JVALUE BASED BIOMASS AND GROWTH RATE
ESTIMATION OF DUCKWEED

Dugganna Ralalage Samila Kumari Wimalaratne

(148471T)

Master of Science

Department of Electronic and Telecommunication Begring

University of Moratuwa
Sri Lanka

May 2019



JVALUE BASED BIOMASS AND GROWTH RATE
ESTIMATION OF DUCKWEED

Dugganna Ralalage Samila Kumari Wimalaratne

(148471T)

Thesis submitted in partial fulfilment of the reqaments for the degree Master of

Science in Electronic and Automation Engineering

Department of Electronic and Telecommunication Begring

University of Moratuwa
Sri Lanka

May 2019



DECLARATION

“I declare that this is my own work and this thesises not incorporate without

acknowledgement any material previously submittecfDegree or Diploma in any other
University or institute of higher learning and betbest of my knowledge and belief it does
not contain any material previously published oittem by another person except where

the acknowledgement is made in the text.

Also, | hereby grant to University of Moratuwa then-exclusive right to reproduce and
distribute my thesis, in whole or in part in prietectronic or other medium. | retain the

right to use this content in whole or part in fuvorks (such as articles or books).

Signature: .........ocoiiiii Dater.......covvveiieiennns

The above candidate has carried out researchddh#sis under my supervision.

Name of the supervisor : Dr. Upeka Premaratne

Signature of the supervisor : ..............ccooei. at®:



ABSTRACT

Duckweeds are known as Lemnaceae, comes under the family ofasmatic plants which grows
forming a mat covering the surface of the water. Worldwide \Waekls are used as an effective
wastewater treatment through conventional methods. These nateal glants remove the excess
amount of nutrient or pollutants from the water body aathtain sustainable environmental conditions.
Spirodela polyrhiza, Lemna minor andAzolla pinnata are some of the most popular duckweeds used in
phytoremediation. Depending on the growing environmeesgtiplants has ability to reproduce rapidly.

Rapid growth of duckweeds leads to dysfunction of waterdsoaind caused other problems. Because
of that it is important to monitor the growth rate tmtrol the growth and to avoid an excess duckweed.
Traditional method of monitoring the growth rate by manuél laborious and time consuming.
Automation of growth rate monitoring is important mp$dr duckweed cultivation, modeling of waste
water stabilization ponds and among researches.

Vision based image processing, used here to automate the gatevthonitoring of duckweeds. For
that images of three plants were collected by capturing imagesafcamera once a two days. In this
research two methods were used to estimate the green layertbfeeplantsSpirodela polyrhiza,
Lemna minor andAzolla pinnata.

Here the biomass estimation of small fronded aquatic plaqtsrisrmed by identifying the regions
with texture using J- value which is homogeneity measure ins@8EG algorithm. To compare the
accuracy alternative Green layer extraction (GLE) method was used.

The colour appearance of the surface of the three plantad$epe light level, material properties,
quality of the images and the view point. For each plangstadone the green layer detection under two
methods with three illuminance levels. Results were verifiek thié ground truth.

According to the results, it was calculated and compared the acceraenfages and error percentages
of two methods in different three illuminance levels. The mearracgwnder normal illumination for

the proposed JVT method $irodela polyrhiza is 85%, for Lemna minor 82.93% and 83.71

% for Azolla pinnata. Furthermore, JVT method is robust enough to dealdifrent illuminance
levels.

Finally, introduced JVT method effectively uses homogeneity areaknown as the J- value to
discriminate between the texture of the fronds of the plaois finiform water surface.
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CHAPTER 1

INTRODUCTION

1.1 Project Overview

Duckweed small and fast growing aquatic plants rtogiltg toLemnaceae which is float

on or just beneath the surface of water or slowingbodies of water and wetlands. These
green plants mostly used as Phytoremediation wisichrectly use to remove, transfer,
stabilize, and/or destroy contaminants in the soiface water and groundwater. These
duckweeds are commonly used in worldwide in thattnent of domestic and industrial
waste waters. Due to their ability of Nitrogen dabsphorus assimilation potential and
their performance in the elimination of carbon pttin, duckweeds are popular as natural
Phytoremediation [1].

Other than the removal of water contamination {2¢rld wild duckweeds are used as
source of renewable energy. Because of formingtaitteelps to mosquito prevention [3],
preventing sunlight from the water surface helpprevent algae growth [2]. Mostly in
fish cultivation, duckweeds are used as naturahahieed as the protein supplement [2][4]
[5][6]. Also used as organic fertilizer [1][4][7d useful for bioremediation [8][9].

This plant has the ability to reproduce rapidly, [#¢pending on its growing environment
temperature, light intensity, nutrients and pH. Mamnng the growth rate is important who
is doing duckweed cultivation, because of rapidigvgng plants, it covers the surface of
water in high percentages. Then it helps to dysfanof water bodies. To avoid an excess
of biomass and detecting the death plants alsontaupioin duckweed cultivation. In Sri
Lanka for the fish cultivation, mostly Thilapiyd, is used duckweed as their free feed

which has high Nitrogen and high protein.
1.2 Motivation

Monitoring and observing features and growth ofgtamt is simple and reliable by using

the manual method, but it is time consuming andetheay be errors of the measurements.



When increasing the growth rapidly and coversewatirfaces in high percentage, it also
might induce dysfunction of that water bodies [MYhen harvesting the duckweeds from
the cultivation ponds inappropriately, it casedMmng purification and development of
microalgae [10]. To control the growth of duckwedxy avoiding the excess duckweeds
and to detect the plant diseases [11] monitoringnEortant. Image processing is the most
suitable and accurate method to analysis of graamith automated plant identification
[12][13][14][15].

It is important in Agriculture sector and amonge@shes, to monitor the growth rate and
develop a mathematical mode under various condili&@a light intensity, temperature and
concentration of nitrogen and phosphorus. The tesidilthis kind of research will help to

modeling of wastewater stabilization ponds [10].

The simplest and traditional method to monitor grewth rate is getting growth
measurements at different times manually, it isarione consuming and laborious work.
The use of computer vision for automation in bigidgs been significant recent interest.
The main area of research has been in automatedabg estimation [16] [17] [18] of

which a comprehensive review of its applicatiomguaculture can be found in [19].
1.3 Aim and Objectives

Aim

Develop a vision based algorithm for monitoring gnowth rate estimation f@pirodela
polyrhiza, Lemna minor andAzolla pinnata.

Objectives

* Robustly estimate the wet biomass of small fronfileating aquatic plants using
the homogeneity measure of JSEG algorithm.

» Verify the robustness of the proposed method ffferdint illuminance levels.



1.4 Contribution

Three duckweeds considered in this researctgaredela polyrhiza, Lemna minor and
Azolla pinnata. These three aquatic plants grow by forming asnawater surfaces. When
analyzing the green layer of the plant, it is diffi to determine fronds by manually. These
plants do not have separated leaves, grows as.dBazsuse of that it is difficult to
determine green layer by counting leaves. Themne isxact algorithm and methodology to

determine the green layer of these kind of plamtgsion techniques.

Implementing a robotic application for growth mamihg of these kind of unstructured
environments like duckweed ponds is challenging,tasainly due to the variable
illuminance levels and shadow effects due to shbligcident angles [5].

Colour extracting method depends on light intenaitgl quality of the images. In this
research, it is introduced a method independetitasfe parameters. When analyzing open
and unstructured environments such as crop detedtitages of plants in nature sense, it
is required powerful computer analysis of imagecpssing and segmentation algorithm
[20]. Here, it is introduced JSEG algorithm for upsrvised segmentation of colour
images of duckweeds. This algorithm estimates tbmaéss of the small fronded aquatic
plants by identifying the regions with texture gsithe J- values. This introduced method

robust enough to deal with the different illuminarnevels.

To compare the accuracy of the algorithm, it wasdusnother alternative method to extract
the green layer of the plants based on image psogesechniques such as HSV colour
space, distance transformation and thresholdingrigihgns. MATLAB and python with

OpenCYV libraries were used in developing the imageessing algorithms.

Accuracy level of the JISEG method was compared tvglGreen layer extraction method
(GLE) and tested the accuracy with ground trutkvds done the growth rate analysis in

different illuminance levels.



CHAPTER 02

LITERATURE SURVEY

2.1 Duckweed and Phytoremediation

Duckweeds are smallest aquatic flowering plantsctvlgrows on water surfaces by
covering with the uniform green dense mat [21] eSénplants do not have separate leaves
and stems like other vascular plants. Simplestsandllest leaves of the duckweeds are
called “fronds”. These are one of the fast growutant on the earth which doubles their
number of fronds within two to four days [21]. Tgewth of the duckweeds depends on

factors like temperature, light intensity, salinipH and nutrients [10] [21].

