit stem size was varied from 1
mm to 5 mm in steps of 1 mm increase in the steamdier size. An average 5 mm
stem size is common in the matured sweet peppe2k o&tegory in which diameter of
sweet pepper measure 48 mm and height measuresn8Zable 4.1 summarizes the

parameters varied under each thermal cutting sysieawaluate the performance.

Table 4.1: Parameters varied during experiments

Electric Arc Temperature Arc
Parameters
(Electrode diameter) (Nichrome wire diameter)
Diameter 1,2mm 0.02, 0.5, 1 mm
Input 150 to 300 V 0.5t012 A
Increase in
_ - Depends on temperature
resistance, %

Fruit stem size, mm 1to5 mm

Cutting time, s Depends on above parameters

Quiality of harvested Preservation days at normal room temperature atiezm

fruits pressure

L 4
L 4

63



| Chapter 4: Picking System —|lI

&
A g

4.5 Results and Discussion

During the testing of prototype, all sweet peppampgles were harvested
successfully without any difficulties by using bothermal cutting systems. Both
thermal cutting systems, EATCS and TATCS had sicgnft influence on rate of
cutting stem and time required to accomplish thiéirgy process. During the harvesting
process, due to the thick 10 mm thermo-col intetaygkr on the gripper bars, none of
the harvested sweet peppers were damaged physi€h#ythermo-col layer was found
very efficient to grasp the fruits without any dajea

4.5.1 EATCS Results

The EATCS prototype was tested with 1 mm and 2 nemdter electrodes to
observe the effect of electrode diameter and outmlitage from inverter. 1 mm
diameter electrodes were found significantly sué@dor harvesting process compared
with 2 mm diameter electrodes. The time taken loymi and 2 mm diameter electrodes
to finish the cutting process was found 2.2 sec@mtk5 seconds respectively at 300 V
output for 5 mm diameter fruit stem. Figure 4.8w8hdhe completion of the harvesting
operation task while inset shows the harvested spegper (45 mm in diameter, 72

mm in height, 5 mm stem diameter and 4 mm heigletiot

Figure 4.8: Harvested sweet pepper

As the output voltage from inverter and time regdito cut the fruit stem was
considered important factor that may affects penéoice of the EATCS system; these

two parameters were tested to find out the relatign between them and how they
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relate with cutting operation. The graph in theufegg4.9 represents the relationship
between output voltage from inverter and time talbgthe EATCS for cutting the stem
of fruit when output from device was varied from01g to 300 V in steps of 10 V.

10 A

Time, s

140 160 180 200 220 240 260 280 300 320
Voltage, V

=1 MM (=2 MM

Figure 4.9: Relation between output voltage ane tionfinish the cutting of stem

The time required to cut the fruit stem was deadasith increase in voltage and
at every increased step of voltage, time taken byl diameter electrodes were found
lesser than 2 mm diameter electrodes. This diffexremas found due to increase in the
diameter of electrode which decreases the resistafcelectrodes and hence more
power required to carry the voltage. At this pothe discharge required to perform the
work done at low current was not enough and henoen2electrodes took extra time
than 1 mm electrodes. 1 mm diameter electrodesreshjd seconds at 150 V and 2.2
seconds at 300 V while 2 mm diameter electrodegimed; 12.8 seconds at 150 V and 5

seconds at 300 V to finish the cutting operatiofrat stem.

4 5.2 TATCS Results

The TATCS prototype was tested with 0.02 mm, 0.5 amd 1 mm diameter
nichrome wire to observe the effect of wire diamete stem cutting rate and cutting
time. The 12 V DC input current supplied to nicheomire, varied from 0.5 Ato 12 A
in step of 0.5 A temperatures were recorded at each steps. Figlife shows the

nichrome wire temperature response to increasgpint icurrent.
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Figure 4.10: Nichrome wire temperature response

During experiments, it was found that 0.02 mm digen&lichrome wire starts to
melt beyond 5 A current and hardly could reach18’& temperature at which cutting
the fruit stem was not possible due to softenindy féaxibility of wire. 0.5 mm diameter
nichrome wire start to heat up rapidly beyond 2ufrent and reach up to 160G and
at this temperature, the wire was found hard en@nghsteady to cut the fruit stem. For
both 0.02 mm and 0.5 mm wires, 12 V DC power sowas enough to generate high
temperatures but in case of 1 mm diameter wire,tduecrease in cross-sectional area
of wire and contact area between wire surface amt tem; wire required additional
power source to generate high temperature. Thuglifeanwith AC power supply was
used for 1 mm diameter wire to observe temperaesponse. At the beginning, wire
consumes some power to heat up and then tempesttute to increase rapidly. At 12
A current, the temperature was recorded £Z9@nd there was no effect of softening or
flexibility of wire. Throughout the response obsargn experiments, 0.5 mm diameter
nichrome wire had higher temperature response atyewncreased step of current
compared with 1 diameter mm nichrome wire diamelbe only difference was found
that 1 mm diameter nichrome wire attended highexperatures than 0.5 mm diameter
nichrome wire when 0.5 mm diameter nichrome wigeched to maximum temperature

generation point and could not generate higher égatpre than that point.
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The softening of the nichrome wire at high tempeext also had effect on stem
cutting process and due to this reason, the relstip between percent increase in the
resistance of wire and corresponding temperaturas wmwvestigated which helps to
decide the optimum current input range to obtaghhemperatures. For this case, 0.02
mm diameter nichrome wire was omitted as it medégond 5 A current. Figure 4.11
represent the relationship between percent incréasthe resistance of wire and

temperatures for 0.5 and 1 mm diameter nichrome.wir

12 ,

10

% Increase in Resistance
(=)

0 >
0 200 400 600 800 1000 1200 1400

Temperature °C

—=8=05mm ¢ =pe=1mmd

Figure 4.11: Effect of temperature on resistanceicdirome wire

In case of 0.5 mm diameter nichrome wire, the tasce starts to increase with
increase in temperature and approximately af B06tart to fall down and again start to
rise at 700 C and then after 98@ continue to decrease. The temperature range®f 7
to 900 C had sudden growth in the percentage increasssistance and this range was
yield by 8 A to 10 A current. This sudden increaseresistance was found as an
important characteristic of 0.5 mm diameter nicheowire which could be adopted as
optimum temperature range for cutting process. ald@ption also has one advantage;
when fruit stem touches the hot wire, temperatdrthat spot suddenly drops to some
extent and if the wire is at softening conditioerthwire breaks into pieces. Hence, at
this stage, if the resistance suddenly increasasithhelps to harden the wire and ceases
breaking of wire. In case of 1 mm diameter nichrowiee, the resistance of wire

increased with increase in temperature and afté? @Qresistance start to decrease with
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increase in temperature. Though the resistances stardecrease after 9T, the
percentage value of decrease in resistance wagl fbigher than 0.5 mm diameter
nichrome wire which implies that the hardness ofrh diameter wire was higher than

0.5 mm diameter nichrome wire at same temperatures.

On the other hand, as the fruit stem varies pet &md cutting the fruit stem of
variable stem size had influence of cutting ratd antting time of temperature arc
thermal cutting systems, hence nichrome wires va¢se tested for cutting operation
under variable fruit stem size varying from 1 mnbtoim. In case of 0.02 mm diameter
wire, before 5 A current, when wire touches thetfgiem, temperature drop was
occurred up to certain extent and when input cairiecreased to increase the
temperature, wire starts to melt beyond 5 A cureertt finally break into pieces. At this
point, it was concluded that the 0.02 mm diametieg ¥ailed to cut the fruit stem larger
than 2 mm in diameter size and cannot be useduibing average size sweet pepper
fruit stem. 0.5 mm and 1 mm diameter wires werentbsignificantly efficient for
cutting an average size fruit stem. Further, 0.5 diameter wire was able to cut the
fruit stem of 8 mm in diameter while 1 mm diametare was able to cut the fruit stem
of 12 mm in diameter. The only difference foundttttee 0.5 mm diameter wire was
operated by 12 V DC power supply whereas 1 mm dianweire was operated by 100
V amplifier connected to AC power source. This gades that though 1 mm diameter
nichrome wire produces high temperature rangetlreguired additional power source
to perform stem cutting operation which resultsise of excessive power while 0.5 mm
diameter nichrome wire produces lesser temperatange than 1 mm diameter
nichrome wire but operated with low power source accomplished the fruit stem
cutting task. This implies that the fruit stem mgtoperation could be done by adopting
0.5 mm diameter nichrome wire at less power inpliiclv can generate higher

temperature range useful for variable fruit stemtiicg operation.

Table 4.2 illustrates time taken by each thermafiray system to cut the fruit
stem of various sizes. In thermal cutting systezfissamples were tested under EATCS
and TATCS, each electrodes and nichrome wire diarseind average time taken in

each case to accomplish the harvesting operatigrcamputed.
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Table 4.2: Time taken by thermal cutting systemmshfovesting

Electric Arc Temperature Arc
(Electrode diameter) (Nichrome wire diameter)
Fruit stem diameter 61lmm | ¢2mm | $0.02mm| ¢0.5mm | ¢ 1 mm
1 mm 12s 2.7s 6s 11s 0.92|s
2 mm 16s 3.5s 8s 11s 0.99|s
3 mm 19s 41s - 13s 1.15
4 mm 2.1s 4.7 s - 14s 1.3 5
5 mm 2.2s 5S - 15s 1.4s

From above table, it was clear that in EATCS prgiet 1 mm diameter was

found more effective for cutting fruit stem of asge 5 mm diameter size in 2.2 seconds

as compared with 2 mm electrode which requiredcbrses. In case of TATCS, 0.5 and

1 mm diameter nichrome wires were found signifibaefficient but 1 mm diameter

nichrome wire needs additional power than 0.5 mamaiter nichrome wire to cut the

same size fruit stem. Also, the cutting time diéfece between these two wires found

0.1 second which was negligible and could be aecefar harvesting operations in

greenhouse. Hence, 0.5 mm diameter wire for cufinogess at lower power input and

higher temperatures could be considered as recodatien. Among the EATCS and

TATCS prototypes, TATCS prototype was found siguifitly efficient as it

accomplished the cutting fruit stem task in 1.4o0sels compared with EATCS

prototype which required 2.2 seconds to cut thet §tem of an average 5 mm diameter

size. In TATCS, the 0.5 mm diameter nichrome waguired small input power source

and finishes the task in lesser time than EATC8mM diameter electrodes which not

only took more time to cut the fruit stem but alequired amplification of voltage.

To validate the obtained results, a theoreticalyasisgawas carried out to check the

feasibility of thermal cutting prototypes. For thatrpose, following equations were

considered:

L 4

To.o2 <Tos <T1

Apoz < Aps <4y

(4.1)
(4.2)
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Roo2 > Ros > Ry (4.3)
Poo2 < Pos < Py (4.4)
where subscripts represent nichrome wire diametemnand;
ooz fosandr; = Radius of nichrome wiren
Aoz AosandA; = Cross-sectional aremnt

Ro.02 Ro.s andRy
Poloz, Po.5 andPl

ResistanceQ

Power,W

The above Equations 4.1 — 4.4 were derived frotoviohg equations:

Area of wire,A = mr? (4.5)
Resistance of wire,R = pL/A (4.6)
Power,P =VI = I°R = V?/R 4.7)
where,
p = Resistivity of nichrome wire = 1.5xF2m
L = Length of wirem

| = Current flowing through wirej\

V = \oltage across nichrome wiré,

From above equations, it was clear that when radreases, cross-sectional area
increases; resistance decreases and power incréasesneans the radius of nichrome
wire is directly proportional to area, area is irsaty proportional to resistance and
resistance is inversely proportional to power, deeived equations can be applied to
investigate the radius to power relationship. Fegdrl2 shows the power charts for
EATCS and TATCS respectively in which it was obserthat increase or decrease in

diameter had significant effect on power consunphyg electrodes and nichrome wires.

In case of EATCS, power consumption was increasé@ti wcrease in the
diameter of electrodes. The increment in diameterelectrodes increases cross-
sectional area reducing the resistance of electredech further increases the power
requirement. It was found that the radius and pawguirement by electrodes follows
the trend derived in the Equations 4.1 - 4.4. Gndther hand, in case of TATCS, the
power requirement trend was found completely revers that of theoretical analysis

and equations obtained. The power consumption a@sced with increase in diameter
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of nichrome wire. The main reasons for these oppdsend were very small amount of
resistance of nichrome wire over power source ta@ste. The internal resistance of
power source was higher than the load resistang@ecording to the maximum power
transfer theorem; if the load resistance is smalian the source resistance, then most
of the power ends up being dissipated in the souand although the total power
dissipated is higher, due to a lower total resistant turns out that the amount
dissipated in the load is reduced. In other wotls, small amount of nichrome wire
resistance and high internal resistance of battenysed the power dissipation in the

source. This affected the reduction in output powleen radius of wire increased.
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(a) EATCS prototype (b) TATCS prototype

Figure 4.12: Physical configuration effect on powensumption during stem cutting

Based on the analysis mentioned above, the conopaokEATCS and TATCS
for optimal parameters recommended to obtain tgeifitant results can be seen in
Table 4.3. The parameters mentioned in the tablewbéelps to decide the best

physical configuration combination to obtain th@doesults.

Table 5.3: Optimal parameters for thermal cuttipgfesm prototypes

Parameters EATCS TATCS
Diameter, mm 1 0.5
Length, mn 5C 2C
Voltage, 30C 12
Current, # 0.0z 8~ 1(
Temperature’C ~ 30 670 ~ 1150
Cutting time, 2.2 1.t
Physical damage to fri No No
Preservation peric 9 ~ 15 days from harvesting ¢
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If power saving factor is taken into consideratithren TATCS prototype with 0.5
mm diameter nichrome wire provides better resutsiging less power source input,
generating high temperature range and accomplighiitgstem cutting task in less time
compared with other prototypes. The EATCS prototype be adopted for single fruits
or fruits without any occlusion as the two elece®drequired moving in forward
direction to finish the cut on stem and if any os@bn occurs, it might create obstacle
to the cutting system. TATCS prototype can be usezhy conditions as the front end
of the cutting systems moves straight and evemyf @acclusion of fruits occurred, it

does not affect the nichrome wire.

4.6 Quality of Harvested Sweet Peppers

The effect of quality change due to thermal cuttsygtem was observed on
harvested sweet peppers. This post-harvestingtigaésn helps to determine the shelf
life period of the harvested perishable sweet pepaed also to decide whether thermal
cutting system was effective to avoid any viral aiutgal transformation during
harvesting operation. The harvested sweet peppere \grouped under EATCS,
TATCS and normal scissors cutting categories. Tamapdes were kept in common
place at room temperature and ambient pressuresamgle sides were rotated once a
day by safe and clean gloves. The samples wereketiezvery day for any physical

change occurrence on the outer skin.

It was observed that the samples cut by thermdingusystems showed minor
physical changes like wrinkle formation after dayvBile the samples cut by normal
scissors starts to show major physical changes détg 5 such as turning the outer
green skin to brown-red, wrinkle formation on skimd becoming softer when touched.
On day 15, samples cut by scissor was found almspsiied while samples cut by
thermal cutting showed only minor physical chantijkes formation of wrinkles and
becoming softer. This concludes that the samplédyguhermal cutting systems were
more likely to preserve the quality of fruits due less virus transformation which
makes them less venerable to fungal diseaseselfiture 4.13; sample 1 and 2 were

cut by EATCS, sample 3 by scissor and sample 44)CS. The brown-red spots on
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sample 3 were easily detectable by eyes and coesids not good for use after day 9

while other samples can still be used.

(a) Day 5 (b) Day 9 (c) Day 15
Figure 4.13: Post-harvest inspection of sweet pappe

The post-harvest inspection of harvested sweetgyspnfirms that the thermal
cutting systems were significantly effective an@ice#nt to preserve the quality and
shelf life of harvested sweet peppers. The therutling system terminates the viral
and fungal activity by closing and covering thenstparts of fruit by burning action.
This sealed portion of fruit stem ceases the pdilthwwas accessible by viruses and
due to this fruits became less vulnerable to furgtilvities which help to preserve the

shelf life and quality of perishable sweet peppers.
4.7 Conclusions

The thermal cutting system prototypes were desigdedeloped successfully and
tested for performance. In thermal cutting, EATC&d aTATCS prototypes were
developed based on voltage and current potentgigectively. In case of EATCS, 1
mm diameter electrodes were found efficient fotingtoperation compared with 2 mm
diameter electrodes. In case of TATCS, 0.5 mm amdni diameter nichrome wires
were found significant but 1 mm diameter nichromeeweeds additional power to
operate while 0.5 mm diameter nichrome wire worfgiently with 12 V DC power
source. Increase in the diameter of wire needstiaddl input power which results in
excessive energy consumption. A sudden increasthenpercentage of increase in
resistance of 0.5 mm nichrome wire assist to stabihe hardness of wire at higher

temperatures and this characteristic found advaotag) for cutting operation. As the
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cutting time difference between 0.5 mm and 1 mnme#@r nichrome wires was found
negligible which can be accepted for harvestingrapens in greenhouse and 0.5 mm
diameter nichrome wire works significantly and effeely by cutting up to 8 mm fruit
stem diameter; 0.5 mm diameter nichrome wire was recommended for TATCS. Among
the EATCS and TATCS prototypes, TATCS prototype Wasmd significantly efficient
as it accomplished the cutting fruit stem task id &4econds compared with EATCS
prototype which required 2.2 seconds to cut thi¢ §iem of an average 5 mm diameter
size. In TATCS, the 0.5 mm diameter nichrome wigswecommended which required
small input power source and finishes the taskessér time than EATCS, 1 mm
diameter electrodes which not only need more timecut the fruit stem but also
required amplification of voltage. The performanesting of thermal cutting system
prototypes confirms that TATCS delivered signifittgn efficient and effective
performance than EATCS by accomplishing the haivgsiperation in lesser time and
at small power input. The TATCS prototype with @Bn diameter nichrome wire can
be used as best suited for harvesting of sweetguepphich not only uses low power
but also finishes the task quickly. The thermommting around gripper bars causes no
physical damage to the fruits and container strecfmasps the fruits in good condition.

