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Editorial
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The Vavuniya Journal of Science is a biannual journal publication. However, this journal provides
immediate open access to its content on the principle of making research freely available to the
public and supports a greater global exchange of knowledge. No Article Processing Charge (APC)
or page fees will be charged from the authors.

I thank all authors for their contribution to the first issue of the first volume of the Vavuniya Journal
of Science, and I congratulate them for being authors of the Vavuniya Journal of Science.

At this juncture, I am grateful to the reviewers and associate editors who were an integral part of
the review process by providing critical comments to the authors.

Finally, I would like to express my gratitude to the Vice-Chancellor of the University of Vavuniya and
the Dean of the Faculty of Applied Science for providing administrative support for the successful
launch of this journal. I hope that this journal will elevate to an indexed journal better than all the
other Sri Lankan University Journals.

Dr. M. Kayanan
Editor-in-Chief
Vavuniya Journal of Science

iv



List of reviewers
Prof. (Ms.) H. B. Asanthi, Dept. of Limnology and Water Technology, University of Ruhuna
Prof. O.A. Ileperuma, Dept. of Chemistry, University of Peradeniya
Prof. A. Jahufer, Dept. of Mathematical Sciences, South Eastern University of Sri Lanka
Prof. R.K. Mutucumarana, Dept. of Livestock Production, Sabaragamuwa University of Sri Lanka
Prof. W.A. Priyanka P. De Silva, Dept. of Zoology, University of Peradeniya
Prof. L. Rajapakse, Dept. of Civil Engineering, University of Moratuwa
Prof. P.G. Rathnasiri, Dept. of Chemical and Process Engineering, University of Moratuwa
Prof. A.M. Razmy, Dept. of Mathematical Sciences, South Eastern University of Sri Lanka
Prof. (Ms.) P. Wijekoon, Dept. of Statistics and Computer Science, University of Peradeniya
Dr. W. Jayasinghe, Dept. of Agricultural Biology, University of Peradeniya
Dr. (Ms.) L. Jayathunge, Dept. of BioSystems Technology, University of Sri Jayewardenepura
Dr. K. Kandeepan, Dept. of Biochemistry, University of Jaffna
Dr. N. Kannan, Dept. of Agricultural Engineering, University of Jaffna
Dr. (Ms.) D. P. Kanthi Manel, Dept. of Social Statistics, University of Sri Jayewardenepura
Dr. T. Ketheesan, Faculty of Technology, University of Jaffna
Dr. N. Kurukulasooriya, Dept. of Economics, University of Ruhuna
Dr. N. Kuruwitaarachchi, Dept. of ICT, University of Sri Jayewardenepura
Dr. M.A.J.P. Munasinghe, Dept. of Livestock Production, Sabaragamuwa University of Sri Lanka
Dr. (Ms.) S. Preethika, Dept. of Chemical and Process Engineering, University of Peradeniya
Dr. A. Rukshan, Dept. of Management and Entrepreneurship, University of Vavuniya
Dr. D.M. Samarathunga, Dept. of Mathematics, University of Ruhuna
Dr. (Eng.) S. Sivakumar, Dept. of Civil Engineering, University of Jaffna
Dr. S. Thuseethan, Dept. of CIS, Sabaragamuwa University of Sri Lanka
Mr. G. Naveendrakumar, Dept. of Bio-science, University of Vavuniya
Mr. S. Selvarajan, Dept. of Mathematics and Statistics, University of Jaffna

v



List of articles
Serial no. Title and authors Page no.

01 Design, Development and Performance Evaluation of an Abrasion Peeling Ma-
chine for Ambarella (Spondias dulcis) fruits

1–9

E.J. Kosgollegedara, D.A.N. Dharmasena and D.N. Jayatissa
02 Effect of seminal or plasma antioxidant levels on seminal parameters in selected

sub-fertile male
10–15

D.A.L. Munasinghe, M.K.B. Weerasooriya, J.A. Liyanage and H.P. Wakkumbura
03 Physico-chemical properties as a tool for monitoring marine water quality in

selected coastal beaches of Northern Sri Lanka
16–25

S. Gobiraj, S. Kuganathan and B.E. Grøsvik
04 A Binary Integer Programming Approach to find a Sudoku Matrix 26–30

P. Paramadevan
05 A Review on Rainwater Harvesting in Sri Lanka 31–37

V. Vijitha, S. Sayanthan and T. Mikunthan
06 A new stochastic restricted two-parameter estimator in multiple linear regression