Duckweeds likeSpirodela polyrhiza, Lemna minor and Azolla pinnata are used as
phytoremediation. These green plants are usefutoawentional method to remove,
transfer or stabilize contaminants in surface waitgt and groundwater [1]. Light intensity

plays major role on growth of duckweeds [1].
2.2 Related Works

The most important step of the treatment proces$isenivastewater ponds is the growth of
the duckweed. Very few number of research effoesavzarried out to monitor the growth
of duckweeds in different light intensities. Hoemna minor experiments were done in
growth chambers which is made of transparent dapiks. In addition to fresh weight and
dry weight measurements methods, it has done twetlygrate monitoring by digital image
processing [10]. Digital images taken by a canmessed by using two softwares.
ACD-See software used to crop the image for preegssing to get the area covered by
the fronds. Green colour of the plant determinednayually. Automatic count was done
according to the corresponding colour intensitees green-blue. Green layer was between
100-255 and dead duckweed between 200-255. ImageIBs used to get the statistical
characteristics of the duckweed.



According to the resultd,emna minor growth comes under two phases. In first phase
considered light intensities between 26080l.m-2 s' and 300umol.m-2 s' were optimal
for duckweed growth. Progressive inhibition of #@wth was observed between 250

umol.m-2 st - 400pmol.m-2 stintensities.

There are comparatively limited number of automhitenonitoring methods to determine
the growth of the duckweeds. Commonly it was usadual and semi-automated systems
for that. Image analysis technologies tend to dgveemi and fully automated systems for
biomonitoring. Nikon Coolpix 995 digital camera wased to capture the images by
maintaining the equal distance to the plant froemdamera. Images were analyzed using
Aphelion 3.02 and obtained the area of the greger lim pixels.

The algorithm starts to process the image by apgky median filter to eliminate the noise.
The RGB components of the image used to conveitithges in to monochromic images.
Blue component was taken as it provides the higbastrast for the green plants. Then
Black Top Hat (BTH) filter was used to better seypi@n of the green layemBTH filter
enhances the dark objects of interest in a bright background. By applying a threshold filtered
image was converted in to binary image. It is reatbthe small objects which is acting as
noise. Green layer of the plant was outlined irckle estimate the surface area of the

fronds covered by the line [22].

LemnaGrid is a computer software package foundd®@8. This package equipped with
rich library of image processing functions. Thesections have ability to drag and drop
from the library panel to the grid designer windd@ create image processing and image

analysis algorithms by connecting them in logicanmer [23].

As an application example digital imagesLa&mna minor samples can be loaded to the

data base reader of the software.

Due to homogeneous white background, detectinghdeger is easy by defining the white
as the background. All others considered as foregtaand get the binary image. The
image masked is represent the green layer. By ubmgnasked images, it determined



surface area, morphologic parameters like centenags, compactness and dimensions
such as width and height. The result of the analigsstored in a database with the DB

Writer and can be retrieved from there for furtaealysis [23].

In order to count the number of fronds, first ingerts the colour image into an intensity
image with the HSI to gray converter. Edges betwtbenfronds were determined using
the canny edge detector. Here the frond detedidifficult task when growing the plants,

because it is difficult to detect clear edges betwkonds [23].
Duckweed Parameters Derived from the Image Process]

Estimating the green layer of the duckweeds, effelst can able to do with image
processing tools more accurately. It is reprodecithlan visual inspection by human
operators. Image processing permits capturing rmocarate and quantitative parameters
beyond the frond count than frequently monitoringlgative data from visual scoring
[23]. In addition to frond count, vision techniquesable to extract the parameters like
sizes, shapes, and colors of the fronds. To edirtiet growth more accurately image
processing tends to determine the area of the $toflde dynamics of the overall area of
the visible fronds similarly link to growing or deasing populations.

Image processing tools have ability to analysisitfi@mation on surface colour, it helps
to distinguish the health condition of the plantetiter the fronds are living or dead. When
combining the characteristics derived from the ienpgocessing and the biological data,
provides complete information on growth of duckwe§i3]. Accordingly, digital image
processing is the most suitable and accurate métnedtimate the biomass on duckweeds
[10].

2.3 Object Detection

There are various types of object detection methegisg machine vision and image
processing. Segmentation means partitions an inmagelistinct regions containing each
pixel with similar attributes. It means image segtagon is dividing the image in to set

of regions that is easier to analyze.



Feature extraction and texture analysis methodsuased for further processing of
segmented images. In the area of computer visiojecbdetection technologies used to

figure out the objects inside a photograph or visieeam [24].

Object detection can be categorized in to seveeshatdologies such as appearance based
methods like edge matching, gray scale matchinggdignt matching; feature based
methods like edge, corner, blob and ridge dete¢@dh

Boundary or edge detection basically finds the sagéoundary of images and separates
the object from the image [24]. Generally detectihg discontinuity of the gray scale
images is done by edge base segmentation. Theoduges a binary image with edges
while considering its background as the outputhef image [25]. Among edge detection
technologies most important techniques are Rolsatel, Prewitt, Canny operators in

computer vision [25].

Canny edge detector is one of the best operatotoudetect edges in the images. This is
very effective operator to edge detection with gootse immunity and detects true edge

points with minimum error. General criteria for eddetection includes,

1. Detection of edge with low error rate, which medhat the detection should
accurately done by maximizing the detecting re@eepoints while minimizing
the non-edge points.

2. The edge point detected from the operator showuddrately localize on the center
of the edge.

3. A given edge in the image should only be markedpand where possible, image
noise should not create false edges.

The algorithm runs in five steps. 1) Smoothing; ges taken from the camera contain
some amount of noise. When finding the edges, ra@isamislead the result. By applying
a Gaussian filter, image can be soothed. The fomé&aussian filter multiplies each pixel
in the image by the kernel generated. It returesstihoothed image in a two dimensional
array.



2) Finding gradients; by feeding the smoothed imhgeugh the Sobel operator with the
derivative of the Gaussian in both the vertical hodzontal directions. 3) Non-maximum
suppression; this is to convert the blurred edgelse image of the gradient magnitudes to
sharp edges. This performed by considering onlyoalhl maxima in the gradient image
and deleting everything rest. Finally, only locadxims should be marked as edges. 4)
Double thresholding; Potential edges are determimethresholding. Instead of using a
single static threshold value for the entire imdige Canny algorithm introduced hysteresis
thresholding. There are two threshold levels, laigt low. 5) Edge tracking by hysteresis;
final edges are determined by suppressing all etigeesare not connected to a very strong
edge [26].

Thresholding is an easy and convenient way tooparisegmentation on the basis of the
characteristics of the image, like different iniées or colors in the foreground and

background of an image. The simplest techniqueacing each pixel in an image with

a black pixel if the image intensity is less thams fixed constant T, or a white pixel if

the image intensity is greater than that constEimtesholding creates binary images from
grey level ones by turning all pixels below sonresihold to zero and all pixels above that
threshold to one. This can be used in object detect

Other most popular segmentation technique is relggsed segmentation. Similarity-based
approaches group similar pixels intdfdrent homogenous regions. Examples are region

growing, region splitting, region merging [27].



CHAPTER 03

METHODOLOGY

There are less number of researches regarding ¢thetlgrate monitoring of duckweeds.
To analysis of the growth, finding the existingalaétases of image series of duckweeds
was difficult task. The initial step of this resegamwas image acquisition. In this study it
was considered three types of duckweS8alsodela polyrhiza, Lemna minor and Azolla

pinnata are used for experiments.

Overview of the project in figure 3.1 as follows,

Image Upload Image Image
Acquisition > images > processing » processing
techniques and result:
methods
A 4
Growth rate Verify the most Accuracy
monitoring and |+ accurate method* test with
estimation ground truth

Figure 3.1- Overview of the project

Most important step of the system overview is imageuisition. Because, it should
maintain same camera resolution, position of thmera and the illuminance level
throughout the period of image capturing. Then ien@gocessing techniques used to
analyses the images. Accordingly verified the nexsturate method that can be used to
estimate the growth rate of the relevant duckweediss. With various illuminance levels,
there are no exact algorithms to determine thengesgiatic plants which is known as

duckweed.



In the project it is considered three duckweegisrodela polyrhiza, Lemna minor and
Azolla pinnata do not have separated fronds. Since duckweeds lgy@preading over the
surface of their medium, surface area of the patuseful means of estimating growth
as well. Because of the nature of the plant itlificult to count number of leaves.

Therefore, area of the plant is considered to deter the growth rate.

Colour detection gives errors on area determinatuith different illuminance levels.
When the illuminance level high actual green lagads to determine as another colour.
Because of that some of the particular areas mapentaken as the green layer. It wasn't
a successful method to determine the green laytreqgblant.

This project based on the algorithms developed $gguimage processing techniques.
Novel method of detecting the homogeneity of thagmwith given color texture pattern
called JSEG algorithm is used in this project traot green layer (surface area) of the
plant. To check the accuracy of the algorithns it$ed another method for same procedure
by using morphology transformation, thresholdinggoatthms and distance
transformations. In the developing phase, it iIIUATLAB and Python with OpenCV
libraries to develop the algorithms. Then the maxsturate method was identified by

comparing with the ground truth. Main steps of slgstem development as follows,
3.1 Image Acquisition

The experiments were carried out under indoor enmrental conditions and growth rate
was analyzed for specimens growing in municipalewatith no addition of fertilizer or
chemical. Same camera resolution was used to @ptuages under controlled
illuminance levels. llluminance levels were contdlby using two LED panels under 16
and 18 VDC.