In case of fruits harvested by using thermal cgtgstem, the quality of fruit can
be preserved up to 15 days with less or almostims wansformation while in case of
fruits harvested by normal scissors, the fruitsrtsta show changes in physical
appearance at day 5 and after day 9 fruits wenedfaunusable. This concludes that the
thermal cut seals the stem cut parts which helpscaase fungal or bacterial
transformation and helps to increase the shelfdiid quality of the harvested fruits.
Thus, thermal cutting method could be adopted farvésting of other fruits and
vegetables too which may help to reduce the vinal bacterial activities and can be
preserved for longer time when compared with norcoéing methods.

The proposed thermal cutting system is compact taseplace the electrodes,
simple in operation and use, provides advantageprefenting viral and bacterial
transformation and increasing shelf life and gyatit perishable fruits. Moreover, for
EATCS, adoption of electrodes with diameter smdahan 1 mm, stabilizing the output
from inverter with higher frequencies, changing eniai of wire for TATCS and quality

testing for harvested fruits by chemical methods@dde considered as further research.
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5. RECOGNITION SYSTEM — |

This chapter illustrates the recognition systendusehe sweet pepper harvesting
robot. The recognition system described in thisptdrawas based on color imaging
processing which help to locate the fruits on traed provide the 3D coordinates of
recognized fruits. This positional information waseful during manipulator movement
to the target fruits. This chapter explains the ponents of sensing system, steps
involved in recognition system and how to locatel atetermine the position and

orientation of detected fruits on tress.
5.1 Introduction
5.1.1 Background

For last several years, computers have been udedsexely for analyzing the
images and obtaining the data from images. But,tduaariability of the agricultural
objects, it is very difficult to adopt the existimydustrial algorithms to the agricultural
domain. To cope with this variability, the methddsagricultural domain knowledge in
algorithms need to be studied which could suppoet tariations and flexibility in
agricultural objects. There are many processedadliin agriculture where decisions
are made based on the appearance of the pr6diicThe techniques used for these
applications are mostly successful under the caim&d conditions for which they were
designed, but the algorithms are not directly usaiblother applications. In principle,
computers are flexible because they can be re-anogied, but in practice it is difficult
to modify the machine vision algorithms to run fightly or completely different
applications because of the assumptions and ruladento achieve the specific
applicationd®?. On the other hand, the configuration of the tgaificantly alters the
percentage of visible fruits on the tree. For trew configurations, with a hedge
appearance, the visibility of the fruit can rea&36/80% of the actual number of fruits
which is much better than the 40%-50% of visibifity conventional plantings>!,

One major difficulty in developing machinery to esdively harvest fruits is to
determine the location, size and ripeness of inddiai fruits. These specifications are
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needed to guide a mechanical arm towards the taigetct. The computer vision
strategies used to recognize a fruit rely on foasibd features which characterize the
object: intensity, color, shape and texture. Apamin these basic characteristics, many
researchers are engaged with developing diffengpitoaches to recognize the fruits in
natural background. Research works on the detedcfiathfferent fruits and vegetables
such as appl€+®7 cherry fruit®®, cucumber®?, orange®%> tomato®*%514
strawberry®>%°1 melon®1"58 and sweet pepp&r®>**have been carried out. The
detailed review on computer vision methods for fimga fruits on trees is given by
Jimenez et al®®! and can be seen in Table 5.1which cover the meatufes of
recognition approaches, sensing systems used ttureaphe images, the image
processing strategies used to detect the fruitrasdlt obtained of previous studies.
Another comprehensive review was givenMgCarthy et al’>?? on applied machine
vision of plants with implications for field deplment in automated farming operations
in which the research studies conducted previowsie grouped into monocular vision
with RGB camera, stereo vision and 3D structureltispectral imaging and range
sensing. Each group focuses on the recognitionegies and approaches under
particular group and potential methods to enhaheertachine vision system design for
application to the agricultural field were discubse

Kapach et al.®? presented an ample review of classical and sfatieeeart
machine vision solutions employed in harvestingotadystems, with special emphasis
on the visual cues, computational approaches amthimaavision algorithms used. The
studies on image processing approaches for spharidanon-spherical fruits based on
visual cues like color, spectral reflectance, tredrmesponse, texture, shape etc. and
based on machine vision algorithms like segmentatitustering, template matching,
shape inference, voting, machine learning etc.ewlgcussed in detail according to the
applications and algorithms developed by considespecific need for particular
application.Pal and Pal®?* also reviewed and summarized the studies on image
segmentation techniques focusing on fuzzy and nemyf methods for color
segmentation, edge detection, surface based seagmentgray level thresholding and
neural network based approaches. Adequate attemtisrpaid to segmentation of range

images, magnetic resonance images and quantigatalaation of segmentation.

L 4

&
A4

77



| Chapter 5: Recognition System }- |

Table 5.1: Summary of reported vision systems &ecting fruit on tree$%

8 2., 2 <
5 i%% 5%5? xE :
S22 248 $58% g 2.8
£5H & S 8& ZEE3 25 S=3
U.Virginia Appl B/W+F (Spectral) Local (Thr+FExt+RCla) No N.R.
(Parrish77)
MAGALI Appl Color (Spectral) Local (Thr) No N.R.
(D’Esnon87)
(D’Esnon87, Appl 3 Color+ 3 F (Spectral) Local (Ratio+Thr) Yes 50%-high%
Rabatel88)
U.Florida and Oran Color+ L (Spectral) Local (Hue&Sat+LCla) No 100%-N.R.
USDA
(Slaughter87)
(Slaughter89, Oran Color (Spectral) Local (RGB+ BCla) No 100%-N.R.
Harrell89)
U.Purdue Toma B/W (Intensity) Shape (Contour+CHT) Yes 68%-42%
(Whittaker87)
A.LD. (Levi88) Oran Color+ F+ L (Spectral) Shape (Gradient+TMat.) No 70%-N.R.
Sunkist and U.Calif. Appl & B/W+ F+ L (Spectral) Local (Thr+FExt+LCla) No 84%-20%
(Sites88) Pech
AUFO (Kassay92) Appl 2 Color (Spectral) Local (Thr+stereo) No 41%-N.R.
CITRUS (Juste91) Oran B/W+ F+ 2L (Spectral)  Local (Thr) No 80%-high%
(Juste91) Oran 2 B/W+ 2F+ 2L Local (Ratio+Thr) No 80%-10%

(Spectral)
(Juste91) Oran Color (Spectral) Local (RGB+ BCla) No 90%-5%
(Pla93) Oran B/W+ L (Intensity) Shape (Convx+ Thr&Fitting)  Yes 75%-8%
U.Purdue and Meln B/W (Intensity) Local (Thr+CExt+RCla) No 84%-10%
Volcani
(Cardenas91)
(Dobrousin92) Meln B/W+ Air (Intensity) Local (Thr+CExt+RCla) No 80%-N.R.
(Benady92) Meln Laser&B/W+ Air  Shape (Profile+CHT+RCla) Yes 100%-0%
(Distance)
CIRAA (Buemi95) Toma Color (Spectral) Local (Hue&Sat+ Thr+ No 90%-N.R
stereo)

U.College-London Oran 2 Color (Spectral) Local (Thr+ CHT+ stereo) No 86%-5%
(Grasso96)
AGRIBOT Oran & Laser Range finder Shape & Local (4 primitives+  Yes 80%-0%
(Jimenez97, 98, 99)  spheres  (Distance & Spectral) ParaEsti)
1 Appl=Apples, Oran=Oranges, Toma=Tomatoes, Meln=Melons, Pech=Peaches.
2 B/W= Black and White camera, Color= Color camera, F= Optic filter, L= Artificial light, Air=Air blower to
move leaves.
3 Thr=Thresholding segmentation, FExt=Feature extraction, TMat= Template Matching, LCla=Linear classifier,
BCla= Bayessian classifier, RCla=Rule-based classifier, RGB= Red-Green-Blue feature space, Hue&Sat= Hue-
Saturation feature space, CHT= Circular Hough Transform, Gradient=Local gradient image, Convx= Convexity
image, Profile=Profile image, ParaEsti= Parameter Estimation by CHT and sphere fitting.
4 N.R.=No Reported.
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5.1.2 Problem Identification

Image analysis and image processing are imporfgplications used in decision
support system during harvesting operation whidp teextract the useful information
from the scene. This information can be used tedetnd locate the fruits on trees with
the help of various parameters like shape, sizge®dr color. Without information of
fruits in terms of location and orientation, it iimpossible for harvesting robot to
perform the harvesting operation. At present, #heegal methods to detect the fruits on
trees are available and the algorithm used to rezedfruits changes with physical,
chemical or geometrical properties of fruit¢*>?4 Also there are numerous ways
existing for image processing and data analysid useecognizing fruits which shows
the importance of fruit recognition system in hatirey robot®2°.

There are several problems that the previous resestudies did not solved
sufficiently and satisfactory which can be classifinto two basic types: lighting and
occlusion. The lighting factor could be a signifit@art of environment that formulates
the problem as shown by previous several resediaties. The amount of light
available in the environment is dependent on suestdloud cover and incident solar
angle on the scene which can cause significantreifice in how the harvesting scene
appears. Also, the fruits inside the canopy receiwdifferent amount of illumination
compared with the fruits on the canopy surfaced&al with this type of problem, the
image processing algorithm should be robust enanghefficient to handle this kind of
lighting variations in the environment. The secgrdblem, occlusion minimizes the
fruit visibility area and disrupts the segmentatieatures that attribute to the detection.
The main cause for this type of problem is leabeasnches and other fruits that overlap
with target fruit. Unlike leaf or branch occlusiarnere there is a sharp contrast in color
between the fruit and leaf, fruit occlusion cansmwmultiple fruits to appear as a single

fruit.

On the other hand, apart from these problems, tieteof fruits in natural
background is difficult when color of fruits anddikground, such as the leaves and
stems or fruits, are similarly greenish. As bothgem sweet pepper and leaves has
almost same color and due to that it is very diffito recognize them separately during
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automatic harvesting in natural background. Toimystish the significant difference
between leaves, stems and fruits with almost saste,dhe scene needs to develop a
special type of algorithm which could be emphasthesspecific feature attributes for a

particular kind of environment.
5.1.3 Objectives

As the green sweet peppers, leaves and stem hasstalsame color, the
segmentation techniques like color, edge, sizdnape could not be used to separate the
green sweet peppers from natural background. Agemite there is no perfect algorithm
available for this purpose. Furthermore, thouglusing some segmentation techniques,
the partial detection may be obtained; determiniigg3D coordinates of detected fruits
is a major problem or risk as partial detection migesults in generation of false
location and orientation. The output from recogmitisystem like false detection of
fruits or wrong positional information of fruit gvoor performance of algorithm or
interruptions in continuous and sequential procgssif scene influence the overall
performance of harvesting robot. Thus, by consmderihese facts and issues, the

following objectives were taken into account:

1. The recognition system should be able to recogmzklocate the fruits under
conditions like: single fruit, fruits with leaveisyits with leaves and stem.

2. The technique should be applicable in the situatiwwhere certain areas of the
fruits are not visible due to partial occlusionlegves or by overlapping fruits.

3. The recognition system should be robust enougloferating in the presence
of difficult conditions like bright light reflectios, shadows, variable lighting
conditions, night operations and noisy background.

4. The recognition system output must supply the 3edisional position of the
recognized fruit.

5. The developed algorithm must operate in real-timeai general purpose
sequential processor with the support of speciagenprocessing boards.

6. To evaluate the performance of algorithm used éapgnition of green sweet

peppers and recognition rate by using same regogrsystem.
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5.2 Recognition System for Green Sweet Peppers
5.2.1 Visual Sensing System

The image processing system consists of two micvewalor CCD cameras,
image grabbing unit and image processing softwaweimproving the fruit recognition
rate, system was equipped with a circular ring BDks around camera neck to provide
artificial lighting which helps to enhance the feat parameterS*®. A 5mm diameter
LEDs used for artificial lighting were having lighiminous intensity 25cd, forward
voltage 3.4V and forward DC current 20mA. The micawe color CCD camerads?®
used for the system were high image quality CCD eras with 680000 pixels, Y4
inches CCD sensor and 450 TV line resolution of§yBtem lab. Th&icPort Leutron
Vision color image frame grabb&®" was used to capture the real time images. For

image processing, halcon software from MV &8 was utilized.

Figure 5.1 illustrates the block diagram of visimage sensing system. The left
and right images were captured by left and righDQ@@meras respectively and with the
help of image capture board, images transferrechége processing program. In image
processing program, the images were analyzed avwkgsed with the help of halcon
software and 3 dimensional (3D) coordinates wetainbd. These coordinates sent to
the robot control system and actuators were cdatrddy control system to move the
end-effector towards the target location of thetfrAt this stage, visual feedback
control system helps to reduce the errors in maaijpm by sending the feedback of
current position and comparing it with target posit When the target position
achieved, the robot control program send the condntanend-effector to grasp and

detach the fruit from tree.

Computer

1
LED Ring
:’":‘i};\inl ‘_Imagc Sweet Pepper
=1 ] capture Cameral]
rogram =
board .
+ Camera[[]
|
* : Visual Feedback
E“bm Control Control System :
e
rogram Sweet Pepper
| N Harvesting Robot

Figure 5.1: Block diagram of visual sensing system
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5.2.2 Parallel Stereovision System

To perform the harvesting operation successfully, cdordinates of the target
object must be known which could be given as iripuhe robot control system so that
the robot arm would move to the target object agrdopm the operation. In this system,
two CCD cameras were placed in parallel positiothad left and right images could be
obtained at same time with different view. Durimgage processing, the horizontal and
vertical coordinates can be obtained with the tlpmage processing software. To
obtain the depth coordinate i.g. axis value, the parallel stereovision triangulatio

principle was used. Based on this principle, follmyvequation was used to calculate

depth value.
_ _br
d= - (5.1)
Where, d = distance between camera and fruit
b = distance between two cameras
f = focal length
xland xr = X coordinates from left and right images respectively

The X and Y axis coordinates were obtained from left and right images captured
during image processing while the Z axis coordinate was obtained with the help of
Equation 5.1. The final 3D coordinates could be used to move the end-effector of robot
arm towards target position with the help of control system. Figure 5.2 demonstrates the

triangular relationship between left and right images used to calculate the depth value.

Figure 5.2: Parallel stereovision principle
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5.3 Color Space models

For distinction of green sweet peppers, as sizeshages are irregular for almost
all fruits, it was difficult to select features diksize, shape, surface texture and edge
extraction. Also, the color of fruits and leavesalmost same which further increases
the complication for detection. Thus, by usingfaial lighting and selecting the light
reflection feature from fruit was considered asetidy approach for distinction of green
sweet peppers>?®. In case of green sweet peppers, artificial liggptiprovides
considerable difference in reflections from steeavies and fruits which can be used as

a key feature for recognition of fruits.

At present, 5 major color space models are beimgl irs image processing for
various applications viZCIE, RGB, YUV, HSL/HS\&ndCMYK The CIE color model
attempt to produce a color space based on measnt®wfehuman color perception and
it is the basis for almost all the other color gsadBased on the various parameters, 5
color space models were chosen for distinction refeg sweet peppets; CieLab
which is based on human eye perceptid®] and HSV which are based on hue and
saturation,Y1Q andYUV which are based on luminance and chrominancelighimess
information fromHS], brightness information frordSV, chrominance information from
YIQ and luminance information fronYUV were supposed closely related to the
reflection feature from image data and that wasrtteen reason for selecting these
models. As the images were captured in RGB colacespmodel and there was no
significant difference observed between fruit, stegaves and reflections from fruit and
leaves, hence RGB color space was transformedsetézted color space model during
image processing using standard formulae for space transformation.

5.4 Image Recognition Algorithm

For image processing, halcon software was used hwhigas programming,
operator and graphical interface for real-time im@gocessing applications. When the
process starts, two cameras capture the imagesaarsfer them to computer to analyze
the data. In the image recognition process, theg@maobtained from left and right

cameras were analyzed to recognize the green peeeers in captured scene and to
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determine the location of green sweet peppers. lAramaking attribute parameters
were used for binarization operation in each cefmce model followed by thresholding
of images to reduce the area of interest. The tiparaas further repeated on reduced
area of interest to detect the outline of fruiteTthetected outline was then filled and
labeled followed by numbering to avoid re-detecidrsame fruit. Figure 5.3 shows the
outline of algorithm used for image processing &tedt the green sweet peppers of

color images obtained from CCD cameras.