model
38–47

S. Arumairajan and S. Kayathiri
07 Multi-temporal Satellite Images and Combination of Multi-Classification Ap-

proaches for Evaluation of Changes in Forest Cover: A case study
48–55

P.K.S.C. Jayasinghe

vi



Vavuniya Journal of Science
Vol 1(1):1-9, August 2022
eISSN: 2950-7154

Faculty of Applied Science
University of Vavuniya

Vavuniya, Sri Lanka

Research Article

Design, Development and Performance Evaluation of an Abrasion
Peeling Machine for Ambarella (Spondias dulcis) fruits
E.J. Kosgollegedara1,2∗, D.A.N. Dharmasena3 and D.N. Jayatissa3

1Postgraduate Institute of Agriculture, University of Peradeniya, Sri Lanka
2Department of Agricultural Engineering and Soil Science, Faculty of Agriculture, Rajarata University of Sri Lanka
3Department of Agricultural Engineering, Faculty of Agriculture, University of Peradeniya, Sri Lanka

Received: March 30, 2022; Revised: June 28, 2022; Accepted: July 09, 2022

Abstract: Ambarella (Spondias dulcis) is one of the newest exotic fruits to gain popularity since it has been used
to produce various processed food in Sri Lanka. The fruit pulp of Ambarella is the primary entity used to process
food. Thus, peeling at the preliminary processing stage is required to obtain fruit pulp. Currently, it has been
done manually using hand tools, which takes a lot of time and labour costs. In addition, no technical solution
has been developed for the small and medium food processing industry. Consequently, a continuous type, rotary
abrasion peeling cum washing peeler was fabricated as a solution for Ambarella peeling to satisfy food processing
at micro, small and medium enterprises (MSMEs). The machine consists of an abrasion drum where a fibre brush
roller and water spraying unit are incorporated. While the drum spins, peeling is performed by a combination of
abrasion surface, brush roller and water. The comparative machine performance was evaluated to find the best
suited horizontal drum angle for peeling of Large and Miniature fruit types of Ambarella and compared with the
manual knife peeling method. The best suited horizontal drum angle and rpm for mechanical Ambarella peeling
were 10o and 75 rpm, respectively. At this point, the machine capacity was 102 kg/h, with 49% peeling efficiency
regardless of Ambarella fruit types. Moreover, the new peeling machine showed significantly higher (22-fold)
mechanical peeling capacity in comparison to knife peeling (p < 0.05). However, machine peeling efficiency was
significantly lower than manual knife peeling (p < 0.05). Furthermore, the material loss was less than 5%. The
costs of peeling the Ambarella by machine and manual process were 2.00 LKR/kg and 40.00 LKR/kg, respectively.
Machine peeling necessitates 19 times less labour than manual peeling. Based on the machine capacity, it
is appropriate for MSMEs. However, further improvements are needed to enhance the Ambarella peeling efficiency.

Keywords: Abrasion peeling, Actual capacity, Ambarella peeling, Fibre brushes, Peeling efficiency.

1. Introduction

Ambarella (Spondias dulcis) has been categorized as an
underutilized and seasonal fruit in Sri Lanka. However,
it is one of the new exotic fruits that has quickly gained
popularity (Ranathunga et al., 2011). Tall local stain
(Large fruit type) and dwarf introduction (Miniature fruit
type) are the two verities available in Sri Lanka (De-
partment of Agriculture Sri Lanka, 2015). Ambarella
is cultivated throughout the country regardless of the
differences in agro-climatic zones as small acreages or
home gardens under cultivation and is not classified as a
plantation crop (Mohammed et al., 2017). Harvest can
be obtained year-round from dwarf cultivars and from
July to August from tall cultivars ( Department of Agri-
culture Sri Lanka, 2015). Ambarella fruits can be eaten
fresh because their flesh is crunchy and slightly sour.
Further, Ambarella fruits are widely processed as curry,
chutney, and pickle at the household level in Sri Lanka
(Jana, 2016).

Natural components of the Ambarella fruit include wa-
ter, sugars, organic acids, and flavour compounds, which
all contribute to the overall flavour and consistency of
the processed product ( Minh and Oanh, 2018 ). Sub-

sequently, there is a rising trend to produce various
value-added products such as minimally processed prod-
ucts, pickles, salads, fruit nectar and beverages as street
snacks and chutney, jam, and a stew as preserved prod-
ucts for the supermarket by both popular food process-
ing industries and micro, small and medium enterprises
(MSMEs) food processers in Sri Lanka. The pulp of the
Ambarella fruit is used to formulate the most processed
value-added products. Thus, as the first unit operation,
the outer skin must be peeled to obtain the pulp from
the fruits (Ranathunga et al., 2011; Daranagama et al.,
2012). The type of product determines the rest of the
unit operations. As a result, the Ambarella fruit peeling
technique is being studied.