The images ofpirodela polyrhiza were captured by using HD720p, 3MP, Logitech HD
webcam during nearly two months once a two days Wit resolution of 1920x920.
Manually captured images save on a data base tesggclLogitech HD webcam powered
by USB port enables user to capture images whariregtj To maintain the same quality

10



of the images, camera is mounted on a stand wlichraintain the same distance from
the camera to plant and maintained the same weaxet bf the container of the plant.

Experimental setup was as follows in figure 3.2,

Figure 3.2 - Experimental setup

When capturing the images, images were takendional illumination and the controlled
illumination with 16 and 18 V respectively at 1008 and 3800 lux .

Images forLemna minor andAzolla pinnata were captured using Arducam-F Shield V2
Camera Module Shield which is a universal camerdrobboard with OV2640 camera
board controlled by Arduino UNO. It is a plug andycamera control interface ignoring
the complexity of the camera consists library wéhdy to use software source code. This
supports 0.3MP- 5MP camera modules with differemifats like RAW, RGB, YUV,
JPEG and supports slandered Arduino boards. Ardusteehds consists with built in SD
card socket which can store the images and vidagtsieed by the camera module. Images
can be captured with several resolutions, for tkgeegment it was used resolution as
1600x1200.

11



Figure 3.3 - OV2640 2MP @mwith ArduCam shield

0OV2640 is a 2MP camera board used with ArduCamidghmefigure 3.3. This can be
effectively use by setting the parameters on Ardwode.

By using above two cameras required image datansets collected.
3.1.1 Input Images

Images were taken under three controlled illumiedegels. Three duckweeds have their
own characteristics of the plant.

3.1.1.1Spirodela polyrhiza

Worldwide this green duckweed can found in manyllohwater habitat which grows by
forming a mat on the water surface. This plant hgnagmooth, round and flat disc fronds
which are one half to one centimeter wide. Totaihbar of 75 images were captured
including 25 per each illuminance level, correspogdo a total no of 50 days growth.
Sample input images for different illuminance les/fr Spirodela polyrhiza are in figure
3.4.

12



(a) Normal illumination (b) Controlled illumination at 100!

(c) Canited illumination at 3800 lux

Figure 3.4- Input image samples fgpirodela polyrhiza in different illuminance levels

3.1.1.2Lemna minor

This also a kind of floating aquatic plant whiclogs in fresh water habitats. Each plant
having 1-4 oval shaped leaves. Fronds of the plaet 1-8 mm long and 0.6-5 mm broad,
light green, with small air spaces to assist flotatHere the total no of 45 images were
captured including 15 per each illuminance levetroa 30-day period. Sample input

images for different illuminance levels foemna minor are in figure 3.5.

13



(c) Corited illumination at 3800 lux

Figure 3.5 - Input image samples famna minor in different illuminance levels
3.1.1.3Azolla pinnata

Azolla pinnata is one of the species of aquatic green plant whrokws forming a mat on
surface of the water. This comes under small feth wiangular fronds up to 2.5cm in
length. These fronds are made up with round orlapping leaves each in 1-2 mm long.
Fronds are mix of green, blue-green, or dark réorsavith a velvety appearance. The total
no of 30 images were captured including 10 per efhominance level over a 20-day
period. Sample input images for different illunmea levels forAzolla pinnata are in
figure 3.6.

14



(c) Controll¢idmination at 3800 lux

Figure 3.6 - Input image samples fwolla pinnata in different illuminance levels
3.2 Biomass Estimation

Duckweed growing ponds mostly open and unstructusstvironments, plants
identification in that kind of environments, itresquired powerful computer analysis image
processing method with segmentation algorithm. Heeebiomass estimation of aquatic
plants was performed by identifying the regiongwtixture using the J-value. The J- value
is @ homogeneity measure used in JSEG algorithnmfage segmentation. To compare
the accuracy of the J- Value Thresholding ( JVT)hrad another alternative method called
Green Layer Extraction (GLE) method used as in [p8fletermine the biomass of the
plants.

15



3.3 Ground Truth

It was used two methods JVT and GLE method to deter the frond area of the images
captured for three plantSpirodela polyrhiza, Lemna minor andAzolla pinnata in different

illuminance levels.

Most important part of the research is accuraclydeabove two methods. Ground truth
scenario is the most popular and crucial in acgutesting. Hence, to obtain the ground
truth, manually masked the images by using Adolmdamop with Magic wand and colour
tools. Manually marked fronds of the plants colaune black colour, while background

remaining white. As the masked image is a binaage, it was calculated the black colour
pixels by using MATLAB code. Manually segmentednidoarea is taken as the ground
truth for accuracy testing.

Then the ground truth is used to get the true et¢chbiomass from above two methods
considering Intersection over union (loU). loU &aulated for all output images of the

above two methods considering overlapping areleoftound truth and the output images.
3.4 Biomass Estimation Methods
3.4.1 J value Thresholding Method

JSEG algorithm is complex segmentation method whie computational method
evaluates and predict environmental characteristich as shadows, brightness, colour
elements, complex object composition and inhomogesieegion colors for texture [20].
Here the biomass estimation of small fronded aquatints is performed by identifying
regions with texture using the J- value, whichasnegeneity measure of JSEG algorithm
[28].

Variation of the colour pattern within the imagéereed to as image texture. In an image
there may be regions with high level of texturessen regions taken as typically non-
homogenous. Considering the floating aquatic plastsface of the water is highly

uniform, untextured while the fronds of the plaarts highly textured. Thus a texture based

thresholding method efficiently discriminate froraitsl the water surface. Previous studies
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have shown the effectiveness of the J-value inlikatzon [29]. Accordingly, JSEG is an

unsupervised quantization algorithm for colour iesg30].

This algorithm segments images without manual patanmadjustment for each image and

simplifies texture and color properly [31].

The J-value calculation starts by assigning eveBBRalue a unique class depending on
its colour. Due to the large number of unique carabons for a typical 24 bit RGB image,
the image has to first dequantized to eight leielget the manageable number of classes.
It means JSEG algorithm segments color imagesumittorm regions which having set of

pixels to the same colour to generate clustersarctass.

Then, the image pixel colors are replaced by tb@iresponding color class label and the
newly established image of labels is called a elaap. The class-map also a special kind
of texture composition. It means JSEG algorithmpdifies color and texture of images

effectively.

J value quantifies the homogeneity of a regiondipgaring the distance between different

classes over the distance between the membersweidlch class.

In order to calculate J-value, Z is defined asstteof all N data points (pixels) in the class

map.

A pixel is taken as a position vector in the x amgddirections as follows,

z=(x,y), wherezZ
The mean of the all Z elements m is,

_12
m—N Z

zZ€eZ

C is the number of classes obtained in the quardizarhen Z is classified into C classes.
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Z; are the elements of Z belongs to clasa/here,

Let, m be the mean of theiNata points in Z

1
mi:ﬁZZ
i

Z€Z;

Sris the sum of quantized image points within therage in all Z elements,

Sr= ) llz=mlp?

zZ€eZ

Sw is the total variance of points belongs to theesatass,

C

Sw= Y Y lz=ml?

i=12zeZ;

The J value is given by,
St = Sw

/= S,

The J- value quantifies the homogeneity of a redpprcomparing the distance between
different classes over the distance between thelraenwithin each class. If the image is
uniform the J- value will be close to zero while tiextured non-homogeneous area closes
to one. Typically, a textured region is highly retgeneous. Hence, the J- value is a good

metric for its detection.

The matrix containing the J values of nxn regioharoimage is known as the Jimage. To
development of the algorithm, it was used imagegssing based MATLAB functions.
For an example, to verify the steps of the algaritht was considered the image of

Spirodela polyrhiza in normal illumination as follows,
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3.4.1.1 Class Image

According to the colour quantization algorithm figu8.7 a) Original image is quantized
and quantized colours are assigned the labelsofSatage pixels quantized to a same
colour is known as colour class. Then the actualgenpixel colours replaced with their
corresponding colour class labels. Resultant incafjed class map or class image. Figure
3.7 b) shows the class image of figure 3.7 a)&sm24 bit colour image requires 16777216
classes, quantization is done in 8 levels [32].eHecan clearly identify that the textured

green area has replaced with a specific colousdédzel.

a) Original Image b) Class Image

»
il

Figure 3.7 - (a) Original image and (b) thassl map
3.4.1.2 J- image

J-image in figure 3.8 is a gray scale image whasel palues are the J values calculated
over local windows centered on the pixels [27]mlage contains the texture related to the

green layer.
c) Jimage

ot R, - B3

Figure 3. 8- Jimage
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The size of the local window determines the sizérafge regions that can be detected.
Windows of small size are useful in localizing timeensity/color edges, while large
windows are useful for detecting texture boundaf83. Here, the window size 4x 4
window is used. The JSEG algorithm continues bypaing, for each pixel, a J value and

produce the J-image.
3.4.1.3 Binary Jimage

Next step is to extract the green layer from thwage. In order to threshold the J-image
to get the binary image of extracted green layemunally selected the threshold value as
0.6 using the data curser on MATLAB. After threshony the binary image of J-image
obtained is in figure 3.9.

c) Binary Jimage

Figure 3.9 - Binary J-image

3.4.1.4 Biomass Extracted Image

To get the true biomass estimated image, it waaodd the overlapped image with ground
truth and the output binary JImage. Accordinglyaiiéd true biomass extracted image as

follows in Figure 3.10.