4
bl

-
| Capture the Image [{—

v

| Specification of color space model |

-

| Binarization of color making attribute parameters |

| Thresholding Process |

-

| Recognition of reflection area I-\_o

b’es

| Reducing domain I

+

| Binarization and Thresholding |

v

| Filling up and labeling of identified area I

!

| Recognition of green sweet pepper PL

!No

Figure 5.3: Image processing algorithm

After detecting green sweet peppers in the imadeand Y coordinates were
calculated first in left image and then in rightaige respectivelyZ axis coordinates
were calculated by using parallel stereovision @pie as shown in Figure 5.2. The
sequential image processing flow chart can be sedéngure 5.4. After finishing the
detection process at one scene, cameras startwe fudher and capture other images
and process them in the same way. This whole psogas programmed in the software
with looping so that continuous and sequencing ena@cessing was possible. On the

computer screen, the recognized fruits were digglayith their respective 3D
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coordinates and this data was saved in computesé¢an control system for movement

&

| Left image capture |
i

| Right image capture |

of end-effector.

| Recognition of sweet pepper in left image |

| Calculate X and Y in left image |

[ Recognition of sweet pepper in right image |

| Calculate Z by Stereovision |

Figure 5.4: Sequential image processing flowchart

5.5 Experiments

To find out the most suitable and better color spaodel for recognition of green

sweet peppers, during experiments, 5 color spacelnevere selected as:

1. CieLab
2. YIQ
3. YUV
4. HSI
5. HSV

A set of 50 images were captured in RGB color spacdel using CCD cameras
and artificial LED light during night time in ordéo avoid the effect of sunlight. Then

captured images were transformed into each selected space model, analyzed and
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processed for each color space model by using ipegEessing algorithm as shown in
Figures 5.3 and 5.4 with the help of halcon sofeaar detect the green sweet peppers.
In each color space model, the binarization prooés®lors was specified followed by
thresholding operation. The final results were desti@ted by outlining the borders of
detected area and displaying the 3D coordinatethefgreen sweet peppers which
provide the location and orientation of fruit. Aetsame time, the data from images and
final results of detection along with 3D coordirsateere saved in the computer for
further use. Figure 5.5 shows the left and righaigen captured during experimentation

by CCD camera.

Figure 5.5: Left and right image captured by CCheeas

Based on data obtained from image analysis antriésalts of detection with 3D
coordinates, the color distribution of leaves andt$ were observed to confirm the
reflection difference in between leaves and fruiso, color-ratio histograms were
plotted to determine the separate distinction elegrsweet peppers and green leaves.
The relationship between actual depth drakis value computed by software, parallax
disparity graph were plotted in case of best fittedor space model to confirm the
accuracy of 3D coordinates provided by the halcofinare. Finally, the rate of

recognition was calculated based on the accuracthendetection of green sweet

peppers.

The visibility analysis was performed to determithe best fitted color space
model for detection of green sweet peppers. Inghaysis, the area of fruit detected by
the image processing software was determined anddtual area of fruit in the image
visible to human eyes was also calculated withhiglp of software. This analysis helps
to determine the percent area detection of each fiou every color space model
selected and the results from this analysis praevitee color space model with

maximum percentage of fruit visibility detection.
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5.6 Results and Discussion

In the image processing, thresholding of selecmdain was more important as
at this stage, the gray value difference of thé fuas found different than the leaves.
This difference occurred due to the variation ia tight reflectance by the fruits and
leaves. The image processing by this way would telghoose the more efficient color
space model for distinction of the green sweet peprigure 5.6 illustrates the steps
involved in the image processing of images obtaingdCCD cameras SV color

space model.

(a) Image acquisition (b) Segentation : (c) Flterin-

(d) Thresholding (e) Detecmn
Figure 5.6: Image processing Steps

5.6.1 CieLab Color Space Model

The CieLab color space model was developed based on peroegtiouman eye
in which the componentt represents lightness whereasand b for color-opponent
dimensions based on nonlinearly-compresSHsl XYZcolor space coordinates. Though
CieLab color space was designed approximately uniformumdm vision perception
and having advantage of accurate color balance diggulightness, chroma and
sometimes hue, this color space model was foundgigatficant for detection of green
sweet peppers. The reason for detection failuretivasolor attributes that falls outside
the gamut of human vision which makes color spagelp imaginary and could not be
applicable for detection of green sweet pepper.oAtiag to the standard conversion

formulae ofCieLaly during the image processing of hue image, thesidiv domain of
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thef (t) function should be lined*®. Controversially, the division domain of th¢t)
function was found non-linear during image proaggsivhich failed to match with
values and slope factors of color componarasdb resulting in failure of the detection.
The information provided bly component which represents lightness was founecor
but due to improper information given layandb components which represents color-
opponent dimensions, this color space model wasdawt significant for detection of

green sweet peppers.
5.6.2 YIQ Color Space Model

In YIQ color space modely component represents luminance wHiland Q
together represent chrominance. The informatiomQ@parameters was a key factor in
this color space model. To obtain the informatiam @hrominance, the histogram
equalization®*® was applied oveY channel and information froinchannel was used
for segmentation. After filtration and thresholdipgpcesses carried out, the results of
detection of green sweet peppers were found natifigignt in some images. The
detection of fruits by this color space was foumdbetween 50 percent to 75 percent but
complete detection of fruits was not possible. fiermation on luminance was found
unstable during image processing and analyzedvaaia not enough to discriminate the
green sweet peppers in the image¥ 3 color space model only helped to normalize
the brightness levels of the images.

On the other hand, iMIQ color space, the information frohchannel was found
highly sensitive to orange-blue than informatioonfirQ channel to purple-green. After
normalizing the brightness levels of images; du¢gh®sensitivity ol channel oveQ
channel, the complete detection of fruit was natsgde. Enhancing the bandwidths for

Q channel and decreasing bandwidthsl fanannel might help to improve the results.
5.6.3 YUV Color Space Model

The YUV color space model was considered good for enalthegperceptual
brightness. The results obtained YV color space model were found not suitable for

detection of fruits. Almost 50% of the images wéaded to detect fruits while the
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images in which detection was possible, the detectvas less than 25%. The main
reason for the failure of detection was chrominatm@ponent. The information from
U channel was found almost negligible which enhanttesV channel brightness
information increasing the chrominance level in itmage. The luminance component
was dominated by chrominance component which iegulteduction of information on

reflection feature.
5.6.4 HSI Color Space Model

An object oriented application &fSl color space model was found significantly
useful in detection of the green sweet peppers. ifffegmation on reflection feature
was considerably different for leaves and greemtsfraspecially in hue image which
helped to distinguish leaves and fruits separafetys color space model was found
more suitable for detection of green sweet pepasgrs provide correct information on
wavelengths within the visible light spectrum, mggy of color in image and intensity
of energy output of a visible light source. Thes8holding process di channel helped
to reduce the area of interest in the image aretstie reflection feature pixels given at
thresholding value. The thresholding values in tioler space lies between 40 to 90 and
further normalization operation @channel helped to enhance the purity or interodity
color. The information from channel was found useful to decide the lightndshe

pixels among the area of interest in the image.

When the green sweet peppers were overlapped eremwith leaves more than
50 percent, then the results were unstable andtd&ievas not correct. This problem of
misdetection was found due to the higher intensitghroma component i8 channel
which dominate lightness information fromchannel as the overlapped green sweet
peppers or leaves reflect the light partially othmgame intensity. In this situation, the
reflection from green sweet peppers should be nioma leaves but actually due to
overlapping or covering, the fruits lead to mixiddferent intensities of features for
fruits and leaves together. Also, the overlappedovered fruits remain under shadow
which increases the complications during image ¢semg. Hence, even after
thresholding operation oH channel, the intensity and lightness informatioaswot

enough to perform the detection.
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In case of misdetection or false detection of §when they were overlapped, the
two green sweet peppers were detected as oneafrditwhen covered by leaves, the
detection includes leaf part of the plant alonghwptrtially detection of green sweet
peppers. Thus, this color space model was foundifeigntly suitable only for
separated or single green sweet peppers withoulagyéng or covering by leaves.

5.6.5 HSV Color Space Model

The HSV color space model was found highly efficient irtedéion of the green
sweet peppers. The brightness information frégnchannel has a good response to
chroma inH channel. In hue image, the reflection feature ligs brightness, high
chroma and low intensity of energy output whichasafe the light reflected part from
the image. This separation followed by thresholdimgimage for area of interest which
enhances the feature properties. The high valudsrightness and chroma helps to
distinguish the reflection light area from the ireamnd information fronV channel on
luminosity helped to decide the lightness or dasknef the image area. This leads to
eliminating the darker area from image and selgctinly lightness area as an area of
interest. Further, the second thresholding operaimthe area of interest distinguished
the green sweet pepper and leaves separatelyisApdimt, as the green sweet pepper
and leaves had different reflection properties the. reflection provided by fruit was
more than the leaves. Hence, the information f®channel helped to decide the purity
of color while information fronV channel helped to decide the brightness areasixel
The connection operator selects all the pixels wdme brightness and same chroma.
Further, the labeling operator counts the object @tords all the pixel values from
selected region. Finally, filling up operator deypdd the results by outlining the border

of selected pixels.

HSV color space model was also found efficient whes gheen sweet peppers
were overlapped or covered by leaves. In some cassdetection was occurred due to
the high LED light intensity. The high intensity bEDs increases the high values of
intensity of energy output which dominate the infation fromS andV channels. This
results in high brightness from the green sweetpeep and also from the leaves
simultaneously which increase the chroma and wegg of the domain with high
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intensity energy output values. This enhancementhobma, brightness and energy
output intensity caused failure for discriminatiohgreen sweet peppers. It was also
found that if the sweet peppers covered by leaveserlapped up to 70-80%, stHlSV
color space model provide almost stable resulth wroper recognition. If the green
sweet peppers were covered by leaves or overlapymed than 80% then the results
provide misdetection which includes some part alvés or partial fruit detection or
combination of stem, leaves and some part of friite HSV color space model
provides better results th&ft| color space when green sweet peppers were ovedapp

or covered by leaves.

The results obtained from various color space nsdah be seen in Figure 5.7

while Figure 5.8 shows examples of results obtafoedther images.

1. CieLab 2.YIQ 3. YUV

4. HSI/ HSL 5. HSV

Figure 5.7: Various color space model results
5.6.6 Fruit Visibility Analysis

The fruit visibility analysis with percentage oftdetion for each color space
model from set of 50 images processed was sumndamz&able 5.2 with number of
images. This fruit visibility analysis helps to dehine the best fitted color space model
for green sweet pepper recognition in natural bemkgd. For accurate detection, the
fruit visibility should be higher than 75%.
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25-50% Detection Less than 25% Detection Failed
CieLab Color Space Model

Less than 25% Detection More than 75% Detection Failed
YIQ Color Space Model

More than 75% Detection Less than 25% Detection Failed
YUYV Color Space Model

More than 75% Detection
HSI Color Space Model

More than 75% Detection More than 75% Detection More than 75% Detection

HSV Color Space Model

Figure 5.8: Examples of results
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Table 5.2: Percentage of detection

Detection of Green Sweet Pepper
Color Space Model | Less than 25%| 25-50% | 51-75% | More than 75% | Failed
CieLab 26 9 2 0 13
YIQ 16 4 10 11 9
YUV 12 9 6 2 21
HSI 8 11 14
HSV 10 4 3 29

From above table, it was concluded th#8V color space model fits well for
recognition of green sweet peppers followedH84 color space model. All other color
spaces were found not suitable for detection oémreweet peppers as the reflection
feature parameter was not quantified by color mglattribute parameters. Also, it was
found that the color spaces based on hue and Baturshows better results for
detection of green sweet pepper than color spaassdon luminance and chrominance.
The HSV color space model shows high percentage of gneeptgpepper detection and
hence this color space model can be used for dmtecf green fruits in natural

background by combining other feature parametensgalvith reflection feature.

Based on the results obtained from fruit visibibtyalysisHSV color space model
was selected as best fitted color space modekfargnition of green sweet peppers and
color distribution of leaves and fruits were obsehmHSV color space model. Figure
5.9 demonstrates the color distribution of lea¥ast and reflection feature in which

reflection from fruit had higher histogram thanleetion from leaves.

Leaves Reflection of Fruit

Fruit

Reflection of Leaves

Figure 5.9: Color distribution of featureshtsV
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5.6.7 Comparison of HSV Color Space Model Histogram

In the HSV color space model, three different histograms vpéotted from Hue,
Saturation and Value channels to observe the featttributes of an image. The
reflection feature from fruits and leaves were gred in these histograms and can be
seen in Figure 5.10. Both andV channel differentiate the reflection feature aately
and reflection of fruits had higher histogram vathan reflection of leaves while &
channel, reflection of fruits had lower histograalue than reflection of leaves. In the
analysis,V channel found highly accurate than other chanttelseparate the feature

attributes which helps to distinguish fruits anaMes separately.
5.6.8 Recognition Rate

Further, all the images captured by cameras wergedadnto 4 groups to
determine the fruit recognition rate. The 4 groupsvhich all the images were sorted

were as follows:

G1: Fruit only
G2: Fruit with leaves
G3: Partially overlapped fruits

A

G4: Partially overlapped fruits and partially coseiby leaves

These 4 conditions were found very natural and comm the greenhouse and it
was decided that selecting these conditions foeexents may focus and demonstrate
the actual effectiveness of each color space msuglificant performance of the visual
sensing system and efficiency and accuracy of deeel algorithm for recognition
system. Thus, by considering these facts, aboveiomexn 4 conditions were selected
for the experiments. The images grouped were psecebyHSI andHSV color space
models as these models showed good fruit visibiksults. Figure 5.11 demonstrates
example of images categorized into 4 groups angertive results obtained by image
processing software in which, the first row reprgseaptured images while the second

row represents recognition results of respectiydwrad images into 4 groups.
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a) Fruit Only b) Fruit with leaves ¢) Partially overlapped fruits d) Partially overlapped fruits and
partially covered by leaves

Figure 5.11: Examples of recognition results inrfgroups

For first two groups, recognition of green swegbpger was found easier as there
were no obstacles and fruits had high reflectidran tother part of images. For third
group, if two fruits were overlapped then fruitsreseecognized clearly by outlining the
shape of each fruit separately but representecchsster in the final results. Also, if one
of the fruit had less reflection of light than otteverlapped fruit, then the fruit which
had maximum reflection of light was recognized bwage processing software
indicating only one fruit in the final results. Bhevidences the importance of artificial
lightening and reflection of light in recognitioh green sweet peppers. For fourth group,
the recognition was quite harder than all otherddoons as it increases the probabilities
of false recognition due to increase in the conapilans of separating the color making
attributes and reflection feature. Table 5.3 illatts the recognition rate of the green

sweet peppers for 4 groups mentioned above.

Table 5.3: Recognition rate for green sweet peppers

Groups
Total
Gl G2 G3 G4

No. of Images 17 14 11 8 50
Recognition HSI) 16 11 6 3 36
Recognition HSV) 17 13 8 4 42
Recognition RateHSI), % 94.12 78.57 54.55 37.50 72
Recognition RateHSV), % 100 92.86 72.73 50 84
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From above table, it was clear th#$V color space model had higher recognition
rate in all 4 groups thaHSI. Also, group G1 and G2 found significantly relialdbr
recognition of green sweet peppers while group @B@4 had less recognition rate. In
both HSI and HSV color space models, the failure in recognition wasurred due to
improper lightening, unsuitable distance betweamearas and fruits and wrong image
capturing angle. If the images captured by takiage ©f proper lightening, appropriate
distance between cameras and fruits and suitalgke dar image capturing then the
false recognition could be reduced and recognitaie of green sweet pepper can be

increased.
5.6.9 Location Accuracy of Recognized Fruits

After the successful discrimination of green sweastpers, the 3D location of the
fruits was determined with the help of image prsoes software. TheX and Y
coordinates were determined from the capturedaladt right images respectively while
Z coordinates were determined by using parallekestgasion principle as mentioned in
Figure 5.2. The program was developed to executelevprocess starting from
capturing images to displaying the 3D location lué recognized fruits in sequential
process and program takes 1.8 seconds to exeatin#l results. The obtained 3D
coordinates were saved in the memory for further. U$e displayed images with 3D
coordinate of the fruits iRlSV color space model can be seen in the Figure ShEtev

the red circle in images represents center referpomt of the fruit.

(a) Left Image with X;and ¥, Coordinates (b) Right Image with 3D Coordinates of Fruit

Figure 5.12: 3D location image display of fruitHi®V color space
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5.6.10 Depth Coordinate Accuracy

The obtainedZ depth coordinates from software were compared \aittual
distance recorded between the camera and fruihglumage capturing. The graph of
actual measured distance and error distance baseatistance obtained from image
processing software fo#SIandHSV color space model were plotted which can be seen
in Figure 5.13. The graph was analyzed to deterrhadiest distance between camera
and fruit so that the recognition of fruits wouldrgy out more precisely and the depth
distance would be more accurate. The distance leetwgo cameras kept constant to

100 mm during capturing all the images of greenet\peppers.