Peeling methods for fruits and vegetables are generally
classified as thermal, chemical, and mechanical peeling.
Thermal peeling is commonly used on tough or thick-
skinned fruits and vegetables (Pumpkin and Melon)
which uses heat, pressure, and electronic devices to
crack the outer skin into small pieces. Chemical peel-
ing loosens and removes the outer skin of fruits and
vegetables by soaking them in a caustic NaOH (Lye) so-
lution. However, it has several drawbacks, including a
high cost for NaOH solution, quality loss due to chem-

This article is published under a Creative Commons
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Figure 1: The steps carried out in this experiment

ical reactions, and the inability to remove trace chem-
icals that can be poisonous (Talodhikar et al., 2017).
Manual peeling with simple hand tools is viable for any
fruit or vegetable. However, it has significant drawbacks
such as counting high peeling loss, high time and labour
requirements, and contamination by ambient air. Con-
sequently, mechanical peeling has become the preferred
method among processors (Emadi, 2005; Gaodi et al.,
2017).

In food processing, Sri Lankans frequently use manual
peeling for fruits at micro, small, and medium enter-
prises (MSMEs) and commercial levels. Increased physi-
cal drudgery, significant peeling losses, and poor hygiene
are all linked to this time and labour-intensive manual
peeling process. Although imported peeling machines
have recently been used to automate this process, they
have limitations. They do not meet the needs of the
Sri Lankan food processing industry, owing to high ini-
tial costs, high peeling losses, low peeling efficiency, and
machine conformity to a single purpose. On the other
hand, labour scarcity and cost have created issues, espe-
cially in MSMEs’ food sector. Based on the above facts,
this study aims to develop a horizontal continuous rotary
drum abrasion peeling machine to remove the outer skin
of Ambarella to facilitate the Sri Lankan food industry.

2. Methodology

The steps followed to achieve the study’s objectives are
shown in Figure 1.

2.1. Preliminary Experiments for the Determination
of Machine Design Parameters

The preliminary tests were conducted to determine the
optimal dimensions of the machine in terms of saving
material, time, and cost (Shirmohammadi et al., 2011).
The size and shape of the machine components were
determined based on the physical properties of well-

matured Ambarella fruits (Large and Miniature types).
Subsequently, Ambarella fruits were screened for dam-
ages, and basic geometric characteristics such as length,
width, thickness, equivalent diameter, and mass were de-
termined. A digital Venire calliper was utilized to mea-
sure the length, width, and thickness of Ambarella fruits
(Large and Miniature types). The equivalent diameter
(Deq) was calculated using Equation (1).

Deq = 3
√
L×W × T (1)

where L is the length, W is the width and T is the
thickness.

The mass of Ambarella fruits was determined using a
top-loading balance. Surface area, sphericity, bulk den-
sity, and angle of repose were determined as complex
geometric characteristics. The bulk density (ρb) was
calculated according to Mohsenin (1970) as explained
by Cruz-Matias et al. (2019) by the mass-volume rela-
tionship by filling an empty plastic container of predeter-
mined volume (4500 cm3) with samples and weighing it,
later dividing the mass of the samples by the container
volume. The surface area (S), sphericity (ϕ), and bulk
density (ρb) were calculated using the Equations (2),
(3) and (4), respectively (Mohsenin, 1970; Yurtlu et al.,
2010; Dalvand, 2011; Cruz-Matias et al., 2019).

S = πD2
eq (2)

ϕ =
Deq

L
(3)

ρb =
Mf

Vc
(4)

where Mf is the mass of food materials and Vc is the
volume of the container.

The angle of repose of Ambarella fruits was determined
according to Ismail (1988) by the fixed funnel method.

2



Vavuniya Journal of Science Kosgollegedara et al., 2022

2.2. Design Considerations

The machine was designed based on the following con-
siderations to achieve high efficiency and reliability: ca-
pable of peeling different Ambarella varieties, shapes and
sizes, made from readily available materials, decreased
labour input in conventional Ambarella peeling meth-
ods, and high capacity compared to manual operations,
cost-effective and within the purchasing power of local
farmers.