Figure 3.10 - Filtered J-Image

20



3.4.1.5 Green Layer Percentage Calculation

Using the filtered J-image, white pixels were takengreen layer while black pixels as
back ground. Green layer percentage was calcutaagdspond to the number of white
and black pixels.

Sample calculation foBpirodela polyrhiza in normal illumination as follows,

No. of white pixels (X) of Green layer = 11439
No. of total pixels (Y) of the image = 76800
Percentage of green layer % %X 100

= 14.89%

In this way, green layer is calculated for thresnpd under three illuminance levels.
3.4.1.6 Filtered J-images for same Image in Diffent llluminance Levels

Under three illuminance levels filtered J-imagesdame image as follows in figure 3.11.

(b)o@trolled illumination at 1000 lux

(c) Coriked illumination at 3800 lux
Figure 3.11 - Filtered J-images for different thileeminance levels

R
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3.4.1.7 Resultant Images for Other Two Plants
Same J- value thresholding used to segment the wibdypes of plants.

Lemna minor

It is used the JVT method with 4x4 window size &b tipe texture boundary. 0.2 is used as

the threshold value. Resultant images for norrhahiination is in figure 3.12.

a) Original Image b) Jimage

¢ v

c) Binary Jimage d) Filtered image

-

Figure 3.12 - Resultant imaged.@mna minor in JVT method

Similarly, it was taken the green layer percentiyethree illuminance levels. Filtered
green layer extracted images for same image iereéifit three illuminance levels are in
figure 3.13 as follows,
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(c) Canilted illumination at 3800 lux

Figure 3.13 - Filtered J-Imagesdiferent illuminance levels
Azolla pinnata

It was used 8x8 window size to get texture boundargt 0.6 as the threshold value.

Resultant images for normal illumination as followdigure 3.14.
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a) Original Image b) Jimage

d) Fil

tered image
e )

Figure 3.14 - Resultant imagesimlla pinnata in JVT method

Filtered green layer extracted images for same enaglifferent three illuminance levels
as follows in figure 3.15.

(a) Normal illumination (b) Controlled illumination at 1000 lux
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(c) Controlled illumination at 3800 lux
Figure 3.15 - Filtered J-Images for different illumance levels

3.4.2 Green Layer Extraction Method

In order to compare the accuracy of the JVT methit another alternative method, it
was used colour detection method to extract thergiayer. Main steps of the of the GLE

method shown in figure 3.16. Implemented the methitk flask based web application

Input colour ,| RGBto HSV | Maskthe R Otsu
imaqe caonversior green coloL thresholdinc
Define the v
Input colour | Water shade| foreground ande Morphological
image algorithm background operation

Figure 3.16 - Steps of the GLE method
3.4.2.1 Input Image and Conversion to HSV Colour Sgce

The images captured from the camera mentioned aneabigure 3.4, 3.5 and 3.6 were
used as true colour or RGB images. RGB colour sgaseribes colours in terms of amount

of red, green and blue. HSV color space describles<in terms of the Hue, Saturation,
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and Value. While RGB space defines colour in teofres combination of primary colours,

HSV describes colors similarly to how the human ey®ls to perceive color. Importance
of HSV space is the separation of chromatic (Hwe Saturation) and achromatic (Value)
information [34]. The HSV colour space widely usadimage processing applications
since it clearly separates light and chromaticrimiation [35]. HSV transformed image for

three plants indicated in figure 3.17

B s vW s
(a) Spirodela polyrhiza (bmna minor

(c)Azolla pinnata

Figure 3.1MSV transformed images

In HSV space hue, saturation and value rangesaameatized in to range of [0-255]. HSV
value for green colour is obtained by using pytbommand as [60,255,255]. Accordingly
it was taken lower and upper bounds respectively[@issensitivity,100,50] and
[60+sensitivity,255,255], because of fronds of pients includes quite dark colour green
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also.Here the sensitivity was taken as 15. TolgeHSYV threshold for green colour, it was
used two lower and upper bounds considering thsitsaty by changing only the hue

values. Then thresholded the HSV image to get onéy green layer of the plants.
Thresholded images of the three pldontsnormal illuminations in figure 3.18.

(c)Azolla pinnata
Figure 3.18 — Thresholded image
3.4.2.2 Otsu’s Thresholding

It was used Otsu’s thresholding as the global tiolestechnique for gray scale images to
get the binary image [36]. Binarization means sajgathe gray scale image pixel values
in to two groups. Gray scale image carries onlyihamce or intensity information which

the pixel values between 0 to 255.
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In order to obtain the binary image, above figurBBHSV thresholded image converted

into RGB. Then converted in to gray scale image.

Otsu’s binarization creates a histogram known-gsddlel histogram which has two peaks
for foreground and background pixels. As the ne St calculates the optimum threshold
by separating the two classes by minimizing theaintlass variance and maximizing the
inter-class variance. Then it automatically caltagaa threshold value between the two

peak values. Thresholded binary image in figur®.3.1

(c) Azolla i nnata

Figure 3.19 s@s Thresholded binary image
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3.4.2.3 Morphology Transformation

Morphological transformation is simple operationiethbased on the characteristics of
image shape in binary images. This needs two imiggal binary image and structuring
element or kernel which decides the nature of dperalhe basic morphological operators

are erosion, dilation, opening and closing.

To remove the white noise in the figure 3.19, itused morphological opening.
Morphological transformed image is in figure 3.20.

(appirodela polyrhiza (b@mna minor

(c) Azolla pinnata

Figure 3.20 - Mbgpogical transformed image

The region near to center of leaves are sure fousgr and region much away from the
object are background. Boundary region of the ektchgreen layer is the not sure area.

Accordingly, to get the sure area for the frontlgyas used erosion and dilation.
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Erosion removes the boundary pixels to extracsthre area of morphological transformed
image. Then it was sure the remaining region bedagforeground. Sure foreground

image is in figure 3.21.

(c) Azolla pinnata

Figure 3.21 - Sure foreground

To find the sure background area, dilate the maiqghical transformed image. Dilation
increases object boundary to background. This maketo define sure background. Sure

background image is in figure 3.22.
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(appirodela polyrhiza (hpmna minor

(c) Azolla pinnata

Figure 3.22 - Sure background
3.4.2.4 Marker Image for Watershed Algorithm

Marked the foreground, background and not sureianeerker image. Finally applied the
Watershed algorithm to convert result back to umi8ge. Not sure area is determined by

watershed algorithm.

The watersheds concept is one of the classic tothe field of topography [37]. Any gray
scale image act as a topographic surface wherartigsity denotes peaks and hills while
low intensity denotes valleys [37]. Like waterdithe valleys, every isolated local minima
filled with different coloured labels. Since thetearises from the bottom of the valley as
it fills, depending on the peaks of the gradientsasunded by, the water fromftkrent

valleys tend to overspill by merging thefdrent colors of labeled water.
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Therefore, in order to avoid the merging, the leasriare built in the locations whilst the
water fills until all the peaks are in the rangedtected barrier. Applying the watershed
algorithm, in figure 3.23 shows the green layeraoted image.

(appirodela polyrhiza (bmna minor

(c) Azolla pi nnata
Figure 3.23 - Green layer extractedgmafter the watershed algorithm

While the white pixels are taken as green layemds of the plant) and gray colour pixels
are taken as back ground. Accordingly, it was dated the percentage of the green layer.
By following the same procedure, it was done tHewations for three plants in different
three illuminance levels.

Green layer extracted images for three differémtriinance levels fofpirodela polyrhiza
are in figure 3.24.
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(c) Canited illumination at 3800 lux

Figure 3.24 -Green layer extracted images for ghffeilluminance levels fdgpirodela
polyrhiza.

Green layer extracted images at three differenmihance levels fot.emna minor as

follows in figure 3.25.

(a) Normal illumination (b) Controlled illumination at 1000 lux
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(c) Contralélumination at 3800 lux

Figure 3.25 - Green layer extracted images foedifft illuminance levels fdaremna
minor.

Green layer extracted images for three differéatriinance levels foAzolla pinnata
as follows in figure 3.26.

(a) Normal illumination (b) Controlled illumination at 1000 lux

(c) Canited illumination at 3800 lux

Figure 3.26 - Green layer extracted images foedift illuminance levels fakzolla
pinnata.
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3.5 Growth Rate Estimation

Throughout the project, tried to monitor the growdte in different illuminance levels for
different three plants. Main objective was to chékaccuracy of JVT method to estimate
the biomass of different aquatic plants. Accordioghe data gathered and processed,

growth rate estimation discussed in CHAPTER 4.
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CHAPTER 04

RESULTS

This chapter summarized the results obtained ttraug the project for both JVT and
GLE methods. Accuracy testing was done with thengdatruth and the Intersection over

Union (loU) and estimated the growth rate.
4.1 Ground Truth Proof

It was done the ground truth proof for three plauisodela polyrhiza, Lemna minor and
Azolla pinnata. To estimate the biomass (green layer), it wasidened the overlapped

area with the ground truth and the all output insagfethe two methods.