1000 -
800 4
600 4

100

Error, mm

200 4

-200

200 250 300 350 400 450 500 550 600 650 700 750 800 850 900 950 1000 1050 1100 1150
Distance, mm

~a—HS| —e—=HSV

Figure 5.13: Errors i@ coordinates

The relationship between actual distance and distameasured by image
processing software during image processing toctlélee green sweet peppers was
investigated and it was found that as the distdreteeen cameras and fruit increases,
the errors measured by software also increasedvahations in the depth coordinate
errors were found significant in betweblsl andHSV color space model. The depth
coordinate errors iHSV color space model were less thHdS8l. In general, for 500 to
600 mm distance, the errors in depth coordinatee Yeeind very small while after 600
mm distance, the errors starts to differ signiftbarFor HSV color space model, at 600

mm distance, the error was 0.2 mm whileH8l it was 14 mm. Hence, by adjusting the
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distance between cameras and fruit at 600 mm,dbgracy in depth coordinates can be

achieved irHSVcolor space model.

5.6.11 Parallax Errors

The relationship between disparities (X/-Xr) and distance to fruit was also
analyzed to inspect the parallax errors in the results obtained from the image processing
software. This relationship can be seen in Figure 5.14.

10 4

9 4

8 4

Parallax Error, mm

200 300 100 500 600 700 800 900 1000 1100 1200
Distance, mm

~—a—HS| —@=HSV

Figure 5.14: Parallax errors

For both color space models, the parallax erroneviégh for smaller distances
and then start to reduce gradually and at the eedrbe almost constant. The parallax
error disparities were high iHSI color space model compared wiH$V which shows
that the images processed H$V color space model provides better results and less
parallax errors thahISI color space model. IHSI color space model, 9.85 mm parallax
error was observed at 300 mm distance and 1.85 nrh(® mm distance. In case of
HSV, 8.53 mm parallax error was observed at 300 mramtie and 1.10 mm at 1100
mm distance. For the distance at whithxis coordinate errors were found minimum,
i.e. from 500 mm to 600 mm, the parallax errorseM@und as 4.2 mm to 3.1 mm in

case oHISand 3 mm to 2 mm in case ldEVcolor space models respectively.
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The parallax errors relationship with distance lestw camera and fruits shows
that, increase in the distance reduces the paraftax disparities but increase thexis
coordinate errors while reducing the distance iases the parallax error disparities and

reduces th& axis coordinates errors.
5.6.12 Fruit Stem Inclination and Stem Height

To ensure the orientation of detected sweet peppersmall algorithm was
developed which could calculate the detected Btetm angle with respect to vertical
axis and fruit stem length. The fruit stem anglel druit stem length helps in the
grasping and cutting operation by determining tresging points and cutting point by
matching with pre-set height of cut parameters. déneloped algorithm uses low pass
filter segmentation and thresholding to detectdtieen angle and then measures the fruit
stem angle and length. Figures 5.15- 5.17 showsiriakresults of recognition system
where the first image in display shows left imagel éft coordinates; second image
shows right image with left, right and 3D coordemtwhile third image shows final
results of recognition system along with left, tigind 3D coordinates and fruit stem

angle and fruits stem length.

R e

Y =390.126 mm
Z=3 39 mm

XL =331.643
YL =250.617

XR =294.739
YR =243

3D Location ay
X = 495.055 mm

Y =390.126 mm
Z =369.039 mm

Orientation
Angle = 24.77°
Stem Ht = 42.9535 mm

Figure 5.15: Location and orientation of sweet @Epp
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3D Location
X= 322 mm
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Figure 5.17: Location and orientation of sweet @gp
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5.7 Conclusions

Based on color making attributes and reflectiontuiea various color space
models were tested to determine the suitable @pgace model for detection of green
sweet peppers. For color imag&€elLab, YIQ, YUV, HSI and HSMlor space models
were selected for image processing. In case ofr édolages,HSV color space model
was found more significant with high percentagegoéen sweet pepper detection
followed by HSI as both provides information in terms of hue/ligdgs/chroma or
hue/lightness/saturation which are often more mgléevo discriminate the fruit from
image at specific threshold value. HSV color space model, high brightness, high
chroma and low saturation which separate the ligtéction feature of fruits from the
image was an advantageous point for distinctiogreen sweet pepper. Also, HSV
color space model, the reflection of light from ifsuhad higher histogram than
reflection of light from leaves which helps to thsuish green sweet pepper and green
leaves separately in natural background. Furtherpverlapped fruits or fruits covered

by leaves can be detected in better way43V color space model tha#Sl.

The YIQ model could be useful for detection if the bandhsdof Q channel
raised higher that dominate the effect of luminaand increase sensitivity to purple-

green than bandwidths bthannel.

The recognition rate was found higher 8V color space model as 84% while
for HSI as 72% which was further categorized into 4 daffergroups based on various
conditions that occurs during harvesting processmg@utation of 3D coordinates of
recognized sweet peppers was also conducted inhwhédcon image processing
software provides location and orientation of thetfaccurately. The depth accuracy of
Z axis was investigated in which 500 to 600 mm distabetween cameras and fruit
was found significant to compute the depth distgmexisely when distance between
two cameras maintained to 100 mm. The minor emorparallax disparities can be
corrected by using visual feedback control systamind harvesting operation. The
orientation and stem height of detected fruit washputed successfully which helps to

decide the grasping and cutting points during fbkipg operation.
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As the research methods presented in the paperdpsosgignificant results on
recognition and computation of positional informoati of green fruits in natural
background, adopting this type of research for o#ggicultural fruits has three distinct
perspectives: first, determining the apdl color space model for each individual fruit;
second, applying the same color space model fagaitultural products as a universal
solution and third, combining the color space medekt have significant effect on
color attributes and features of fruits to be deetgcin first case, the fruit recognition
rate will be highly increased while the method Ww# time consuming as it needs lots of
time to collect; process and analyze the data and draw the conclusions. Applying this
type of research for major agricultural fruits wwiden the scope for fruit harvesting
robots. In second case, the time can be savedbuttognition rate will be decreased
and accuracy of detection will be low as everytfiuas considerable aspects and
changes in physical and chemical properties. Imdtldase, to find out optimal
combination of color spaces will be a big challenipe researcher and needs
sophisticated research which will not only increaiee detection accuracy but also

could be used as a universal solution to detedrtiis in natural background.
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6. RECOGNITION SYSTEM — I
Multispectral Imaging

This chapter explains the multispectral imagingoggstion system used in
detection of the sweet peppers. The recognitiotesyslescribed in this chapter was
based on multispectral imaging processing whiclp Hel locate the fruits on trees.
Several types of infrared optical filters were usecevaluate the recognition system.
The results were presented demonstrating the iargatin the multispectral
wavelengths to detect the sweet peppers basedrmusdeatures. This chapter further
also demonstrates the algorithm developed to daterthe maturity of detected sweet
peppers. The maturity of sweet peppers was evaluayeusing the most significant

infrared optical filter that shows efficient penfioance for sweet pepper detection.
6.1 Introduction
6.1.1 Background

Multispectral Imaging is a technique for recognigiend characterizing physical
properties of materials using the principle of thaying absorption (or emission) of
different wavelengths of light by the objects. Ttashnique has been applied in areas of
science such as medicine, forensics, geology, aetkarology. The wavelengths of
light used in multispectral imaging usually lie kit the Infrared (IR) and Near Infrared
(NIR) ranges. In contrast to hyperspectral imagiwwbjch characterizes materials by
measuring the variation in light intensity over tionous ranges of wavelengths,
multispectral imaging utilizes a relatively smadk ®f specific wavelengths. The desired
wavelengths may be selected by a set of dichroierference filters of specific
wavelength and pass-band. The variation of lightnsity verses wavelength is
measured by means of appropriate sensor techniquesch point in the scene being
imaged. This technique was originally developed $pace-based imaging and can
allow extraction of additional information the humaye fails to capture with its
receptors for red, green and blue. For differentppse, different combination of

spectral bands can be used representing by reein gned blue channels. Mapping of
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bands to colors depends on the purpose of the irmadehe personal preferences. For
the last few decades, NIR spectroscopy has showsidmrably promising results for
the non-destructive analysis of food products asdideally suited for on-line
measurements in the agrofood industry due to itam@dges: minimal or no sample
preparation, versatility, speed and low cost arigl§3.

Most of well-known applications of NIR spectroscapyfruits have focused on
the quantitative predictio? of chemical composition, internal damage and iipgn
stage in various fruits such as kiwifrfit®4, apple and mand8°°® cherry!®”, grape
8 plum and nectariné®® and dated®'”. The use of multispectral-image-based
perception methods has been studied extensivelgdess the crop nutrition level based
on crop canopy reflectance in multiple spectraldsah'®*? Optical properties based
on reflectance, transmittance, absorbance, oresazattight by the product often related
with features and are chosen for various purposh a8 external qualities like shape,
color, defect; internal qualities like flavor, tare, nutrition, defect, pH level, total
soluble solids content, dry matter, sugar conteitripgen level, starch, moisture content,
essential oil content, different acids, chlorophgtc. The detailed review on the
determination of various non-destructive measureroéfruits and vegetables quality
by means of NIR techniques was given@sborne et al®, Nicolai et al.’*?, Abbott
813 andGrift et al.'***. The potential of NIR spectroscopy and imagingagsd, non-
destructive and multi-parametric techniqgue makestmbits applications on fruits and
vegetables quality measurement intact including ordy food industry, post-harvest

applications but also horticultural crops.
6.1.2 Problem Identification

In last few decades, in NIR technique, most ofwloek has been done either on
guality determination, quality inspection and meament applications or on post-
harvest applications as mentioned in above seclibough NIR technique has shown
significant results for non-destructive quality reeg@ements of fruits and vegetables
delivering satisfactory application developmentdaality measurement, inspection and
post-harvest operations, still there is not enougbearch has been done on NIR
multispectral imagining for detection purpo§zarnowski and Cebufa*® investigated
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the spectral properties of red, green, yellow arghm colored sweet peppers. The
relationship between spectral properties of fraitgl leaves was studied and the results
showed that up to 700 nm the fruit and leaves Hatbst same reflectance and
absorbance of light while after 700 nm to 1100 rdmaré was significant difference
between reflectance and absorbanéan Henten et af**® studied the possibilities of
adoption of spectral properties to detect the cummin natural background. Two
monochrome cameras were used with 850 nm and 97Bamah-filters simultaneously.
The spectral band filters showed better detectemults as significant difference was
found between the spectral properties of cucumbérleavesHemming!®*"! used the
same vision systerfi*® to study the possibility of detection for sweeppers. The
study reported that the spectral vision systembmansed successfully for detection of
sweet peppersBulanon et al!®*® used a CCD camera with six band pass filters to
examine the possibilities of multispectral imagiiog citrus fruits detection. 600 nm,
650 nm and 700 nm band pass filters were foundilsleitto separate the citrus fruits
from background.

Based on detailed review of multispectral spectspgcand imaging, it was
decided that to test the possibilities of adoptidmultispectral imagining method for
sweet pepper harvesting robot vision system. Thie parpose of this chapter in this
research was to combine the two tasks: first usentlltispectral vision system for
detection of sweet peppers and second use the wame system for non-destructive
guality determination of sweet peppers. Although tecognition system mention in
chapter 6 shows very effective and significant iteson detection of green sweet
peppers by using color imaging, there are posséslithat the robot manipulator could
harvest un-matured sweet peppers after successfedtcbn which will not only reduce
the market cost of product but also it would resalimperfect automatic harvesting
system. By considering these facts and understgntlie need of multispectral
imagining research scope for sweet peppers, thseareh was carried out. This
multispectral imagining system could highlight thgortance of NIR technique for not
only non-destructive quality measurement and inspec but also significant
recognition system for sweet peppers. On the dihed, this will built-up and enrich

the research on NIR multispectral imagining techaifpr multi-task purpose.
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6.1.3 Objectives

By considering the need of efficient and effectinailtispectral recognition

system, the main objective of this chapter wasdigtias to develop and evaluate the

multispectral recognition system for sweet pepmatsonly to detect the fruits but also

to determine the maturity of detected fruits. Thetad specific objectives were as

follows:

. To develop a multispectral recognition system anestigate the possibilities

of discrimination of sweet peppers in natural baokgd by using various IR

wavelength band optical filters.

. To develop algorithm for multispectral recognitispstem which should be

able to recognize and locate the fruits under damd like: single fruit, fruits

with leaves, fruits with leaves and stem.

. To evaluate the performance of multispectral regdagnsystem for situations

such as occluded fruits or fruits covered by leam@ hard to visible.

. The multispectral recognition system must not liémced by variable field

conditions such as bright light reflections, shadpwariable lighting

conditions or noisy background.

. To develop algorithm to determine the maturity stagf detected sweet

peppers based on non-destructive quality measutetaeehniques by using

various optical filters.

. To evaluate the performance of multispectral redagn system by

composing detection algorithm and maturity detectdgorithm together to

form a multi-task recognition system environment.

. To compute the recognition rate, fruit visibilitgalysis and maturity detection

analysis of detected sweet peppers.

6.1.4 Limitations of Multispectral Recognition Sysém

The limitation for the multispectral recognition st§m use would be both
chemical constituents to be measured and the @iysioblems associated with light
reflectance and transmission through the fruit. TR@maging system can be used to
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detect only chemical compounds which contain CH, @HNH groups. Identification
and quantification of the compounds must be woretlby a computer and software
capable of carrying out the complex statistical meatatics. As fruit is mainly water,

differentiation between water and chemical constits of interest can be difficult.

The orientation of the fruit to the light inclinati angle and camera angle used to
capture the images might also be a circumstaniaitdtion. The non-destructive
qualitative measurement techniques related to cpigments of fruits might have
influence of day time and night time of the samg w@éich needs precise calibrations

for day time and night time optical properties ugfhce.

6.2 Multispectral Recognition System for Sweet Pegps

6.2.1 Visual Sensing System

The visual sensing system of multispectral recaogmitsystem consists of
Logitech quickcam pro 400€ameras, 4 infrared (IR) optical filters and 5 ™iameter
IR LED ring. The cameras were integrated with mgdifons that facilitate the
replacement of visible filter by IR optical filteesnd changing the optical filters as per
the experimental set up. The cameras were connextbé computer by USB interface
and halcon software was used for image proces3ing.IR LEDs used for artificial
lighting having forward voltage 1.25 V, forward D€urrent 25 mA and 940 nm
wavelength intensity. 4 IR optical filters were dger the experiments: IR 78, IR 80, IR
90 and IR 96 where the number of IR filter reprédbe wavelength such as IR 78
represents 780 nm, IR 80 represent 800 nm wavdiemgt so on.

During each experiment, appropriate IR opticalefst were installed in the
cameras. The images were captured with the het@mieras and IR artificial lighting.
The LED ring can provide artificial lighting from1IED or combination of 1 increment
of LEDs out of 4. This means, the experimentalugetan capture one same scene with
5 conditions: no LED, 1 LED, 2 LEDs, 3 LEDs and &Ds. This would help to
investigate the effect of artificial IR lighting dhe optical properties and detection of

sweet peppers in natural background. The captunades were transferred to computer
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and processed in halcon image processing softwaiehvinelps to analyze the data and
locate the sweet peppers from the scene. FigurdllGsirates the block diagram of
visual image sensing used in multispectral recagmigystem.

Computer

<Tn
Image Captured
Processing Image
Program Data

{} <::J
IR cameras with

Y
Data Analysis and @e IR optical filter
Results Visualization
Display

IR LED—< .~
Riﬂg . , Sweet Pepper

S’

Figure 6.1: Visual sensing system
6.2.2 Image Processing Algorithm

The detection of small targets in cluster is a fwbof critical importance to
fruit harvesting robotics. Multispectral IR imagimgchnique have been effective for
improving small target detecting some forms of caflaged targets and other targets
using false coloring. To investigate the possie#itof detection of sweet peppers by
IR optical filters, the algorithm developed for eeion operation in image processing

can be seen in Figure 6.2.