2.3. Machine Description

Mechanical peeling of Ambarella is a series of unit oper-
ations which includes feeding raw Ambarella into a peel-
ing mechanism, separating inedible outer skin from edi-
ble fleshy, washing peeled food to achieve a cleaner and
hygienic product, and collecting peeled food separately
from residuals. Therefore, the abrasion peeling machine
was made by assembling five separate units: a feeding
hopper, abrasion drum, water spraying unit, outlet and
draining gutter to comply with the above unite opera-
tions. Unpeeled Ambarella fruits were directed into the
abrasion drum through the feeding hopper under gravity.
The abrasion drum consisted of double walls where pro-
trusions were made on the inner drum wall to provide an
abrasion surface for Ambarella fruit peeling. The protru-
sion size was 4mm× 1mm in length and width, respec-
tively and 36 protrusions per 8 cm2. The drum’s outer
wall was smooth, which was mounted externally on the
three sets of bearing drive shafts with 120◦ of the angle
between each. Dimensions of the drum were 400 mm in
diameter on the outer wall, 340 mm in diameter on the
inner wall, and 1500 mm in length, respectively. A brush
roller made of polypropylene (PP) fibres (length - 3.81
cm) was placed inside the abrasion drum to avoid food
material moving along the drum wall without rubbing
against it. In addition, the brush roller rotates opposite
direction to the drum. Therefore, undulated surfaces
of food materials peel off well by increasing the peel-
ing efficiency. Furthermore, the drum and frame were
designed so that the horizontal inclination towards the
outlet could be adjusted using a screw drive mechanism
on the front side and hinges on the backside of the drum.

A water spraying unit was installed lengthwise inside the
abrasion drum above the fibre brush roller. This aided
in cleaning the pared Ambarella while improving peeling
efficiency.

A 3 HP single phase electric motor powered the abrasion
drum. Based on the preliminary experiments, 70 RPM
was determined to be the optimum drum speed for Am-
barella peeling. The rotary motion of the abrasion drum
helps to peel Ambarella fruits. Simultaneously, the fi-
bre brush roller smoothly performs the peeling of Am-
barella’s undulate surfaces and directs them towards the
outlet. Pared cleaned Ambarella collected by the outlet
while draining gutter facilitates to discard the washout
with the loose skin.

2.4. Evaluation of the Machine Performance

The performance of the machine was compared with the
manual peeling method. Ambarella fruits (Large and
Miniature types) were selected as raw materials, and
comparisons were made separately for each fruit type.

2.5. Testing of Manual Peeling Parameters of Am-
barella

Freshly harvested large and miniature types of Ambarella
were used as samples for the experiment. All sam-
ples were screened for damages, and fruit samples of
5 kg were peeled separately by an appropriately sharp-
ened knife with skilled operators. The test was repli-
cated thrice, and Theoretical peeling capacity(PCT ),
mechanical efficiency, peeling efficiency (PE), percent-
age mass loss (PMC) of peeled fruits and damage
percentage(DP ) were calculated using Equations (5),
(6), (7),(8) and (9), respectively. The theoretical peel-
ing capacity was calculated using the average time taken
to peel one kilogram of food sample without accounting
for time waste (Kosgollegedara et al., 2021).

PCT =
60 min/h

tp1kg
(5)

where tp1kg is the time taken to peel 1 kg of food ma-
terial (min/kg).

The actual peeling capacity (PCA) was the actual
amount of peel food material within one hour by con-
sidering the time wasted for loading, unloading, adjust-
ments, and resting. The mechanical efficiency was cal-
culated as the ratio between the actual and theoretical
capacities of peeling methods (Singh and Shukla, 1995).

Mechanical efficiency =
PCA

PCT
× 100% (6)

The peeling efficiency of Ambarella was calculated as
a percentage of the mass collected through the peeler
outlet to the total mass of peel (Olayanju et al., 2019).

Peeling Efficiency(η) = Mpo

Mpo +Mpr
× 100% (7)

where, Mpo is the mass of peel collected through the
peel outlet of the machine (kg) and Mpr is the mass of
peel removed by hand after machine peeling (kg).

The mass of the raw food sample was measured before
peeling, and the mass of the pared food sample was mea-
sured immediately after removing water from the pared
surface using paper towels. The percentage peel losses
were calculated using the following equation (Willard,
1971).

Percentage mass losses = Mr −Mp

Mr
× 100% (8)

where Mr is the mass of raw food material and Mp is
the mass of peeled food material.