Throughout the analysis main objective was to ifetite performance of the algorithms

under different illuminance levels. Fronds of thespuatic plants are different in shape,
size, colour and frond surface quality. It was d&eeichow these parameters effect for both
GLE and JVT methods. It was considered three indatg sets under different illuminance

levels, to find out the performance of the algarithunder various conditions as follows,
4.1.1 Image Data Set 1

Image data set 1 fdgpirodela polyrhiza, captured in different three illuminance levels
which is controlled by using two LED panels. Comsatl illuminance levels were normal
illumination, controlled illumination at 1000 luxd 3800 lux. 3MP Logitech web camera

used to capture the images with resolution of 1280x

Then the two algorithms were used to estimate iiass (green layer) of the plant under
three illuminance levels. With the help of manuagmented images (ground truth) &
loU accuracy was calculated at three illuminangelkeand it is indicated in table 4.1.a, b
and c. To compare the both methods, minimum, maxirand mean values were obtained

to check the accuracy and error percentages aigated in table 4.2 and 4.3.
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4.1.2 Image Data Set 2

Image data set 2 is floemna minor. Images were captured under three illuminancdgeve
using arducam shield with 2MP camera module wioligion of 1600x1200. This used
to analyze, how the accuracy percentage varies@ogoto the quality of images with
different camera. Accuracy was tested with grotrath & IoU is in table 4.4.a,b and c.
Minimum, maximum and mean values for accuracyemor percentages are indicated in
table 4.5 and 4.6.

4.1.3 Image Data Set 3

Azolla pinnata is the third image data set used for accuracintgs®imilarly, it was used
arducam shield with 2MP camera module to captuee ithages with resolution of
1600x1200. Accuracy tested with ground truth andlikin table 4.7.a,b and c. Minimum,
maximum and mean values obtained to check the acguand error percentages are
indicated in table 4.8 and 4.9.
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4.2 Accuracy Calculation for Image Data Set 1

This is forSpirodela polyrhiza under three illuminance conditions.

Table 4.1.a - Accuracy calculated in normal illuation.

Normal lllumination

Ground Truth VT GLE

Total Pix =

1228800 Total Pix = 76800 Total Pix = 1228800

GL in GL GLin | GL ACC | Error | GLin GL
pixels | % pixels | % % % pixels | %

ACC
%

Error
%

216346| 17.61| 11269| 14.67| 83.34| 16.66] 96965| 7.89

44.82

55.18

234170| 19.06| 11803| 15.37| 80.65| 19.35| 107273| 8.73

45.81

54.19

233932| 19.04| 10840| 14.11| 74.14| 25.86| 106452| 8.66

45.51

54.49

230184| 18.73| 11051| 14.39| 76.82| 23.18| 105495| 8.59

45.83

54.17

220129| 17.91| 11536| 15.02| 83.85| 16.15| 103902| 8.46

47.20

52.80

225881| 18.38| 11545| 15.03| 81.78| 18.22| 103446| 8.42

45.80

54.20

230200| 18.73| 12063| 15.71| 83.84| 16.16] 95387 7.76

41.44

58.56

253987| 20.67| 11911| 15.51| 75.03| 24.97| 104989| 8.54

41.34

58.66

261105| 21.25| 16119| 20.99| 98.77| 1.23| 107089 8.71

41.01

58.99

263571| 21.45| 15475| 20.15| 93.94| 6.06| 112504| 9.16

42.68

57.32

269205| 21.91| 15855| 20.64| 94.23| 5.77| 127925| 10.41

47.52

52.48

265612| 21.62| 16146| 21.02| 97.26| 2.74| 134384| 10.94

50.59

49.41

282445| 22.99| 17273| 22.49| 97.85| 2.15| 137589| 11.20

48.71

51.29

288560| 23.48| 13869| 18.06] 76.90| 23.10| 104520] 8.51

36.22

63.78

298963| 24.33| 17038| 22.18| 91.18| 8.82| 146866 11.95

49.13

50.87

329173| 26.79| 17881| 23.28| 86.91| 13.09| 151327| 12.32

45.97

54.03

339988| 27.67| 17615| 22.94| 82.90| 17.10| 161301 13.13

47.44

52.56

356405| 29.00| 15633| 20.36] 70.18| 29.82| 131839| 10.73

36.99

63.01

367679 29.92| 20209| 26.31| 87.94| 12.06| 185588| 15.10

50.48

49.52

393906| 32.06| 21317| 27.76| 86.59| 13.41| 193746| 15.77

49.19

50.81

414383| 33.72| 21320| 27.76] 82.32| 17.68| 194669| 15.84

46.98

53.02

431594| 35.12| 24893| 32.41| 92.28| 7.72| 208550/ 16.97

48.32

51.68

461500] 37.56| 23989| 31.24| 83.17| 16.83| 222050/ 18.07

48.11

51.89

463345| 37.71| 24742| 32.22| 85.44| 14.56| 228885| 18.63

49.40

50.60

540542| 43.99| 26249| 34.18| 77.70| 22.30| 255407| 20.79

47.25

52.75
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Table 4.1.b - Accuracy calculated for Controllddritination at 1000 lux

Day

Ground Truth

Controlled illumination at 1000 lux

JVT

GLE

Total Pix =
1228800

Total Pix = 76800

Total Pix = 1228800

GL in
pixels

GL
%

GL in
pixels

GL
%

ACC
%

Error
%

GL in
pixels

GL
%

ACC
%

Error
%

216346

17.61

10260

13.36| 75.88

24.12

147492

12.00| 68.17

31.83

234170

19.06

11005

14.33| 75.19

24.81

165657

13.48| 70.74

29.26

233932

19.04

9915

12.91| 67.81

32.19

157608

12.83| 67.37

32.63

230184

18.73

10926

14.23| 75.95

24.05

163903

13.34| 71.21

28.79

O (N (O01|W (-

220129

17.91

9768

12.72| 71.00

29.00

150559

12.25| 68.40

31.60

11

225881

18.38

12677

16.51| 89.80

10.20

171778

13.98| 76.05

23.95

13

230200

18.73

10995

14.32| 76.42

23.58

148692

12.10| 64.59

35.41

15

253987

20.67

10336

13.46| 65.11

34.89

157004

12.78| 61.82

38.18

17

261105

21.25

13728

17.88| 84.12

15.88

133697

10.88| 51.20

48.80

19

263571

21.45

12714

16.55| 77.18

22.82

131664

10.71| 49.95

50.05

21

269205

21.91

13175

17.15| 78.30

21.70

150350

12.24| 55.85

44.15

23

265612

21.62

12905

16.80| 77.74

22.26

157794

12.84| 59.41

40.59

25

282445

22.99

14698

19.14| 83.26

16.74

168201

13.69| 59.55

40.45

27

288560

23.48

13553

17.65| 75.15

24.85

166096

13.52| 57.56

42.44

29

298963

24.33

13842

18.02| 74.08

25.92

179039

14.57| 59.89

40.11

31

329173

26.79

14591

19.00| 70.92

29.08

203672

16.57| 61.87

38.13

33

339988

27.67

14660

19.09| 68.99

31.01

201911

16.43| 59.39

40.61

35

356405

29.00

15755

20.51| 70.73

29.27

214331

17.44| 60.14

39.86

37

367679

29.92

17500

22.79| 76.15

23.85

221914

18.06| 60.36

39.64

39

393906

32.06

16750

21.81| 68.04

31.96

233871

19.03| 59.37

40.63

41

414383

33.72

17555

22.86| 67.78

32.22

248057

20.19| 59.86

40.14

43

431594

35.12

22208

28.92| 82.33

17.67

275658

22.43| 63.87

36.13

45

461500

37.56

22390

29.15| 77.63

22.37

309794

25.21| 67.13

32.87

47

463345

37.71

21191

27.59| 73.18

26.82

307084

24.99| 66.28

33.72

49

540542

43.99

23386

30.45| 69.22

30.78

333150

27.11] 61.63

38.37
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Table 4.1.c - Accuracy calculated for controllddrilination at 3800 lux

Ground Truth Controlled illumination at 3800 lux

JVT GLE
Total Pix =
1228800 Total Pix = 76800 Total Pix = 1228800
GL
GLin | GL in GL ACC | Error | GLin GL ACC | Error
Day | pixels | % pixels | % % % pixels | % % %

1]216346| 17.61| 10370| 13.50| 76.69| 23.31| 171012| 13.92| 79.05| 20.95
3| 234170| 19.06| 11170| 14.54| 76.32| 23.68| 181137| 14.74| 77.35| 22.65
51233932| 19.04| 11225| 14.62| 76.77| 23.23| 180926| 14.72| 77.34| 22.66
7
9
1