The algorithm consists of several operations ahergi that help to confine the
areas of interest in the images. The image wasuaptand transferred to computer
where the algorithm performs these operations: Tisogram equalization was
applied on captured image so that the images waalthalized by removing the
surplus noise from image. The normalized images tpeocessed with global
transformation operation by using SKL (Sequentiariunrn-Loeve)®® filter for
approximating the images by low dimensional subspabis operation also helps to
minimize the mean statistical errors between afeiaterest and their projections in
the subspace. Further, the images were segmentédbemarized followed by

thresholding operation. The thresholding values ewatecided based on the
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segmentation and filtering of an image using gldbed¢sholding. Threshold selects the

pixels from the input image whose gray valgdalfill the following condition:
MinGray <= g <= MaxGray (6.1)
Whereg was defined as: a thresholding pigelx, y)of an image whosk(x, y)was:

if f,y) =T

glx,y) = {0 if fooy) =T (6.2)

WhereT was a specific thresholding value of target object

All points of an image fulfilling the condition areturned as one region. If more
than one gray value interval is passed (tupledioGray andMaxGray), one separate
region is returned for each interval. The valuegotan be defined by user after
observing the visualization of variation gfon input image. After thresholding, the
domain area was reduced and smoothened followetfillimg up and labeling the
identified area. This identified area represents phesence of sweet peppers in the
images. If any operation in the algorithm failsrtladl further operations automatically
becomes invalid and hence also fails to detecsweset peppers in the input image.

d
b |

A

l Capture the Image |1—

-

| Normalize the image I

+

| Global Transformation of Image |

!

| Segmentation and Binarization |

v

| Thresholding Operation |

+

No
| MinGray <= g <= MaxGray

b’es

| Reducing domain and Smoothening ]

| Filling up and labeling of identified area |

| Recognition of sweet pepper 'YL
No

(2]

Figure 6.2: Multispectral image processing algonith
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6.3 Experiments

To test and evaluate the performance of multispedR imaging recognition

system, 4 different types of IR optical filters wersed as follows:

IR 78 optical filter — 780 nm wavelength
IR 80 optical filter — 800 nm wavelength
IR 90 optical filter — 900 nm wavelength

R A

IR 96 optical filter — 960 nm wavelength

The color filters were replaced by IR optical fiten the cameras and cameras
were equipped with IR LED artificial lighting. Thigghting circuit was designed to
illuminate 1 or combination of 1 LEDs up to totaLEDs. The whole set was connected
to the computer as described in the visual sensysgem. As the artificial lighting
consists of IR LEDs, the illumination by naked eyess not possible. Figure 6.3 shows

the camera with IR 90 optical filter and artificl&d lighting used during experiments.

Figure 6.3: Camera with IR artificial lighting

The experimental images were categorized into dgg@s mention in Chapter 5

section 5.6.8. These 4 groups were as follows:

Group G1: Fruit only
Group G2: Fruit with leaves

Group G3: Partially overlapped fruits

i A

Group G4: Partially overlapped fruits and partiabyvered by leaves
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By using IR optical filters, several numbers of gea with different conditions
were captured. Also, at the same time, artifidigihting conditions also changed from
no light to 4 LEDs illuminated. The captured imagesere then transferred to the
computer for image processing. The image processiag carried out by using
algorithm mentioned above to obtain the image dathdetection results. The visibility
analysis was performed to determine percent ofctlete of sweet peppers. In this
analysis, the area of fruit detected by the imagegssing software was determined and
the actual area of fruit in the image visible tartan eyes was also calculated with the
help of software. This analysis helps to deterntime percent area detection of each
fruit under every selected condition and maximunrc@etage of fruit visibility
detection. To test the possibilities of sweet pepgetection and to evaluate the
multispectral recognition system, various experitaerconditions defined during

experiments can be seen in Figure 6.4.

Multispectral Recognition System
Il

{

Day Time Night Time

' T 1 l T T i

IRi8 IR 80 IR 90 IR 96 B8 IR 80 IR 90 IR 96

T+ 1 171 17

NoLED 1 LED 2LEDs 3 LEDs 4 LEDs NoLED 1LED 2LEDs 3LEDs 4LEDs NoLED | LED 2LEDs 3 LEDs 4 LEDs No LED 1LED 2LEDs 3LEDs 4LEDs | [ 2LEDs 3 LEDs 4 LEDs 1 LED 2LEDs 3LEDs 4LEDs 1LED 2LEDs 3LEDs 4 LEDs 1 LED 2LEDs 3LEDs 4LEDs

EEEE

Figure 6.4: Experimental parameters
6.4 Results and Discussion: IR 78 Optical Filters

The captured images were processed according intge processing algorithm

developed for detection of sweet peppers. Figubesbows the day and night time

Figure 6.5: Images captured under G2 with 4 LERy. tdne (left), night time (right)
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The results of IR 78 optical filter obtained by geaprocessing under various

conditions can be seen in Figure 6.6 representingitions used during experiments.

G1: No LED

\J]
-
|

-

G2: 2 LEDs G2: 4 LEDs G3: 1 LED G4: 4 LEDs G3: 4 LEDs
Images captured during Night Time

Figure 6.6: Recognition results by IR 78 optichéfi

By using IR 78 optical filter, there were no sigeaint sweet pepper detection
results observed. Though, in some cases, theredetastion of fruits but the results
were unstable. In case of images captured duriggidee, it was found that, artificial
IR light does not had any effect on detection,eathere was no feature occurred which
could be used as asset for detection such astiefidcom fruit surface. In all 4 groups
and selected conditions, the multispectral systeas mot found effective to detect the
sweet peppers. Also, the color of fruits was saméhat of leaves and stems. Even in
some cases, it was difficult to distinguish fruiddeaves. Based on the results obtained
from image processing, it was concluded that IRop8cal filter cannot be used for
sweet pepper detection in day time. This might be t the sun light effect which has
higher IR wavelength lighting than the artifici&d lighting used during experiments.

In case of images captured during night time, it waserved that, the artificial
lighting had significant influence on the detectidn some cases, the detection was
possible but the percentage of false detectionocodeatection was higher. For detected
images, after analysis, it was concluded that thtedafion was due to only high
brightness and chroma components received fromicatilighting. The detection was
not possible due to any feature attribute, ratheemthe artificial light intensity reduce,

the same images failed to detect the fruits.
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To verify the feature attribute feasibility, thestigram analysis was done on

images captured during night time and can be se&igure 6.7.

; i h o -y, P F ' ¥
5 . /
' Bs [ : e
G2 4 LEDs G2 4 LEDs G2 4 LEDs V G3 2 LEDs 7
Input Image Segmentation Thresholding Thresholding

Figure 6.7: Histogram analysis for IR 78 opticékfi

From above figure, it was investigated that theraswno feature attribute
feasibility for detection of fruits during image qmessing. The results only help to
decide whether image was darker or brighter in neatDuring thresholding process,
selected threshold value failed to provide detectiostead only highlight the high
intensive area in the image. In most cases, thectieh was occurred when 4 LEDs
were used but still the results were not precise @ntained background part of fruit
plant parts. As the intensity of light was higheria were also strong shadows observed
which increased the false detection. For night timages, partial or detection with fruit

plant parts was possible with G1 and G2 when 4 L&ge].

Thus, based on the results obtained, it was coadlubat IR 78 optical filter
cannot be used for detection of sweet peppersght iime also. This was due to the
high brightness and chroma caused by high interdditgrtificial lighting. So IR 78
optical filter can be only used to analyze the dess or brightness of the captured
image. The summarized image processing data rdeulfigiit visibility and recognition
rate under each group and every condition can ée iseTable 6.1. The fruit visibility
was computed as mentioned in experimental sectibiewecognition rate was
calculated only for the fruits which had fruit \udity above 76%. The base for
recognition rate was selected as fruit visibiliboge 76% because after this percentage
the detection was considered as possible dete@mye which might lead to successful

detection but not always and not precise.

2
2

115



| Chapter 6: Recognition System - I

&
A g

6.5 Results and Discussion: IR 80 Optical Filters

By using IR 80 optical filter, Figure 6.8 shows thay time and night time

captured images with 3 LEDs under G4 group.
- apali

Figure 6.8: Irr;ages cauréd uncier G4 with 3 LERy: tidne (left), night time (right)

In case of IR 80 optical filter, the image procagsiesults were also found almost
same as that of IR 78 optical filter. There wassigmificant relation found between IR
80 optical filter and detection of sweet peppetse Tetection rate was found very poor
for images captured during day time. Unlike IR 7&8ical filter, IR 80 optical filter
showed some good recognition results when intersityR artificial lighting was
increased but still there was only few cases inctviiecognition was found more than
76%. The color of fruits, leaves, stems and baakgdowas also found almost same as
that of IR 78 optical filter. With no artificialght, IR 80 optical filter was found suitable
for detection of soil matter effectively but whertifecial lighting was used the soil
matter detection rate was decreased. The fruibilityi was not found significant by
using IR 80 optical filter. Figure 6.9 shows theuis obtained by image processing for

IR 80 optical filter in day time and night time werdsarious conditions.

i ‘
! S A E8 o i e ANk
G2: No LED G2: 1 LED G1: 2 LEDs G3: 3 LEDs G4: 4 LEDs
Images captured during Day Time

G4: 3 LEDs
Images captured during Night Time

] i
G3: 1 LED G3:2 LEDs G4: 4 LEDs G2: 4 LEDs

Figure 6.9: Recognition results by IR 80 optickéfi
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In case of images captured during night time, aganrole of light intensity was
found a key factor with instability and uncertainbat cased detection of fruit. At low
intensity of IR artificial lighting, the fruit vigility was low but it increased with
increase in intensity of artificial lighting. With LEDs on, the detection rate was found
satisfactory but when intensity of artificial lighg reduced, the detection was found
less than 25% for same scene. When the intensitghifng high; the detection of fruit
included fruit, stem and part of leaves from thenecwhose portions were exposed to
the high brightness. Based on the results obtalmedR 80 optical filter, it was
concluded that, the fruit detection and fruit visifp was not significant and effective
and IR 80 optical filter also failed to detect 8weeet peppers in natural background.

To verify the feature attribute feasibility, thestigram analysis was done on
images captured during night time and results afyams can be seen in Figure 6.10.

Captured Image Segmentation Intensity Thresholding Reflection Thresholding

Figure 6.10: Histogram analysis for IR 80 optickéf

During the image histogram analysis, it was foumak the histogram of feature
attribute of fruit reflection was almost same tbahistogram of intensity thresholding.
In the above figure, it was clear that the afteéase@semoval, segmentation separates the
crop portion from the background but at thresha@daperation was very critical. In
thresholding, the specified thresholding value lgp@dthm includes the brightness and
chroma of high light intensity and reflection frofeature attribute. These two
thresholding values were found very close and cabedlistinguished separately which
results in low detection rate as it only focuseghanhigh intensity portion in the image
rather reflection from the fruits.

In the Figure 6.10, the two thresholding valuesensgparated manually to show

the tiny difference in the light intensity and egftion feature from the scene. The main
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reason behind this might be the less reflectionmfrethe fruits or failure in
comprehension of two thresholding values by alparitFor the main fruit in the scene,
the difference between two thresholding was veryavawhile in case of other fruits,
though there was small reflection occurred, théectibn thresholding failed to detect
that reflection on other fruits and threshold ghtliintensity thresholding. These types
of biased results create false detection of fraitd influence on the recognition rate.
This clearly delivered an idea that although thees very tiny difference occurred
between reflection feature and light intensity, tIRe80 optical filter failed to separate
them. However, these was an interesting observatiade, by using IR 80 filter, the
reflection from the leaves or stem was not foundrmduimage processing which might
reduce the false detection. The cases where falsetibn was observed as leaves that

was due to the high light intensities and not by iaflection of leaves.

The summarized image processing data results didrvisibility and recognition
rate under each group and every condition can ba se Table 6.2. Based on the
histogram analysis and results obtained by imagegssing of IR 80 optical filter, it
was concluded that the IR 80 optical filter canoetused for detection of sweet peppers
effectively as it fails to distinguish the high #tificial lighting and feature attributes in

the scene which caused due to very miniature eifiee between thresholding values.
6.6 Results and Discussion: IR 90 Optical Filters

By using IR 90 optical filter, Figure 6.11 showstday time and night time
captured images with 4 LEDs under G2 group.

IR 90 optical filter was found significantly efféat for detection of sweet

peppers. There was considerable difference obsdretdeen reflection feature and
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light intensity. The results of image processinglRy90 optical filter can be seen in
Figure 6.12.
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G1: No LED G3:1LED G2: 2 LEDs G4: 3 LEDs G4: 4 LEDs
Images captured during Day Time

G2: 1 LED G4: 2 LEDs G4: 3 LEDs G2: 4 LEDs G4: 4 LEDs
Images captured during Night Time

Figure 6.12: Recognition results by IR 90 optickéf

The image processing results shows that the pedstattion and fruit visibility
was higher than IR 78 and 80 optical filters. Aldoe night time detection was found
more reliable and successful compared with day tietection. The images captured
during day time showed significant results butftiué visibility was found low. For the
images captured during day time, the color of éramd color of background, leaves and
stems was slightly different. This difference cangpotted easily which helps to reduce
complications in segmentation and thresholding @secin the day time the effect of IR
artificial lighting was not found effective on det®n of sweet peppers. Increase or
decrease in the light intensity could not alter fib@ure attributes due to the effect of
sunlight. Most of the detection of sweet peppers wecurred due to the difference in

the color of fruits and rest of the background.

In case of images captured during night time, thgedation of fruits and fruit
visibility was observed higher than that of imagaptured during day time. The main
reason for this was not the color difference betwkaits and rest of background but
the feature attribute. During image processingvas observed that the reflection from
the fruits was higher while there was less or rilecgon occurred from leaves or stems.
The increased in the IR artificial lighting increasthe reflection and also increases the
light intensity but there was considerable diffeeibetween these two features. During

the image processing, it was also observed thae thws less influence of the IR
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artificial lighting on detection of fruits. Alsohé reflection from the fruits was higher
for high light intensity compared with reflectioroim the fruits with low light intensity.
The light intensity with 3 and 4 LEDs had higharifiivisibility compared with 1 and 2
LEDs which confirmed the feature attribute as afeyor for successful fruit detection.
The fruit visibility was higher in G1 and G2 grouphile in G3 and G4 groups, the fruit
visibility was higher but the detection was obsdrwath some portions from the scene.
This means the sweet peppers were detected sudbefsfim the captured images but
at the same time some part of leaves of stems akgbaund also detected as a fruit.
This was might be possible due to the slight infleee of high light intensity on the
fruits and segmentation and thresholding failuredistinguish this small influence
during image processing. The image processing teesalbo confirmed successful
detection of multiple sweet peppers in the scenadiyg IR 90 optical filter. Based on
the data analysis and results obtained from imageegsing, it was concluded that IR
90 optical filter can be used for sweet pepperdiete effectively during night time
with 2 — 4 LEDs combination. To avoid mismatchingalse detection due to influence
of light intensity, image processing algorithm neefurther improvement. The
summarized image processing data results for ¥isibility and recognition rate under
each group and every condition can be seen in TaBle

To investigate the effect of light intensity on tig® attribute, image histogram

analysis was done which can be seen in Figure 6.13.

Captured Image Segmented Area Threshold Area Light Intensity Thresholding Reflection Thresholding

Figure 6.13: Histogram analysis for IR 90 optichéf

During the image processing, there was significhfierence found between IR
artificial light intensity and refection featuretrdtute in the scene. The histogram
analysis to investigate the influence of light gty on feature attribute provides

insight onto the key factors for detection of fruit the thresholding, light intensity and
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reflection had considerable variations in thresimgjdralues. The images influenced by
intensity and had false detection; thresholdingttue selected area and extracting the
reflection feature thresholding values might catise process to be critical which
results in influencing detection of fruit and faldetection. In IR 80 optical filter, it was
observed that the thresholding values of lightneiy and reflection features were
almost overlapping or tiny and image processingrilgm failed to distinguish them.
But in case of IR 90, there was significant diffeze observed in thresholding values of
light intensity and reflection features from fruit¥his was the main reason for
successful detection and high fruit visibility ir8@nd G4 groups where the situations
were difficult to locate the sweet peppers.

The influence of change in camera angle to cagh#emage was also tested to
ensure the significance of sweet pepper detectyolRI®0 optical filter. The variation
in the image capture angle had significant effatttioe detection of fruits and fruit
visibility. The same scene captured with two defgrangles showed different detection
results with different fruit visibility percentag€&igure 6.14 shows the image capture
angle variation effect on fruit detection in whisame scene was captured by slightly
changing capture angle. The main purpose changiptue angle was to verify that is
there any influence of image capture angle on tieteof fruits and not to study which
angle might be better for image capturing. By cli@gpgmage capture angle, it was

observed that fruit detection rate changes rapédiigt fruit visibility percentage also

either increases or decreases depending on thaggtonditions.

G2: 3 LEDs G3: 4 LEDs G3: 3 LEDs G4: 4 LEDs
Figure 6.14: Influence of image capture angle ait ttetection
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Based on the image analysis data and image pragessults, it was concluded
that IR 90 optical filter can be used for night girfruit detection significantly with
precise care of lighting and image capture angtalitions.

6.7 Results and Discussion: IR 96 Optical Filters

By using IR 96 optical filter, Figure 6.15 show® titmages captured during day
time under different groups with no IR artificiagtting. Due to technical reasons and
unavailability of IR LEDs of wavelength more tha609nm for illumination, only day
time images under 4 groups without using any IRicel lighting were captured and

processed for fruit detection results.
-y - S| AN |

TR
7 5

Figure 6.15: Images captured by IR 96 opticalffittering day time

During the image capturing and image processingag observed that there was
significant difference between fruits and resthed background and this difference was
higher than images captured by using IR 90 opfittal. This difference was the main
key point to separate the fruits from backgroundubiyng simple thresholding operation
during image processing. The low pass filter hétpseparate the fruits from the scene
and feature attributes like area and anisometrgshi select the appropriate shape of
fruits based on thresholding operation. Duringithage processing, it was also found
that the stems and branches of plant were sel@stedgmentation operation but low
pass filtering and feature attributes also helgleéduct them in thresholding process.
The small elements from the scene can be filteemilyeand as there was significant
difference between color of fruits and backgrourasviound, multi-detection of fruits
was also possible. Unlike other optical filters, 9R shows significant results of multi-
detection of sweet peppers in same scene. Alsantage processing results were not

influenced by image capture angle as that of IR@cal filter.
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Figure 6.16 illustrates the color difference betwefeuits and rest of the
background under various group conditions. Theuweagtimages and color difference
of fruits from background were represented withrthespective histograms.
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Figure 6.16: Histogram analysis for IR 96 optickéf

From the histogram analysis, it was confirmed tH&t96 optical filter can
distinguish fruits from background very effectivelyithout using any IR artificial
lighting. The day time sun light influence was tound for IR 96 optical filter. The
histogram analysis clearly shows that the fruibcdlad low gray histo values while rest
of the background had high histo values. By equajihistograms linearly, the initial
noise was removed followed by segmentation andsiimding. The image processing
results obtained for various group conditions withIR artificial lighting can be seen in
Figure 6.17 which clearly shows high recognitioteraf fruits and high fruit visibility.