230184| 18.73| 11447| 14.90| 79.57| 20.43| 179384| 14.60| 77.93| 22.07
220129| 17.91| 11399| 14.84| 82.85| 17.15| 178854| 14.56| 81.25| 18.75
225881| 18.38| 11671| 15.20| 82.67| 17.33| 182621| 14.86| 80.85| 19.15
13| 230200| 18.73| 11923| 15.52| 82.87| 17.13| 182156| 14.82| 79.13| 20.87
15| 253987| 20.67| 12227| 15.92| 77.02| 22.98| 188635| 15.35| 74.27| 25.73
17| 261105| 21.25| 13752| 17.91| 84.27| 15.73| 166043| 13.51| 63.59| 36.41
19| 263571 21.45| 13418| 17.47| 81.45| 18.55| 175446| 14.28| 66.56| 33.44
21| 269205| 21.91| 14281| 18.60| 84.88| 15.12| 193318 15.73| 71.81| 28.19
23| 265612| 21.62| 13541| 17.63| 81.57| 18.43| 192441| 15.66| 72.45| 27.55
25| 282445| 22.99| 14937| 19.45| 84.62| 15.38| 205094| 16.69| 72.61| 27.39
27| 288560| 23.48| 15237| 19.84| 84.49| 15.51| 217031| 17.66| 75.21| 24.79
29 | 298963| 24.33| 15333| 19.96| 82.06| 17.94| 227268| 18.50| 76.02| 23.98
31| 329173] 26.79| 16403| 21.36| 79.73| 20.27| 241576| 19.66| 73.39| 26.61
33 | 339988| 27.67| 16455| 21.43| 77.44| 22.56| 252879| 20.58| 74.38| 25.62
35| 356405| 29.00| 17485| 22.77| 78.49| 21.51| 265364| 21.60| 74.46| 25.54
37| 367679| 29.92| 17768| 23.14| 77.32| 22.68| 273224| 22.24| 74.31| 25.69
39 | 393906| 32.06| 18674 | 24.32| 75.85| 24.15| 286506| 23.32| 72.73| 27.27
41| 414383| 33.72| 19411 25.27| 74.95| 25.05| 301311| 24.52| 72.71| 27.29
43| 431594| 35.12| 23137| 30.13| 85.77| 14.23| 315636| 25.69| 73.13| 26.87
45 | 461500| 37.56| 23171| 30.17| 80.33| 19.67| 345504| 28.12| 74.87| 25.13
47| 463345| 37.71| 23491 | 30.59| 81.12| 18.88| 349529| 28.44| 75.44| 24.56
49 | 540542| 43.99| 23972| 31.21| 70.96| 29.04| 376283| 30.62| 69.61| 30.39

According to the image data set gathered, biomassextracted for both JVT and GLE
methods in different three illuminance levels. Fegd.1 depicted the percentages of green
layer with respect to ground truth. In JVT methibere is not much variation in accuracy,
compared to ground truth in three illuminance lsvelhile GLE method having

considerable variation.
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Growth rate - Spiredela polyrhiza
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Figure 4.1 - Green layer percentage of both JVT@hH methods

In figure 4.2 it shows, the green layer depictednormal illumination forSpirodela
polyrhiza in both JVT and GLE methods. When capturing theges day to day,
illuminance level of each day not constant. Althloitgrzaries time to time, it was not much
effect on green layer extraction in JVT method. Webmpared to ground truth GLE
method has much variation in detecting the gregerla

When it falls different illuminance levels on therface of the fronds ofpirodela
polyrhiza, the green colour of the fronds appear in diffedours. Because of that GLE

method not recognize the green colour with appearahcolour variation.
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Figure 4.2 - Green layer variation for normal illuation level.

Figure 4.3 clearly show in JVT method with differéifuminance levels, it is not much

varied the green layer extraction with comparegrtund truth.

JVT in different illuminance levels
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Figure 4.3 - Green layer extraction in differehiminance levels in JVT method
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In accordance to the GLE method, in figure 4.4tdlveas considerable variation in green
layer percentage than the JVT method. When in hidjaeninance levels figure 4.4 shows
that the percentage reaches to the ground truttevalccordingly, GLE method depends
on the illuminance level while JVTmethod not depeod environment physical
characteristics, such as color elements, complgctsbcomposition, shadows, brightness

and inhomogeneous region colors for texta@.|
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Figure 4.4 - Green layer extraction in differeiiunmiinance levels in GLE method

4.2.1 Accuracy Detection forSpirodela polyrhiza.

The detection accuracy was determined by obtaitiiagyround truth proportion of green
pixels (obtained with loU) in the image and compgrit to the proportional results
obtained by the JVT and GLE. In accordance todhket4.1.a,b and ¢ accuracy comparison
of the JVT and GLE methods, the results summarizedinimum, maximum and mean

values indicated in table 4.2.
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Table 4.2 - Accuracy comparison fgpirodela polyrhiza

Normal
Accuracy % [llumination 3800 lux 1000 lux
JVT GLE | JvT GLE JVT GLE
Min 70.18| 36.22] 70.96] 63.59| 65.11| 49.95
Max 98.77| 50.59| 85.77| 81.25| 89.80| 76.05
Mean 85.00 45.75| 80.00| 74.42| 74.88| 62.47

Table 4.3 - Error % comparison f§pirodela polyrhiza

Normal
Error % illumination 3800 lux 1000 lux
JVT GLE JVT GLE JVT GLE
Min 16.66 55.18| 23.31 20.95| 24.12 31.83
Max 22.30 52.75| 29.04 30.39| 30.78 38.37
Mean 15.00 54.25| 20.00 25.58| 25.12 37.53

According to the summery on table 4.2, JVT methasd the higher accuracy percentage
than the GLE method in all illuminance levels. Adesng the JVT method mean accuracy
percentages of normal illumination, controlled ntimnation at 1000 bk and 3800 I are
respectively 85%, 74.88% and 80%. GLE method isdbamn the colour, while JVT
method based on the texture composition. It isf@ebbere the texture is not depending on
the external environmental characteristics likeihance level. Accordingly, GLE method

having low accuracy than the JVT method.

Table 4.3 indicates the error percentagesSmrodela polyrhiza for three illuminance
levels. When it considers the error percentagesanmerror percentages of normal
illumination, controlled illumination at 1000 xuand 3800 I¥ are respectively 15%,
25.12% and 20%. But in GLE method it is betweenrZ86. Considering the two ranges,

JVT method having low error rate below 26%.

44



4.3 Results for Image Data Set 2

This is forLemna minor under three illuminance conditions. This is alsgreen aquatic

plant which has different appearance tharfieodela polyrhizain colour, shape and size.
This plant was used to check the accuracy of tgordghms for different plants while using
different camera to capture the images. 2MP ardo@sed camera module used here which

can take images in different quality than abovedukegithch webcam. Accuracy

calculation on biomass estimation is in table 4amd c.

Table 4.4.a - Accuracy calculated for Normal illuaiion

Normal illumination

Day | Ground Truth
JVT GLE

Total Pix =
1920000 Total Pix =120000 Total Pix = 1920000
GL GL GL ACC | Error | GL GL ACC | Error

pixels % pixels GL% | % % pixels | % % %

1| 175782| 9.16| 10935 9.11| 99.53| 0.47| 104973| 5.47| 59.72| 40.28
3| 283741| 14.78| 14922| 12.44| 84.14| 15.86| 104906, 5.46| 36.97| 63.03
5] 306201| 15.95| 14579| 12.15| 76.18| 23.82| 106922| 5.57| 34.92| 65.08
7| 333058| 17.35| 17388| 14.49| 83.53| 16.47| 104197| 5.43| 31.28| 68.72
9| 396122| 20.63| 16996| 14.16| 68.65| 31.35| 62137| 3.24| 15.69| 84.31
11| 448085| 23.34| 20823| 17.35| 74.35| 25.65| 138631| 7.22| 30.94| 69.06
13| 481333| 25.07| 23624| 19.69| 78.53| 21.47| 98582| 5.13| 20.48| 79.52
15| 553204| 28.81| 27175| 22.65| 78.60| 21.40| 85191| 4.44| 15.40| 84.60
17| 585462| 30.49| 30676| 25.56| 83.83|16.17| 99478| 5.18| 16.99| 83.01
19| 697764| 36.34| 35075| 29.23| 80.43| 19.57| 80239| 4.18| 11.50| 88.50
21| 840161| 43.76| 43975 36.65| 83.75| 16.25| 53707| 2.80| 6.39|93.61
23| 843940| 43.96| 46978 39.15| 89.06| 10.94| 48338| 2.52| 5.73|94.27
25| 916434| 47.73| 50929, 42.44| 88.92| 11.08| 25522| 1.33| 2.78|97.22
27| 1001020| 52.14| 52711| 43.93| 84.25| 15.75| 53268| 2.77| 5.32|94.68
29| 982596| 51.18| 55362| 46.14| 90.15| 9.85| 21104| 1.10| 2.15|97.85
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Table 4.4.b - Accuracy calculated for controllddriination at 1000 ba

Controlled illumination at 1000 lux

Day Ground Truth

JVT GLE
Total Pix = 1920000 Total Pix = 120000 Total Bi2920000
GL GL GL ACC | Error | GL GL ACC Error
pixels GL % pixels | % % % pixels | % % %

175782 9.16| 6961| 5.80| 63.36 36.64| 57675| 3.00] 32.81] 67.19

283741 14.78| 13124| 10.94| 74.01 25.99| 126805| 6.60| 44.69| 55.31

306201 15.95| 14583| 12.15| 76.20 23.80| 134306| 7.00| 43.86| 56.14

333058 17.35| 17471| 14.56| 83.93 16.07| 136869 7.13| 41.09| 58.91

O [N |0 (W [

396122 20.63| 19224| 16.02| 77.65 22.35| 90811| 4.73| 22.93| 77.07

11| 448085 23.34| 21036| 17.53| 75.11 24.89| 90757| 4.73| 20.25| 79.75

13| 481333 25.07| 24478| 20.40| 81.37 18.63| 104823| 5.46| 21.78| 78.22

15| 553204 28.81| 28756| 23.96| 83.17 16.83| 105283| 5.48| 19.03| 80.97

17| 585462 30.49| 32827| 27.36| 89.71] 10.29| 84510| 4.40| 14.43| 85.57

19| 697764 36.34| 38320| 31.93| 87.87 12.13| 104162| 5.43| 14.93| 85.07

21| 840161 43.76| 47233| 39.36| 89.95 10.05| 103003| 5.36| 12.26| 87.74

23| 843940 43.96| 51074| 42.56| 96.83 3.17| 42180| 2.20 5.00| 95.00

25| 916434 47.73]| 53027| 44.19| 92.58 7.42| 150486, 7.84| 16.42| 83.58

27 | 1001020 52.14| 55552| 46.29| 88.79 11.21| 50610| 2.64 5.06| 94.94

29| 982596 51.18| 58154| 48.46| 94.69 5.31| 152487| 7.94| 15.52| 84.48

Table 4.4.c - Accuracy calculated for controllddritination at 3800 b

Controlled illumination at 3800 lux

Day Ground Truth

JVT GLE
Total Pix = 1920000 Total Pix = 120000 Total Bi2920000
GL GL ACC Error | GL ACC | Error
pixels GL % pixels | GL % | % % pixels GL% | % %

175782 9.1 10523 8.77| 95.78| 4.22| 93692| 4.88| 53.30 46.70

283741 14.78 12083| 10.07| 68.14| 31.86| 103132| 5.37| 36.35 63.65

306201 15.95 14379| 11.98| 75.13| 24.87| 100993| 5.26| 32.98 67.02

333058 17.353 17703| 14.75| 85.04| 14.96| 118818| 6.19| 35.67| 64.33

O NO|W |-

396122 20.63 19527| 16.27| 78.87| 21.13| 77255| 4.02| 19.50] 80.50

11| 448085 23.34 19997| 16.66| 71.40| 28.60| 79273| 4.13| 17.69 82.31

13| 481333 25.07 24264| 20.22| 80.66| 19.34| 109160| 5.69| 22.68 77.32

15| 553204 28.81 29736| 24.78| 86.00| 14.00| 133357| 6.95| 24.11] 75.89

17| 585462 30.49 33833| 28.19| 92.46| 7.54| 123927| 6.45| 21.17] 78.83

19| 697764 36.34 39215| 32.68| 89.92| 10.08| 134860/ 7.02| 19.33 80.67

21| 840161 43.76 47738 39.78]| 90.91| 09.09| 150823| 7.86| 17.95 82.05

23| 843940 43.96 52422| 43.69| 99.39] 0.61| 177555| 9.25| 21.04| 78.96

25| 916434 47.73 55025| 45.85| 96.07| 3.93| 255127 13.29| 27.84 72.16

27| 1001020 52.14 57739| 48.12| 92.29| 7.71| 204171] 10.63| 20.40 79.60

29| 982596 51.1§ 60199| 50.17| 98.02| 1.98| 336229| 17.51| 34.22 65.78
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Growth rate - Lemna minor
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Figure 4.5 - Green layer extraction in three illnamce levels for both methods for

Lemna minor

Figure 4.5 depicted the green layer extractiomiad different illuminance levels for both
JVT and GLE methods fdremnar minor. Here it clearly shows in figure 4.5, how the
accuracy deviates in both methods with respetig@tound truth. Because of the variation
of colour due to various illuminance levels GLE huet gives low accuracy on detecting
green layer compared to the ground truth. It caarty identify JVT method has much

accuracy compared to the ground truth.

Lemna minor has light green colour fronds. When it falls light it, surface of the fronds
tends to glow. Because of that GLE method diffitalidentify the green colour by giving
low green layer percentage with respect to grouuith.t As well as quality of the image
also effect on the accuracy. Although it was uséfdrént camera to capture the images,
it was not effected on JVT method. It gives highecuracy percentage on green layer
extraction even under low image quality.
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4.3.1 Accuracy Detection fol.emna minor

According to the image data gathered and accuralcylated Table 4.5 summarized the
accuracy in minimum, maximum and mean values. ROF thethod, mean accuracy
percentages of normal illuminanion, controlledntimation at 1000 lux and 3800 lux are

respectively 85.93%,83.68% and 86.67% while GLEhm@having low accuracy between
19 — 27%.

Table 4.5 - Accuracy comparison fioemna minor

Normal
Accuracy illuminance 3800 lux 1000 lux
% JVT GLE JVT GLE JVT GLE
Min 68.65 2.15 68.14 17.69 63.36 5.00
Max 99.53| 59.72 99.39 53.30 96.83 44.69
Mean 82.93 19.75 86.67 26.95 83.68 22.00

Table 4.6 - Error % comparison foemna minor

Normal
illuminance 3800 lux 1000 lux
Error % JVT GLE JVT GLE JVT GLE
Min 0.47 97.85 0.61| 46.70 3.17 55.31
Max 31.35 40.28 31.86| 82.31 36.64 95.00
Mean 17.07 80.25 13.33| 73.05 16.32 78.00

According to table 4.6, the mean error percentdge3dVT method are below 18% in all

illuminance levels while GLE having up to 80%. Gumared to GLE method, JVT method
is more accurate in estimating the biomass.

4.4 Results of Image Data Set 3

This is forAzolla pinnata under three illuminance conditions. This greempia not like
Spirodela polyrhiza andLemna minor, triangle in shape and frond colour varies to gree
to brown colour. When is grows older, fronds turimetb brown colour.

Image data set gathered and accuracy calculatiartable 4.7.a,b and ¢ while depicted in
figure 4.6.
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Table 4.7.a - Accuracy calculated for Normal illuaiion

Normal illumination
Gt JVT GLE
Total Pix =
1920000 Total Pix = 30000 Total Pix = 1920000
GLin GL GL in GL ACC | Error | GLin | GL ACC | Error
Day | pixels | % pixels | % % % pixels | % % %
001 | 386547 20.13 4686 | 15.62| 77.59| 22.41| 82040| 4.27| 21.22| 78.78
002 | 417753 21.76 4752| 15.84| 72.80| 27.20| 24522| 1.28| 5.87| 94.13
003 | 450258 23.45 5417| 18.06| 77.00| 23.00| 33469| 1.74| 7.43| 92.57
004 | 474569 24.72 6114| 20.38| 82.45| 17.55| 36411| 1.90| 7.67| 92.33
005 | 528471 27.52 6899| 23.00| 83.55| 16.45| 85390| 4.45| 16.16| 83.84
006 | 566521 29.51 7381| 24.60| 83.38| 16.62| 118283| 6.16| 20.88| 79.12
007 | 656032 34.17 8940 29.80| 87.22| 12.78| 179453| 9.35| 27.35| 72.65
008 | 771184 40.17| 10547| 35.16| 87.53| 12.47| 143636| 7.48| 18.63| 81.37
009 | 787992 41.04| 11369| 37.90| 92.34| 7.66| 181336| 9.44| 23.01| 76.99
010 | 887053 46.20| 12922| 43.07| 93.23| 6.77| 223997| 11.67| 25.25| 74.75
Table 4.7.b - Accuracy calculated f©ontrolled illumination at 1000 lux
GT Controlled illumination at 1000 lux
JVT GLE
Total Pix =
1920000 Total Pix = 120000 Total Pix = 1920000
GLin GL GLin | GL ACC | Error | GLin GL ACC | Error
Day | pixels % pixels | % % % pixels | % % %
001 386547 20.13| 3732| 12.44| 61.79| 38.21| 72163| 3.76| 18.67| 81.33
002 417753 21.76| 4423| 14.74| 67.76| 32.24| 94902| 4.94| 22.72| 77.28
003 450258 23.45| 4949| 16.50| 70.35| 29.65| 83577| 4.35| 18.56| 81.44
004 474569 24.72| 5450 18.17| 73.50| 26.50| 106444| 5.54| 22.43| 77.57
005 528471 27.52| 6730| 22.43| 81.50| 18.50| 156770| 8.17| 29.66| 70.34
006 566521 29.51| 7782| 25.94| 87.91| 12.09| 174390/ 9.08| 30.78| 69.22
007 656032 34.17| 8796| 29.32| 85.81| 14.19| 267342| 13.92| 40.75| 59.25
008 771184 40.17| 9929| 33.10| 82.40| 17.60| 248357| 12.94| 32.20| 67.80
009 787992 41.04| 10733| 35.78| 87.17| 12.83| 299518| 15.60| 38.01| 61.99
010 887053 46.20| 12159 40.53| 87.73| 12.27| 307442| 16.01| 34.66| 65.34
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Table 4.7.c - Accuracy calculated foontrolled illuminatiorat 3800 lux