By using IR 96 optical filter the fruit detectioate was higher in all the 4 selected
groups compared with all other IR optical filtefsor group G1 and G2 the fruit
detection rate was found very higher than groupa@8 G4. Apart from selected 4
groups, IR 96 optical filter was also found verytable and highly effective for multi-
detection of sweet peppers in single captured inmgm&. Though all the fruits were not
detected but most of the fruits were detected waigih fruit visibility percentage.
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Specially, the occluded or fruits covered by leaaed stems or fruits covered by fruits
were also found recognized by IR 96 optical filt€his clearly provides confirmation
that IR 96 optical filter can be used for multi-eletion of fruits, occluded or overlapped
fruits very significantly and effectively with higpercentage of fruit visibility. The
summarized image processing data results for ¥isibility and recognition rate under

Fiure 6.17: Recognition results by IR 96 optickérf

For some cases where failure in fruit detection whserved, that was due to
extremely high occlusion of fruits or hard situasolike fruits covered by leaves and
stems more than 80%. Also, it was found that if aaly surface or black components
like drip lines or greenhouse structure frames wame@dently captured in the scene;
then there are possibilities of false detectiom@match detection of those components
and soil surface along with sweet peppers. Theore&w false or mismatch detection
was the low pass thresholding filter used duringgsprocessing that matches with soil
surface thresholding. So by avoiding these compsnenring image capturing or
capturing images horizontally parallel, false andmatch detection can be reduced.
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Table 6.1: Recognition results for IR 78 opticékfi
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Table 6.2: Recognition results for IR 80 opticékfi

| Chapter 6: Recognition System - I

Total Detection of sweet Peppers Recognition
Images | Failed | 0-25%| 26-50% 51-75%  76-100% Rate, %
Gl 3 2 1 0 0 0 0.00
No LED G2 3 2 1 0 0 0 0.00
G3 3 3 0 0 0 0 0.00
G4 3 3 0 0 0 0 0.00
Gl 3 1 2 0 0 0 0.00
1LED G2 3 2 1 0 0 0 0.00
G3 3 3 0 0 0 0 0.00
G4 3 3 0 0 0 0 0.00
Gl 3 1 1 1 0 0 0.00
D_ay > LEDs G2 3 2 0 1 0 0 0.00
Time G3 3 2 1 0 0 0 0.00
G4 3 3 0 0 0 0 0.00
Gl 3 1 1 0 1 0 0.00
3 LEDs G2 3 1 2 0 0 0 0.00
G3 3 1 1 0 1 0 0.00
G4 3 0 1 1 0 1 33.33
Gl 3 0 2 1 0 0 0.00
4 LEDs G2 3 1 1 0 0 1 33.33
G3 3 3 0 0 0 0 0.00
G4 3 3 0 0 0 0 0.00
Gl 3 1 1 0 0 1 33.33
1LED G2 3 1 1 0 0 1 33.33
G3 3 2 0 1 0 0 0.00
G4 3 2 1 0 0 0 0.00
Gl 3 0 3 0 0 0 0.00
5 LEDs G2 3 0 1 0 1 1 33.33
G3 3 2 0 1 0 0 0.00
Night G4 3 3 0 0 0 0 0.00
Time Gl 3 0 1 0 0 2 66.67
3 LEDs G2 3 0 2 0 1 0 0.00
G3 3 0 1 1 0 1 33.33
G4 3 1 1 0 0 1 33.33
Gl 3 0 0 1 0 2 66.67
4 LEDs G2 3 1 0 1 0 1 33.33
G3 3 0 1 0 2 0 0.00
G4 3 1 0 1 0 1 33.33
Total 108 51 28 10 6 13 12.04
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Table 6.3: Recognition results for IR 90 opticékfi

| Chapter 6: Recognition System - I

Total Detection of sweet Peppers Recognition
Images | Failed | 0-25%| 26-50% 51-75%  76-100% Rate, %
Gl 15 4 3 1 3 4 26.67
No LED G2 15 3 6 2 2 2 13.33
G3 15 6 3 2 1 3 20.00
G4 15 9 2 1 1 2 13.33
Gl 15 2 3 2 1 7 46.67
1 LED G2 15 4 2 3 1 5 33.33
G3 15 3 6 3 1 2 13.33
G4 15 6 5 1 1 2 13.33
Gl 15 4 2 5 0 4 26.67
D_ay 2 LEDs G2 15 1 2 2 3 7 46.67
Time G3 15 4 1 2 1 7 46.67
G4 15 8 4 2 0 1 6.67
Gl 15 1 4 1 1 8 53.33
3 LEDs G2 15 3 1 2 1 8 53.33
G3 15 4 2 1 1 7 46.67
G4 15 10 1 1 0 3 20.00
Gl 15 1 2 1 1 10 66.67
4 LEDs G2 15 3 1 1 2 8 53.33
G3 15 7 1 2 0 5 33.33
G4 15 8 1 1 2 3 20.00
Gl 15 2 2 1 2 8 53.33
1 LED G2 15 1 2 2 1 9 60.00
G3 15 2 3 3 1 6 40.00
G4 15 3 1 3 1 7 46.67
Gl 15 1 0 0 1 13 86.67
5 LEDs G2 15 1 1 2 1 10 66.67
G3 15 0 3 2 1 9 60.00
Night G4 15 3 3 1 2 6 40.00
Time Gl 15 0 1 1 0 13 86.67
3 LEDs G2 15 1 0 0 1 13 86.67
G3 15 1 2 1 2 9 60.00
G4 15 3 1 1 4 6 40.00
Gl 15 0 0 0 1 14 93.33
4 LEDs G2 15 0 1 1 1 12 80.00
G3 15 1 1 1 1 11 73.33
G4 15 1 1 0 0 13 86.67
Total 540 111 74 55 43 257 47.59
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Table 6.4: Recognition results for IR 96 opticékfi

Total Detection of sweet Peppers Recognition
Images | Failed | 0-25%| 26-50% 51-75%  76-10090 Rate, %

Gl 128 2 2 4 3 117 91.41

E_)ay No LED G2 87 5 3 2 4 73 83.91
Time G3 81 6 3 4 7 61 75.31
G4 94 6 1 3 6 78 82.98

Total 390 19 9 13 20 329 84.35

Based on the image data analysis and results ebtdhom image processing
software for all IR optical filters, the summaryrekults can be seen in Table 6.5 which
gives insight onto the detection rate, fruit viBipipercentage and influencing factors
on fruit detection for all IR optical filters.

Table 6.5: Summary of multispectral recognitionteys

) Fruit Fruit Influencing
Filter ) S Remarks
detection | visibility factors
IR 78 Low Low Light intensity Not suitable for recognition
- Day time imaging is not effective
o ) - Fruit and background color almost same
IR 80 Low Low Light intensity

- Feature attributes and light intensity thresholding

values had tiny difference

- Moderately suitable for recognition with precise

care of light intensity and image capture angle
) ) Image capture ) - ) ]
IR 90 High High ) - Night time imaging very effective
angle and distanc

D

- Significant difference between color of fruit and

background

- Avoid soil surface and greenhouse structure
components in scene

) - Day time imaging is very effective without any IR
Soil surface and Co
artificial lighting
. ) structure ) .
IR96 | Veryhigh | Very high - Fruit color found completely different than
components of ) )
background color in day time
greenhouse ) S ) _
- Multi-detection in single scene is possible

- Occluded and overlapped fruits can be dete¢ted

significantly
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6.8 Sweet Pepper Maturity Determination

Multispectral imaging is a technology originally vidoped for space-based
imaging which may capture light from wavelengthgdrel the visible light range, such
as infrared, allowing the extraction of additiomdbrmation that the human eye fails to
capture. Multispectral imaging can be used to afdtbe external features such as
ripening!®2% and external defect&?! ~®2*\with higher sensitivity in comparison to the
ordinary RGB imagind®?® ~®2?"! By considering these previous research work,ai w
decided that to investigate the maturity detectignusing multispectral recognition
system for sweet peppers. As IR 96 optical filtemvged significant results for detection
of sweet peppers, hence by using same optical, fibke possibilities of fruit maturity
detection was carried out. To investigate the nitgtudetection possibilities, it was
important to find out the strong correlation fad@tween optical filter wavelength and

maturity of sweet peppers.

Chlorophylls are the most important pigments footpkynthesis and the green
color of sweet peppers and leaves. The chloroptoitent in sweet peppers start to
increase with growth of the fruit and it is maximumhen fruits are at early maturity
stage!®?%21 The chlorophylls have strong reflectance peakghim red and blue
wavelength regions. Blue peak cannot be used tina&st the chlorophyll content
because it overlaps with the absorbance of theteraoas. Maximal absorbance in the
red region occurs between 660 nm and 680 nm. Hawive unknown if reflectance at
these wavelengths can be used to predict chlorbpbgtent as reflectance at slightly
longer or shorter wavelengths. This is becauserpbsn in the 660— 680 nm tends to
saturate at low chlorophyll content, thus redudimg sensitivity of the spectral indices
based on these wavelength to high chlorophyll cufté®. Empirical models to predict
chlorophyll content are largely based on reflectaacound the 550 nm or 1060 nm
regions where the absorption is saturated at highlerophyll. Indices formulated with
these bands would thus have higher accuracy imastig chlorophyll content.

Thus, based on chlorophyll content correlation, thaturity determination
possibilities were tested for sweet peppers. Thveeee two main concerns during
testing these possibilities by image processing:
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1. The chlorophyll presents in fruits and in leavesvadl; this might increase the
complication in image processing and results isefatonclusions. Hence, it
was decided that the detection of fruits must b&iobd first by image
processing and then the maturity determination loantested for detected
fruits only.

2. The images were captured using IR optical filtedd as mentioned above, the
chlorophyll content saturation reflectance highdiated in red wavelength. So
overcome this problem, an effective algorithm whican transform the
multispectral images into red wavelength band wepiired. By using the
principle component analysis this problem was shlve

Figure 6.18 illustrates the algorithm used fortfdetection and maturity detection
of sweet peppers. The fruit detection algorithm wessame algorithm used before as
presented in Figure 6.2.

o =
(_Start /) 3 .
= al s : 1z tion Matri
= Normalizing the image of | —| rans(gmrlra ;::ld) R
Capture Image detected sweet pepper s
Normali\lzfation and L — Inversion of PCA
j _ Principal Component | | (Uncorrelated)
Global Transformation Analysis
¥
Segmentation and ! .| Covariance Matrix of
Binarization Linear Transformation of each histogram
] .
Thresholding and each histogram - : -
Reducing Domain 7 || Information content in
k _ Image Conversion and each histogram
‘ Red““”ﬁ/g domain ‘ Normalization of colors
‘ Swest Pebier ‘ % R/ IR set value of
‘ PP [ R/IR Histogram b matured sweet pepper
— ) /J/\\‘ l . = ' ‘
End / R/ IR = Increasing trend

Figure 6.18: Fruit detection and maturity deterrtioraalgorithm

After the successful detection of sweet peppetharscene, the detected fruit area
was selected manually to continue with maturityedon algorithm. The selected input
image area was normalized to remove small noisanif followed by Principle
Component Analysis (PCA). In PCA, 4 important opierss were carried out — pixel
wise correlated transformation matrix was obtairied each channel; the obtained

correlated channel was inverted for each channahwutesults in uncorrelated matrix
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(the spectral bands are highly correlated; it isirdble to transform them to
uncorrelated images. This can be helpful for ddicgy the bands containing little
information and with respect to a later classifimatstep); the covariance matrix for
each histogram was obtained by computing the mesyn\glue of the channels and the
n x n covariance matrix of the channels; finallge tresults provides the relative
information in each channel and can be analyzeddnyg histograms. After PCA, the
histograms obtained in each channel were normali@aedolors. Finally, the decision
step was introduced which uses R/ IR histograno tatidetermine the maturity stage of
input detected sweet pepper. At this decision ntakiep, the decision can be set by
two ways: by observing the trend of R/IR histognatio or providing pre-set histogram
values of matured sweet peppers. In case of Rid®dram ratio, the trend should be
increasing for maturity of fruits. To visualize shirend, the final histograms were
obtained in which the histogram with green col@resents the matured fruit and green
histogram with other histograms or absence of ghestogram represents not matured

fruits.

The R/ IR histogram ratios were computed basechertransformed chlorophyll

adsorption ratio index and defined as follows:

R R
R [680, 960] = 3 [(R%o — Rgg0) — 0.2(Rgg0 — Rss0) (RZZZ)] (6.3)
Where,
Rosc = IR 96 optical filter histogram
Resc =  histogram value of red channel for peak reflece of chlorophyll
Rssc =  histogram value of green channel

Based on the fruit detection and maturity deteatam algorithm mentioned
above, the images were processed accordingly atalned results can be seen in
Figure 6.19. In the results, as mentioned befdre, green histograms represent the
detected matured fruits while other color histogsaepresents detected but not matured
fruits. To verify the results obtained, the testsrevconducted on the fruits whose
maturity can be stated by observation such as 2¢ siveet peppers and small sweet
peppers. The pre-know maturity status fruits wenec@ssed by algorithm mentioned

above and results were verified.
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Figure 6.19: Maturity determination results foretged sweet peppers
(First image shows pre-known status of detecteitisfrmhile second image shows result image
with histograms for maturity determination: gre@toc — matured; other colors — not matured)
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During the analysis of results obtained for fruiatority detection, it was found
that the algorithm developed for fruit maturity el@ion provides satisfactory results but
in some cases the results were unstable. As titedftection was possible by using IR
96 optical filter, the detected fruit area inputage provides significant results of fruit
maturity detection in some cases but same time tivere some false results obtained.
The pre-known samples were tested for maturityadiete and it was found that in some
cases though the samples were matured, the matietiégztion results were opposite or
if samples were not matured, the maturity detectesults were false. On the other
hand, it was also found that in many cases the nihatietection results obtained were
perfect. The reason for unstable maturity deteatesuilts was probably due to the PCA
analysis or image processing algorithm which migiled to correlate the chlorophyll
content effectively with R/ IR histogram ratio. Boased on the accurate results for
maturity detection, the algorithm controversiallyoyides significant results which
mean the PCA analysis and algorithm might needéuriimprovements.

Based in the results obtained for fruit maturityed@ion it was concluded that the
maturity detection was possible by using IR 96 agitfilter though there were some
false results obtained. By improving the PCA analgsmd image processing algorithm,
the false results could be avoided. The summardagd on maturity detection with
different groups by using IR 96 optical filter che seen in Table 6.6. The images used

for maturity detection were the images which haut frisibility more than 76%.

Table 6.6: Fruit maturity determination results

Fruit Failed to ) Maturity
No. of True False ) Maturity _
detected determine detection
images ) Results | Results ] detection, % .
images maturity failure, %
Gl 128 117 89 17 11 76.07 23.93
G2 87 73 43 21 9 58.90 41.10
G3 81 61 27 14 20 44.26 55.74
G4 94 78 32 29 17 41.03 58.97
Total| 390 329 191 81 57 58.05 41.95

The maturity determination was found high in Glugrdollowed by decreasing
trend for other groups. For difficult situationsiasG3 and G4 groups, if the detection
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of sweet peppers was clustered or includes somgopofrom the scene then the
maturity determination decision was taken for thosenbined detected areas which
might be not accurate and hence decreasing theritpadetermination percentage. For
these groups, when leaves or stems overlaps oudedhe fruits and detected in
recognition results as a part of detected fruitentthe chlorophyll reflectance from the
leaves and stems could influence the maturity detextion decision. Though the fruit
maturity determination results were found unstahlesome cases, by improving the
maturity determination algorithm and capturing ittmages with different camera angles
and poses, the maturity determination percentagebeancreased significantly. Based
on the results obtained, it was concluded that BR dptical filter can be used

significantly for fruit detection and in simple atitions; fruit maturity determination

was possible which was based on strong correlaifoliR wavelength to chlorophyll

reflectance from fruits.
6.9 Conclusions

By considering the applications of IR and NIR inifs based on quantitative and
qualitative measures, a non-destructive multispecticognition system was developed
and tested for recognition of sweet peppers. Inntldtispectral IR system, 4 types of
IR optical filters were used in experimentation: 18 IR 80, IR 90 and IR 96. For each
IR optical filter, images were captured during dagye with 5 artificial IR lighting
conditions and night time with 4 artificial lighginrconditions. The captured images were
sorted in 4 different groups based on the sceneplication and processed in image
processing software to get the fruit detection ltesuAfter finding out the most
significant and effective filter for fruit detectipthe detected fruits further processed to
investigate the maturity determination based orretation of IR wavelength and

chlorophyll reflectance.

For IR 78 optical filter; in case of images captliduring day time, it was found
that, artificial IR light does not had any effect detection, rather there was no feature
attributes occurred which could be used as asseletection of fruits such as reflection
from fruit surface or color variation in fruits amelves. In all selected conditions, the
multispectral system was not found effective toedethe sweet peppers during day
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time. In case of images captured during night tilheyas observed that, the artificial
lighting had significant influence on the detectidn some cases, the detection was
possible but the percentage of false detectionoodetection was higher. For detected
images, after image data analysis, it was fountttitedetection was due to only high
brightness and chroma components received froricatilighting. The detection was
not possible due to any feature attribute, ratheemthe artificial light intensity reduce,
the same images failed to detect the fruits. Itolgimm analysis, no feature attribute
feasibility observed for detection of fruits durimgage processing. In some cases
where detection was possible, that was due to idife intensities of light used during
image capture. The results only help to decide ndreéimage was darker or brighter in
nature when captured. The algorithm cannot distsigthe feature attributes and hence
overall recognition rate and fruit visibility pertage was found very low for IR 78
optical filter. The IR 78 optical filter cannot lesed for sweet pepper detection in day

time or night time.

In case of IR 80 optical filter; the results obtdnshowed similar characteristics
as that of IR 78 optical filter. The color of frejtleaves, stems and background was also
found almost same as that of IR 78 optical fillestead of fruit detection, with no
artificial lighting, IR 80 optical filter was founduitable for detection of soil matter
effectively but when artificial lighting was usetiet soil matter detection rate was
decreased. In case of images captured during tiight again the role of light intensity
was found a key factor with instability and uncertyathat cased detection of fruit. At
low intensity of IR artificial lighting, the fruivisibility was low but it increased with
increase in intensity of artificial lighting. Whethe intensity of lighting high; the
detection of fruit included fruit, stem and partledves from the scene whose portions
were exposed to the high brightness. During thegerfastogram analysis, it was found
that the histogram of feature attribute fruit reflen was almost same that of histogram
of intensity thresholding. The fruit detection tsinelding and light intensity
thresholding values were found very close and cabadlistinguished separately which
results in low detection rate as it only focuseghanhigh intensity portion in the image
rather reflection from the fruits. The overall trudetection rate and fruit visibility

percentage was found low by using IR 80 opticaril The IR 80 optical filter cannot
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be used for detection of sweet peppers effectiaslyt fails to distinguish the high IR
artificial lighting intensities and feature attriles in the scene which caused due to very

miniature difference between thresholding values.

IR 90 optical filter was found significantly efféat for detection of sweet
peppers due to considerable difference betweerctafh feature and light intensity.
For the images captured during day time, the cotdruits and color of background,
leaves and stems was slightly different which hétpkcate the fruits easily. Increase
or decrease in the light intensity could not alker feature attributes due to the effect of
sunlight. The images captured during day time slaogignificant results but the fruit
visibility was found low. In case of images captuuring night time, the detection of
fruits and fruit visibility was observed higher théhat of images captured during day
time. During image processing, it was observed thatreflection from the fruits was
higher while there was less or no reflection ocedirfrom leaves or stems. The
increased IR artificial lighting increases the eeflon and also increases the light
intensity but there was considerable differencentblbietween light intensity and feature
attributes thresholding values. It was also foumat the variation in the image capture
angle had significant effect on the detection ofté and fruit visibility. By changing
image capture angle, it was observed that fruiéat&n rate changes rapidly and fruit
visibility percentage also either increases or e@ses depending on the lighting
conditions. The IR 90 optical filter can be usedngicantly for night time fruit
detection with precise care of lighting and imagetare angle conditions as these two

factors might influence the fruit detection andtfrasibility percentage.

For IR 96 optical filter, there was significant féifence observed between fruits
and rest of background which was main key pointdigcriminate the fruits from
background by using low pass filter thresholdingimy day time. The histogram
analysis confirmed that the IR 96 optical filtemadistinguish fruits from background
very effectively without using any IR artificialghting or without influence of day time
sun light. Further, the histogram analysis cleaHgws that the fruit color had low gray
histo values while rest of the background had Mo values. By using IR 96 optical

filter the fruit detection rate and fruit visib¥itpercentage was higher in all selected

2
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groups compared with all other IR optical filteAgpart from selected 4 groups, IR 96
optical filter was also found very suitable andhtygeffective for multi-detection of

sweet peppers in single captured image input. Alseas found that if any soil surface
or black components like drip lines or greenhousactire frames were accidently
captured in the scene; then there were possibilitie false detection or mismatch
detection of those components and soil surfacegalith sweet peppers. The IR 96
optical filter can be used for multi-detection afifs, occluded or overlapped fruits very

significantly and effectively with high percentaggfruit visibility.

The possibilities of maturity determination of dde®l sweet peppers were
investigated by correlating the chlorophyll refeate of the fruits with IR wavelength.
It was found that the fruit maturity determinatiofas possible by using IR 96 optical
filter and correlating the wavelength with chlorgphreflectance. The maturity
determination was found high in G1 group (76.06%g &2 group (58.90%) followed
by decreasing trend for G3 and G4 groups. The sifigits or fruits with leaves whose
detection was possible successfully, the matur@temination percentage was found
higher compared with occluded and overlapped frilitsen leaves or stems overlaps or
occlude with the fruits and detected in recognittesults as a part of detected fruits;
then the chlorophyll reflectance from the leaved siems could influence the maturity
determination decision. Though the fruit maturitgtetmination results were found
unstable in some cases, by improving the maturgyemnination algorithm and
capturing the images with different camera angleb@oses, the maturity determination
percentage can be increased significantly.

For IR 96 optical filter, improving fruit detectioalgorithm based on different
feature attributes, computing the 3D coordinateation of recognized fruits as
described in Chapter 6 for color recognition systemproving the fruit maturity
determination algorithm and PCA analysis to avbigl false or mismatch results can be
considered as further research. Furthermore, ilgasty the sweet pepper detection
and maturity determination by using IR opticaldilihaving wavelength more than 960
nm and using other non-destructive characteristizg has strong quantitative or
qualitative correlation with IR wavelengths candmmsidered as recommendations for

future research.
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8. Overall Conclusions

This chapter gives insight onto overall conclusions for picking systems, color

recognition system and multispectral recognition system together. For detailed

conclusions of each system, the conclusions section under each chapter can be referred.

The recommendations for future work are given at the end of conclusions section in

every chapter to improve or enhance the results.

a) Picking System — |

1

Picking system design parameter considerations and interaction factors relevant to

optimal design were analyzed.

. The conceptual design of picking system based on contact gripping strategy,

operational control systems to control the movement of working components were
designed successfully.

The optima model of the picking system developed, ssmulated for its static and
dynamic characteristics based on several design studies which helped to determine
the materials and component structure of the picking system.

The prototype was devel oped based on obtained simulation results and validated
and evaluated for its performance efficiency under various conditions.

The prototype showed significant results under selected testing conditions with
97.91% performance efficiency, 1.1s to perform the harvesting operation and no
physical damage was observed to the harvested fruits.

b) Picking System — Il

1

2.

3.

Considering the fruit shelf life and quality measures, thermal cutting system
prototypes were devel oped based on amplified voltage and current potential.

In electric arc thermal cutting system, 1mm and 2mm diameter electrodes were
tested for harvesting operation in which 1mm diameter electrodes found
significant for cutting fruit stem of 5mm diameter in 2.2s.

In temperature arc thermal cutting system, 0.02mm, 0.5mm and 1mm diameter

nichrome wire were tested for harvesting operation in which 0.5mm and 1mm
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diameter nichrome wires found significantly effective for cutting fruit stem of

5mm diameter in 1.5s and 1.4s respectively.

4. Among the two prototypes, temperature arc thermal cutting system demonstrated

good results in which based on physical configuration of prototype, 0.5mm
diameter nichrome wire was recommended for harvesting operation.

. By adopting thermal cutting system, the physical damage to fruits could be

avoided and there was no vira or fungal transformation occurred within the
harvested fruits which considerably help to preserve the quality and shelf life of
fruits up to 15 days at normal room conditions.

c) Recognition System — |

L 2

1. A color recognition system and fruit detection algorithm was developed and tested

for several color space models based on color making attributes and reflection
feature attributes to find out the significant color space model for detection of

green sweet peppers in natural background.

. In case of color images, HSV color space model was found more significant with

high percentage of green sweet pepper detection followed by HS as both provides
information in terms of hue/lightness/chroma or hue/lightness/saturation which
are often more relevant to discriminate the fruit from image at specific
thresholding value.

. In HSV color space model, based on image histogram analysis, it was found that

there was significant difference between reflection from fruits an reflection from
leaves and stems. Due to this higher reflection feature attribute, the fruit visibility
was higher in HSV color space model followed by HS color space model when
compared with other color space models which reduce the fruit visibility due to
inconsistent or lack of reflection feature attributes.

. The recognition rate was found higher for HSV color space model as 84% while

for HS as 72% which was further categorized into 4 different groups based on
various conditions that occurs during harvesting process.

. A color recognition system was able to recognize and locate the fruits under

conditions like: single fruit, fruits with leaves, fruits with leaves and stem.

*
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6. A color recognition system was aso able to locate the fruits in the situations

where certain areas of the fruits were not visible due to partial occlusion by leaves

or by overlapping fruits.

. Location and orientation i.e. 3D coordinates and inclination angle of detected fruit

stem with respect to vertical axis were obtained. This positional information of
detected green sweet peppers was found highly reliable in which the depth
accuracy errors and disparity paralax errors were minimum when distance
between cameras and fruit was 500 to 600 mm and distance between two cameras

maintained to 100 mm.

. The orientation and stem height of detected fruit was computed successfully

which helps to decide the grasping and cutting points during the picking operation.

. The developed fruit recognition algorithm was robust enough for operating in the

presence of difficult and variable field condition environment like bright light
reflections, shadows, variable lighting conditions, night operations and noisy
background. The developed algorithm was able to operate in real-timein a genera

purpose sequential processor with the support of special image processing boards.

d) Recognition System — Il

1. A multispectra IR recognition system and fruit detection agorithm was

developed and tested during day and night time under several selected conditions
in which IR 96 optical filter found significant to detect the sweet peppers in day
time without any artificial IR lighting.

. IR 78 and IR 80 optical filters were found not significant to locate the fruits as

these filters were highly sensible to artificial IR lighting intensity in the night time
and it was also found that there was no color difference observed between fruits
and background in the day time.

. IR 90 optical filter was found moderately suitable with reasonable fruit visibility

percentage for detection of fruits in night time at high light intensities but the
results were unstable as the change in image capture camera angle and distance to
fruits influences the detection results. The histogram values of reflection feature
attribute thresholding and light intensity thresholding had significant difference
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which made sweet pepper detection possible in night time based on reflection
feature attribute. There was considerable difference found between color of fruits
and rest of background which caused a partial detection of fruitswith IR 90 in day

time.

. IR 96 optical filter was found highly significant for fruit detection or multi-

detection with high percentage of fruit visibility under several conditions during
day time. There was significant color difference observed between fruits and rest
of background which caused successful fruit detection and high fruit visibility
percentage for single fruits, fruits with leaves or overlapped and occluded fruits by
using low pass filter thresholding.

. The fruit maturity detection algorithm was developed by using PCA analysis

based on strong correlation of chlorophyll reflectance of fruits detected by IR 96
optical filter to IR wavelength. The single fruits or fruits with leaves whose
detection was possible successfully, the maturity determination percentage was
found higher compared with occluded and overlapped fruits.

. The maturity determination by using developed algorithm was found high in G1

group (76.07%) and G2 group (58.90%) followed by decreasing trend for G3 and
G4 groups. Unstable results were found when leaves or stems overlapped or
occlude with the fruits and detected in recognition results as a part of detected
fruits because the chlorophyll reflectance from the leaves and stems influences the

maturity determination decision.
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APPENDIX- A

Formulating Gripper Selection Steps

start question

v

Analysis of all object properties (mass, size, shape), the motion 1105
sequence and any restricting boundary conditions conceming the
process and its environment

>y
Determining the prehension principle: single gripper, multiple gripper,
special gripper, retention system, kinematics

v

Estimation of the necessary and the actual forces, estimation of 1310 16
maximum stress limits for the workpisce 0

v

no
ls it possible to control the stress
— situation in each direction ‘% 17 to 1
of motion? | I

yes

!

6to12

L

Compilation of other important reguirements, such as accuracy,
connection parameters, overload protection,
prehension point displacement and control

Design of the gripper jaws, sensor eguipment, guiding and fixing of the C

221026

workpieces 27 to 32

no +
Does the concept comespond o the 1310 35
requirements set out by the given task?
y ves

| Evaluation and type selection (mechanical and financial) }-‘di 36 to 39

v

Realization through purchase, external processing or own design % 40

v

=

Figure A.1: Gripper selection flowchart

Questions:

1. Are the object properties, especially the masg, sirterial, fragility and surface
quality sufficiently known?

Is physical access to the object possible?

3. Is the prehension task completely defined witmaltessary details? Are the initial
and final spatial positions of the object defined?

15¢



4. Should the raw and finished part geometries (smapéification as a result of the
operation) be accomplished by a single gripper?

5. Are all working conditions (force, pressure, tengtere, object status, cycle time,
friction coefficient, mass, motions, etc.) known?

6. Should the object be held by force and/ or shapehiray?

7. Should one use an impactive or an astrictive ppie@i

8. Are the prehension surfaces given?

9. Will the work piece be held at, or in the vicinitf, its mass center of gravity?

10. Does it make a sense to use a gripper exchantgnsysr the handling of several
different components?

11.1s it planned to have shape matching in the dioecbf the largest acceleration
component?

12.Does the retention situation in the magazine cpoed to the application situation
in the machine?

13. Should process forces be taken into account?

14.1s it reasonable to consider friction enhancingriayes for the gripper jaws?

15.Are the gripper and manipulator designed for thegdat possible forces and
moments? Is the gripper insensitive to impacts\aloichtion?

16. Will the work piece bear the exerted surface pnessu

17.Will the gripper sustain emergency switch-off athivelocities?

18.Has a safety factor been taken into account whemsioning the gripper?

19. Should the prehension force be reduced in ordprdtect the work piece?

20.Is it necessary to secure the prehension force?

21.Does it make a sense to include collision and oegrprotection?

22.Does the achievable gripper accuracy satisfy theirements?

23.Does the potentially interfering contour of the wpe pose a collision danger with
the surroundings?

24.What effects on the object centration can be exgeltom the gripper?

25.Which activation approaches can be recommendédtetager?

26. s sensory prehension verification necessary (cbédbject presence)?

27.Are the gripper fingers as short as possible?

28. Should the finger position be controlled by sen8ors

29.Should it be recommended to switch in some joimmgchanism and/ or force

sensors, during assembling operation?
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30.Is it planned to have several gripper jaw applarai(rapid replacement)?

31.Will it be necessary to insert adaptor flanges foounting? Are practicable
mechanical, fluidic and electrical interfaces aafalié?

32.Should the gripper jaws compensate for non-parabgct surface?

33.Is the achievable processing time acceptable? Pogening and closing times
satisfy the requirements? Are these times increagesh the gripper fingers or
jaws are installed?

34.What is the likely mean time between failures?

35. Are any upper limits for maximum load exceeded?

36.Is it possible to use a standard gripper or iseitassary to employ a special
solution?

37.What is an acceptable operation time?

38. Which warranty regulations are applicable?

39. Should it be planned to include auxiliary equipnfent

40.1s the gripper selection completer or is expertieglnecessary?



APPENDIX- B

Inverter Circuit Diagram: amplifying 12V DC to 300V AC for EATCS
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Figure B.1: Inverter circuit diagram
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APPENDIX- C

Technical Drawings: Robot Manipulator Design

| ‘ 2 ‘ 3 | 4 ‘ 5 ‘ %
79.968 ——= = R10 —== 6999
— 18
04042 | Ewoﬂﬁ R 10 - 10 20 3
— =
& 129.948~] F 20 | T S 19.994 — 35 K
5 1|58 B 50 585 40 RS
R34 41 60 41
1 b 50 N
2 i R1O |
50—+ ’ 15
180
R10 f
33.976 .
®160 ﬂ
45
sera - 1D
D150 * |
@15 478.175
30
359.339 TRUE R80Y
W 03580 146.977
i g Fids
D3 e
146.965

359.188

N

' £ -[ 33.520
4.632 %( 20.627

3

146.965

TITLE:

Sweet Pepper Harvesting Robot Manipulator

Oka Labaralary, Inteligent Mechancal §ysters rgnesing, A4
Koz Urvaraly of Technology, Japan

SCALEL20

SHEE | OF |

Figure C.1: Sweet pepper harvesting robot manipul#sign

159



Technical Drawings: Picking System — |
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Technical Drawings: Picking System — I
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APPENDIX- D

Picking System — I: System Operation Control Sourc€ode

/************************************************** ***********************/
/*

I* FILE ‘KRS_CONTROL.c

I* DATE :Mon, Dec. 27, 2010

/* DESCRIPTION :main program file.