GT Controlled illumination at 3800 lux

JVT GLE

Day T‘igiz';c;ég Total Pix = 120000 Total Pix = 1920000

G'L in GL % G'L in | GL ACC | Error G'L in GL ACC | Error

pixels pixels | % % % pixels % % %
001 | 386547 20.13| 3859| 12.8¢ 63.89 | 36.11| 25763 1.34 6.66 93.34
002 | 417753 21.76 | 4648 | 15.49 71.21 | 28.79| 45547 2.37 10.90 89.10
003 | 450258 23.45| 5313| 17.71 75.52 | 24.48| 41192 2.1%5 9.15 90.85
004 | 474569 24.72 | 5793| 19.31 78.12| 21.88) 63622 3.31 1341 86.59
005 | 528471 27.52| 7226| 24.09 87.51| 12.49| 117285 6.11 22.19 77.81
006 | 566521 29.51| 8575| 2858 96.87 | 3.13| 150604 7.84 26.598 73.42
007 | 656032 34.17 | 9253| 30.84 90.27 | 9.73 | 138699 7.22 21.14 78.86
008 | 771184 40.17 | 10428 34.76 86.54 | 13.46| 177616 9.26 23.03 76.97
009 | 787992 41.04 | 11354 37.8592.22 | 7.78 | 282277 14.7035.82 | 64.18
010 | 887053 46.20 | 12764 42.5592.09| 7.91| 331112 17.2537.33| 62.67
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Figure 4.6 - Green layer extraction in three illnamce levels for both methods for

Azolla pinnata.
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4.4.1 Accuracy Detection foAzolla pinnata

In table 4.8, itis summarized accuracy calculatedinimum, maximum and mean values.

Table 4.8 - Accuracy comparison fazolla pinnata

Normal
Accuracy illumination 3800 lux 1000 lux
% JVT GLE JVT GLE JVT GLE
Min 72.80 5.87 63.89 6.66| 61.79 18.56
Max 93.23] 27.35 96.87 37.33| 87.91 40.75
Mean 83.71] 17.35 83.42 20.62| 78.59 28.85

Table 4.9 - Error % comparison farolla pinnata

Normal
illumination 3800 lux 1000 lux
Error % JVT GLE JVT GLE JVT GLE
Min 6.90| 76.36 1.46 68.60| 10.80| 62.82
Max 37.07 95.98 41.82 95.46| 49.53| 85.27
Mean 16.29 82.65 16.58 79.38| 21.41| 71.15

Here, in both methods there is a reduction of neeiracy value compared to other two
plants. Specially in GLE method because of the wolaariation, it gives low mean
accuracy percentage. Velvety surface area ofthBa pinnata also a reason for that. But
in JVT method, there is a higher accuracy comp&vgdLE method. Because of in JVT
method based on the texture based segmentatisnat effects the surface appearance

for biomass estimation.

With compared t&pirodela polyrhiza andLemna minor, Azolla pinnata has higher error

rate as indicated in table: 4.9.
4.5 Accuracy of the Introduced Methods

Comparison and interpretation of the results andhiathges and disadvantages of the

system are the important final outcomes of theaie$e Ground truth proof accuracy test
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was used to identify the reliability methodologiexder controlled, specific environment

and various conditions with different camera regohs.

According to the accuracy comparison of three glaa indicated in table 4.3, 4.5 and 4.8
JVT method has considerable accuracy than the Gétaed. One of the unsuccessfulness
of the GLE method is, it is mainly focused on estirag the green colour of the plants.
Most of the time, it is not recognized the frondsiatr near to yellow, blue and brown
colour. The main drawback of the GLE method is depace on the illuminance level.
When it falls the light in different levels, it tda to appear the frond surface colour in
different way due to glow, shadow, brightness atiéioenvironmental characteristics.

GLE method based on the HSV transformation, obtginhe mask, morphological
transformation and water shade algorithm. To gebitter performance of this method, it

is required more sophisticated pre and post proupss

JVT method segment the colour image with homogeneegions to generate clusters in
the colour class. And segments images of naturahes; without manual parameter
adjustment for each image and simplifies texturg @vlor. This segmentation does not
depend on color elements, complex objects compositshadows, brightness and
inhomogeneous region colors for texture. Here theewsurface is highly homogeneous
and fronds of the plant is inhomogeneous. Thusutexbased thresholding efficiently

differentiate the fronds of the plant and the wateface.

According to the accuracy calculations in table 4.8 and 4.8, it clearly shows the JVT
method does not depend on illuminance level andtiadity of the images. It is based on

the texture.

4.6 Correlation Results

The robustness to illumination is analyzed usimgRkarson Correlation Coefficient (PCC)
for different illumination levels for the given nietd and the ground truth (GT). The PCC
results are given below for the JVT and GLE respelstin Table 4.10 and 4.11.
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According to the correlation analysis, it was irigeged the relationship between ground

truth and the two methods used under three diftedlaminance levels.

4.6.1 PCC for JVT Based Estimation
Table 4.10 - PCC for JVT based estimation for défe illumination levels

Species Method PCC Results
GT JVT (Normal)| JVT (1000 lux

JVT (Normal) | 0.954 - -

Spirodela polyrhiza | JVT (1000 lux)| 0.964 0.966 -
JVT (3800 lux)| 0.981 0.969 0.983
JVT (Normal) | 0.993 - -

Lemnar minor JVT (1000 lux)| 0.997 0.997 -
JVT (3800 lux)| 0.993 0.998 0.998
JVT (Normal) | 0.998 - -

Azolla pinnata JVT (1000 lux)| 0.992 0.991 -
JVT (3800 lux)| 0.987 0.985 0.999

4.6.2 PCC for GLE Based Estimation

Table 4.11 - PCC for GLE based estimation for ddfa illumination levels

Species Method PCC Results
GT GLE (Normal) | GLE (1000 lux

GLE (Normal) 0.971 - -

Spirodela polyrhiza | GLE (1000 lux) | 0.961 0.952 -
GLE (3800 lux) | 0.961 0.952 0.942
GLE (Normal) | -0.816 - -

Lemnar minor GLE (1000 lux) | -0.031 -0.116 -
GLE (3800 lux) | 0.820 -0.831 0.309
GLE (Normal) | 0.908 - -

Azolla pinnata GLE (1000 lux) | 0.965 0.945 -
GLE (3800 lux) | 0.956 0.894 0.927

The results indicate that JSEG method is more tolhen GLE to variations in

illumination since it shows consistently high résudbr the ground truth as well as among
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different illumination levels. All of the PCC valsidor the JVTare in excess of 95%. On

the other hand, the GLE method exhibits low andatieg correlations in some cases.

Accordingly, the results indicate that JVT meth®diore robust than the GLE to variations
in illumination since it shows consistently higlsués for the ground truth as well as among

different illumination levels.
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CHAPTER 5

CONCLUSION

Throughout the project growth rates were monitdoe®pirodela polyrhiza, Lemna minor
andAzolla pinnata. At each stage obtained results were comparedawvigference (Ground
truth) and considering the Intersection over Unilm) to verify the project is driving in
the correct path. According to the results, obt@itme growth rates of three plants by JVT
and GLE methods, under three different illuminalesels normal illumination, controlled
illumination at 1000 lux and 3800 lux.

Research introduced a new method of automated astimof the wet biomass of above
three plants. The method uses a homogeneity melasona as the J- value to discriminate

between the texture of the fronds of the plantsiftbe uniform water surface.

The proposed method is highly accurate comparduetalternative GLE method. For the
JVT method, the mean accuracy under normal illutrondor Spirodela polyrhizais85%,
for Lemna minor 82.93% and 83.71 % fdzolla pinnata while GLE method having low
accuracy percentages. Because of JVT method igpémdient with illuminance level,

texture, shadows and brightness.

The PCC results show that, it is highly robust &iations in lighting with the resulting
value ranging from 95% - 99%. It can be concludhed the vision based image processing
techniques successfully used for the estimatiorgroivth rate analysis ofpirodela
polyrhiza, Lemna minor andAzolla pinnata under different illuminance levels.

In terms of future works, the main focus has t@bedapting this method for use outside
laboratory conditions such as flowing water andaghoof filamentous algae. It can also
be tried on floating aquatic plants with large flsrsuch asalvinia molesta andPistia
stratiotes. Calibration of the models using measured the m@scontent of the fronds is

another important line of investigation.
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