[* CPU GROUP :26

/*

/************************************************** ***********************/

#include<com.h>
#include<sio.h>
#include<led.h>
#defineKRS_ID1 1
#defineKRS_ID2 2
#defineKRS_ID3 3
#defineKRS_ID4 4
#defineKRS_ID5 5
#defineKRS_ID6 6
void main{void)
{
unsignednt pos1 = 7000;
unsigned inpos2 = 7000;
unsigned inpos3 = 7100;
unsigned inpos4 = 7400;
unsigned inpos5 = 8000;
unsigned inpos6 = 8000;
unsigned inspeed = 15;
unsigned instretch = 50;
unsigned intz = 0;
unsigned inea = 100;
unsigned inb = 100;
signed intx = 0;
cpu_init ();
cpu_int_set ();
ledgrn_on ();
com_open (BR19200, 8, 1, PARITY_EVEN);
siol_init ();
siol_set_speed (1, speed);
siol_set_stretch (1, stretch);
siol_set pos (1,4000);
wait (7000000);
siol_set_speed (1,15);
siol_set_ stretch (1, 50);
siol_set pos (1,8000);
wait (6000000);
siol_set pos (KRS_ID2, pos2);
wait (300);
siol_set_speed (KRS_ID2, speed);
wait (300);
siol_set_stretch (KRS_ID2, stretch);
wait (300);

*/
*/
*/

*/
*/
*/
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com_echo_on ();
siol_set_pos (KRS_ID3, pos3);

wait (300);

siol_set speed (KRS _ID3, speed);
wait (300);

siol_set_stretch (KRS_ID3, stretch);
wait (300);

siol_set pos (KRS_ID4, pos4);
wait (300);

siol_set_speed (KRS_ID4, speed);
wait (300);

siol_set_stretch (KRS_ID4, stretch);
wait (300);

siol_set pos (KRS_ID5, pos5);
wait (300);

siol_set_speed (KRS_ID5, speed);
wait (300);

siol_set_stretch (KRS_ID5, stretch);
wait (300);

siol_set_pos (KRS_ID6, pos6);
wait (300);

siol_set _speed (KRS_ID6, speed);
wait (300);

siol_set_stretch (KRS_ID6, stretch);
wait (300);
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APPENDIX- E
Picking System — II: System Operation Control Soure Code

/**************************************************

/*
/*
/*
/*
/*
/*

FILE :KRS_CONTROL.c
DATE : Thu, Aug 25, 2011
DESCRIPTION :main program file.
CPU GROUP :26

/**************************************************

#include<com.h>
#include<sio.h>
#include<led.h>
#defineKRS ID1 1
#defineKRS _ID2 2
#defineKRS_ID3 3
#defineKRS ID4 4
#defineKRS _ID5 5
#defineKRS ID6 6
void mainvoid)

{

unsignednt posl = 7000;
unsignednt pos2 = 7000;
unsignednt pos3 = 7100;
unsignednt pos4 = 7400;
unsignednt pos5 = 8000;
unsignednt pos6 = 8000;
unsignednt speed = 50;
unsignednt stretch = 50;
unsignednt z = 0;
unsignednt a = 100;
unsignednt b = 100;

signed int x = 0;

cpu_init ();

cpu_int_set ();

ledgrn_on ();

com_open (BR19200, 8, 1, PARITY_EVEN);
siol_init ();

siol_set _speed (1, speed);
siol_set_stretch (1, stretch);
siol_set_pos (1,9000);

wait (3000000);
siol_set_speed (1,15);
siol_set_stretch (1, 127);
siol_set pos (1,9800);

wait (2500000);
siol_set_speed (1,127);
siol_set_stretch (1, 127);
siol_set pos (1,10200);
wait (3000000);
/Isiol_set_pos (KRS _ID2, pos2);
/wait (300);
/Isiol_set_speed (KRS _ID2, speed);

*/
*/
*/

*/
*/
*/
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/wait (300);

/Isiol_set_stretch (KRS_ID2, stretch);
/Iwait (300);

com_echo_on ();

/Isiol_set_pos (KRS _ID3, pos3);

/Iwait (300);

/Isiol_set_speed (KRS _ID3, speed);

/wait (300);

/Isiol_set_stretch (KRS_ID3, stretch);
/Iwait (300);

/Isiol_set_pos (KRS _1D4, pos4);

/Iwait (300);

//siol_set_speed (KRS_ID4, speed);

/Iwait (300);

/Isiol_set_stretch (KRS _1D4, stretch);
/Iwait (300);

/Isiol_set_pos (KRS_ID5, pos5);

/Iwait (300);

//siol_set_speed (KRS_ID5, speed);

/Iwait (300);

/Isiol_set_stretch (KRS_ID5, stretch);
/lwait (300);

/Isiol_set_pos (KRS_ID6, pos6);

/wait (300);

/Isiol_set_speed (KRS _ID6, speed);

/Iwait (300);

/Isiol_set_stretch (KRS_IDG, stretch);
/Iwait (300);
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APPENDIX- F

Green Sweet Pepper Recognition System: Source Code
This is a part of sample code used in recognitiogreen sweet peppers algorithm. Some
part of code and code for computation of fruit kbma and orientation is not included here
due to copyright restrictions of OKA Laboratory.

T T T T T T
/1l File generated by HDevelop for HALCON/C++ gien 9.0 Il
T T T T T T
#include"HalconCpp.h"
#ifndef NO_EXPORT_MAIN
/I Main procedure
void action()
{
usingnamespacelalcon;
/l Local iconic variables
Hobject Imagel, Red, Green, Blue, Hue, Saturatio
Hobject Value, Region, ConnectedRegions, Sedéstgions1;
Hobject ImageReducedl, Regionl, ConnectedRehidteyionClosingl;
Hobject RegionOpeningl, RegionTransl, Regiortioitd, Circlel;
Hobject Image2, Region2, ConnectedRegions2 c&elRegions?2;
Hobject ImageReduced2, Region3, ConnectedRegji@eectedRegions3;
Hobject RegionClosing2, RegionOpening2, Regian$®2, RegionDilation2;
Hobject Circle2, Image;
/I Local control variables
HTuple Pointer, Type, Width, Height, WindowHaed|
HTuple Area, Row, Column, Areal, Rowl, ColumAdgaZ2;
HTuple Row2, Column2, FGHandlel, FGHandle2;
close_all_framegrabbers();
open_framegrabbéRicPort", 1, 1, 0, 0, 0, Odefault", 8,"rgh", -1, "false",
"NTSC_RS170,"'Picport Color:1; 1, 1, &FGHandlel);
grab_image(&Imagel, FGHandlel);
get_image_pointerl(Imagel, &Pointer, &Type, &Wid&Height);
if (HDevWindowsStack::IsOpen())
close_window(HDevWindowStack::Pop());
set_window_attfpackground_color"black");
open_window(0,0,Width,Height;0," ,&WindowHandle);
HDevWindowStack::Push(WindowHandle);
if (HDevWindowStack::IsOpen())
disp_obj(lImagel, HDevWindowsStack::GetActive());
if (HDevWindowsStack::IsOpen())
set_colored(HDevWindowStack::GetActive(),12);
if (HDevWindowsStack::IsOpen())
set_draw(HDevWindowStack::GetActivé(hargin');
if (HDevWindowStack::IsOpen())
set_line_width(HDevWindowStack::GetActive(),3);
equ_histo_image(Imagel, &lmagelHisto)
decompose3(ImagelHisto, &Red, &Green, &Blue);
trans_from_rgb(Red, Green, Blue, &Hue, &Saturgti&Value,"hsv");
threshold(Value, &Region, 40, 180);
connection(Region, &ConnectedRegions);
select_shape_std(ConnectedRegions, &Selectedidgiparea’, ‘anisometry’]’, “[2500,0],
[32500, 1.6]);
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area_center(SelectedRegionsl, &Area, &Row, &Calym
reduce_domain(Hue, SelectedRegionsl, &lmageRedjice
threshold(ImageReducedl, &Regionl, 40, 80);
connection(Regionl, &ConnectedRegionsl);
select_shape_std(ConnectedRegionsl, &Selecteaidgi['area’, ‘anisometry’]", “[2500,0],
[32500, 1.6]);
closing_circle(SelectedRegionsl, &RegionClosirkflb);
opening_circle(RegionClosingl, &RegionOpeningl.5};
shape_trans(RegionOpeningl, &RegionTralsdnvex’);
dilation_circle(RegionTransl, &RegionDilationD.%);
area_center(RegionDilationl, &Areal, &Rowl, &Quiodl);
gen_circle(&Circlel, Rowl, Columnil, 7.5);
open_framegrabbéRicPort", 1, 1, 0, O, 0, Odefault", 8,"rgh", -1, "false",
"NTSC_RS170,"'Picport Color:1} 1, 1, &FGHandle2);
grab_image(&lmage2, FGHandle2);
get_image_pointerl(Image2, &Pointer, &Type, &Wid&Height);
if (HDevWindowStack::IsOpen())
close_window(HDevWindowsStack::Pop());
set_window_attfpackground_color"black");
open_window(0,0,Width,Height;0," ,&WindowHandle);
HDevWindowStack::Push(WindowHandle);
if (HDevWindowsStack::IsOpen())
disp_obj(Image2, HDevWindowStack::GetActive());
if (HDevWindowsStack::IsOpen())
set_colored(HDevWindowsStack::GetActive(),12);
if (HDevWindowStack::IsOpen())
set_draw(HDevWindowStack::GetActivé(argin®);
if (HDevWindowsStack::IsOpen())
set_line_width(HDevWindowStack::GetActive(),3);
equ_histo_image(Image2, &lmage2Histo)
decompose3(Image2Histo, &Red, &Green, &Blue);
trans_from_rgb(Red, Green, Blue, &Hue, &Saturgti&Value,"hsv");
threshold(Value, &Region2, 40, 180);
connection(Region2, &ConnectedRegions2);
select_shape_std(ConnectedRegions2, &Selecteai®yji['area’, ‘anisometry’]", “[2500,0],
[32500, 1.6]);
area_center(SelectedRegions2, &Area2, &Row2, &Gwoi2);
reduce_domain(Hue, SelectedRegions2, &lmageRe@jice
threshold(ImageReduced2, &Region3, 40, 90);
connection(Region3, &ConnectedRegions3);
select_shape_std(ConnectedRegions3, &Selecteai&3ji[‘area’, ‘anisometry’]", “[2500,0],
[32500, 1.6]);
closing_circle(SelectedRegions3, &RegionClosirig25);
opening_circle(RegionClosing2, &RegionOpening25};
shape_trans(RegionOpening2, &RegionTrals2)vex’);
dilation_circle(RegionTrans2, &RegionDilation2.%);
area_center(RegionDilation2, &Area2, &Row?2, &Qohl);
gen_circle(&Circle2, Row2, Column2, 7.5);
if (HDevWindowsStack::IsOpen())
disp_obj(Imagel, HDevWindowStack::GetActive());
if (HDevWindowsStack::IsOpen())
set_draw(HDevWindowStack::GetActivé(hargin');
if (HDevWindowStack::IsOpen())
set_color(HDevWindowStack::GetActive(gd");
if (HDevWindowsStack::IsOpen())



set_line_width(HDevWindowStack::GetActive(),2);

if (HDevWindowStack::IsOpen())
disp_obj(RegionOpeningl, HDevWindowStack:: Geive));

if (HDevWindowsStack::IsOpen())
set_line_width(HDevWindowStack::GetActive(),2);

if (HDevWindowStack::IsOpen())
disp_obj(RegionTransl, HDevWindowStack::Gethe());

if (HDevWindowsStack::IsOpen())
set_draw(HDevWindowStack::GetActivef)|" );

if (HDevWindowStack::IsOpen())
set_color(HDevWindowStack::GetActive(gd");

if (HDevWindowStack::IsOpen())
disp_obj(Circlel, HDevWindowStack::GetActive())

set_window_attfpackground_color"black");

open_window(0,0,Width,Height;0," ,&WindowHandle);

HDevWindowStack::Push(WindowHandle);

if (HDevWindowStack::IsOpen())
disp_obj(lImage2, HDevWindowsStack::GetActive());

if (HDevWindowStack::IsOpen())
set_draw(HDevWindowStack::GetActivé(argin®);

if (HDevWindowsStack::IsOpen())
set_color(HDevWindowStack::GetActive(gd");

if (HDevWindowStack::IsOpen())
set_line_width(HDevWindowStack::GetActive(),2);

if (HDevWindowsStack::IsOpen())
disp_obj(RegionOpening2, HDevWindowStack::Geive));

if (HDevWindowStack::IsOpen())
set_line_width(HDevWindowsStack::GetActive(),2);

if (HDevWindowStack::IsOpen())
disp_obj(RegionTrans2, HDevWindowStack::Geteet));

if (HDevWindowsStack::IsOpen())
set_draw(HDevWindowStack::GetActivef)]" );

if (HDevWindowStack::IsOpen())
set_color(HDevWindowStack::GetActive(gd");

if (HDevWindowsStack::IsOpen())
disp_obj(Circle2, HDevWindowStack::GetActive())

/I stop(); only in hdevelop

}
#ifndef NO_EXPORT_APP_MAIN
int maingnt argc,char*argv[])

usingnamespacelalcon;

/I Default settings used in HDevelop (can be om)tte
set_systertiflo_low_error'"false");

action();

returnO;

#endif
#endif
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APPENDIX- G

Multispectral Sweet Pepper Recognition System: Soae Code
This is a part of sample code used in multispecg@bgnition system to distinguish sweet
peppers. Some part of code and code for maturigriknation of detected fruits is not
included here due to copyright restrictions of OK&boratory.

o
/1l File generated by HDevelop for HALCON/C++ gien 9.0 Il
T T T T T T T
#include"HalconCpp.h"

#ifndef NO_EXPORT_MAIN

/I Main procedure

void action()

{

usingnamespacelalcon;

/l Local iconic variables

Hobject Image, R, G, B, H, S, V, Region, ConneRiegions;

Hobject SelectedRegions, ConnectedRegionsl, Réeimg;

Hobject RegionOpening, RegionTrans, RegionDilation

/I Local control variables

HTuple Pointer, Type, Width, Height, WindowHandle;
read_image(&lmageSweet_Pepper_1.tif;’

get_image_pointerl(Image, &Pointer, &Type, &Widgtleight);

if (HDevWindowsStack::IsOpen())

close_window(HDevWindowStack::Pop());

set_window_attfpackground_color"black™);

open_window(0,0,Width,Height,0,"" ,&WindowHandle);
HDevWindowStack::Push(WindowHandle);

equ_histo_image(lImage, &lmageHisto)

hom_mat2d_translate(ImageHisto2D, &0.5, &0.5, &lmEgto2DTmp)
hom_mat2d_translate local(ImageHisto2DTmp, &-0.5).8, ImageHisto2DAdapted)
projective_trans_region(ImageHisto, &TransRegioim&geHisto2DAdaptedpilinear)
projective_trans_pixel(ImageHisto2DAdaptédRow - 1,Row - 1,Row + 1,Row + 1], [Column -
2,Column + 1,Column + 1,Column - 1&RowTrans, &ColTrans, “, &lmageP)
proj_match_points_ransac(lmage, &lmageP, &Rowslolki@insl, &Rows2, &ColumnsZjcc;
&34, &0, &0, &Height, &Width, &0, &0.5,'normalized_dli'&2, &42, &HomMat2DImagel,
&Pointslimagel, &Points2imagl)

projective_trans_image(ImageP, &lmagel, &HomMat2Bgeil, bilinear; 'false, 'false)
decompose3(Imagel, &R, &G, &B);

trans_from_rgb(R, G, B, &H, &S, &V'hsv";

threshold(V, &Region, 150, 180);

connection(Region, &ConnectedRegions);

select_shape(ConnectedRegions, &SelectedRedjtarea’, ‘anisometry’]’, “[2222,0], [99999,
3.2]);

connection(SelectedRegions, &ConnectedRegionsl);
closing_circle(ConnectedRegionsl, &RegionClosirg5);

opening_circle(RegionClosing, &RegionOpening, 15.5)

shape_trans(RegionOpening, &RegionTradnsnvex’);

dilation_circle(RegionTrans, &RegionDilation, 12.5)

if (HDevWindowsStack::IsOpen())

clear_window(HDevWindowsStack::GetActive());

if (HDevWindowStack::IsOpen())

disp_obj(Image, HDevWindowStack::GetActive());



if (HDevWindowsStack::IsOpen())
set_draw(HDevWindowStack::GetActiveéfhargin');

if (HDevWindowStack::IsOpen())
set_color(HDevWindowStack::GetActiveed"™;

if (HDevWindowsStack::IsOpen())
set_line_width(HDevWindowStack::GetActive(),2);

if (HDevWindowsStack::IsOpen())
disp_obj(RegionOpening, HDevWindowStack::GetActjye(
if (HDevWindowStack::IsOpen())
set_line_width(HDevWindowStack::GetActive(),3);

if (HDevWindowsStack::IsOpen())
disp_obj(RegionTrans, HDevWindowStack::GetActive())

}

#ifndef NO_EXPORT_APP_MAIN
int maingnt argc,char*argv[])

{

usingnamespacelalcon;

/I Default settings used in HDevelop (can be omjtte
set_systeniflo_low_error;"false");
action();

returnO;

}

#endif

#endif
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