3
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The percentage of damaged food was calculated as the
ratio of damaged food material to the total pared food
sample (Singh and Shukla, 1995).

Damage percentage =
PFd

PFTol
× 100% (9)

where PFd is amount of damaged pared food material
and PFTol is the total amount of pared food material.

2.6. Testing of Mechanical Peeling Parameters of
Ambarella

Damage-free freshly harvested large type and miniature
type of Ambarella (5 kg) were fed into the drum sepa-
rately for the experiment. Three different drum inclina-
tions, A1-10◦, A2-15◦, and A3-20◦, were used as treat-
ments. Three replications were performed for each treat-
ment. The theoretical peeling capacities, Actual peel-
ing capacity, mechanical efficiency, peeling efficiency,
percentage mass loss of peeled fruits and damage per-
centage were calculated using the Equations (5), (6),
(7), (8) and (9), respectively, for above data. This
study used two fruit types (Large and Miniature type)
and three horizontal drum angles (A1-10◦, A2-15◦, A3-
20◦). Hence, there were six fruit-type – horizontal drum
angle combinations. These six combinations were used
as the treatments in this study. The significant differ-
ences of the selected dependent variables (i.e., actual
peeling capacity, theoretical peeling capacity, mechan-
ical efficiency, peeling efficiency, percentage mass loss
and damage percentage) under these treatments were
statistically compared using one-way ANOVA. The ex-
perimental design was CRD with three replicates. Mean
separation was conducted using Tukey’s test at 5% sig-
nificance level. The best-suited horizontal drum angle
for mechanical peeling of Ambarella was selected based
on the above statistical analyses.

Performances of mechanical and manual Ambarella peel-
ing were compared using an independent sample t-test
at a 5% significance level. The best-suited horizontal
drum angle selected based on the previous study was
used for mechanical peeling in this study.

2.7. Economic performance evaluation

All wages in the manual method and fixed and variable
costs in the mechanical method were calculated to eval-
uate and compare the peeling costs of both manual and
new mechanical methods. The mean annual deprecia-
tion cost was calculated by the straight-line method (us-
ing Equation 10). (Kepner et al., 1982; RNAM, 1983).

Depreciation =
P − S

N
(10)

where P is the purchase price, S is the salvage price and
N is the total life in years (10 Years).

The break-even point was calculated using Equation 11
to determine the number of kilograms of food material

that had to be peeled per year to justify the machine’s
ownership (Alizadeh et al., 2007).

Be =
Fc

Vct − Vm
(11)

where Be is the break-even point (kg/year), Fc is the
fixed costs (LKR/year), Vct is the variable costs for man-
ual method (LKR/kg) and V m is the variable costs for
machinery method (LKR/kg).

3. Results and Discussions

3.1. Preliminary Experiments for the Determination
of Machine Design Parameters

Results of some basic geometric characteristics of both
fruit types of Ambarella (Large and Miniature type) are
presented in Table 1. According to the results, the mean
values of length, width, thickness, equivalent diameter,
and mass of the Ambarella large fruit type were 64.79
mm, 50.84 mm, 48.48 mm, 54.23 mm, and 90.47 g,
respectively. Based on these values, the basic geomet-
ric characteristics of the Ambarella miniature fruit type
were lower.

Therefore, the miniature Ambarella fruits were the
smaller food item. Fruits of both Ambarella varieties
were more uniform in size with respect to the coefficient
of variability CV values (less than 12%). However, the
CV’s of the mass of Ambarella goes up to 26%. Such
variations may affect the peeling efficiency. Moreover,
as Warrick and Nielsen (1980) reported, the coefficient
of variance (CV%) values of basic geometric character-
istics of Ambarella large and miniature types were lower
than the 35%, thus indicating low, moderate variability.

The basic geometric characteristics of Ambarella were
used to calculate the complex geometric characteristics
such as surface area, sphericity, bulk density, and an-
gle of repose. The descriptive statistics of the complex
geometric characteristics of Ambarella are displayed in
Table 2.

The sphericity is a physical property that expresses the
characteristic shape of a solid object comparative to that
of a sphere of similar volume (Mohsenin, 1970). This
property is applicable to the mass transfer phenomenon
(Burubai and Amber, 2014). The mean sphericity val-
ues of Ambarella large and miniature types were 0.83
and 0.82, respectively. Ambarella fruits are closer to a
sphere based on the mean sphericity values. Thus, Am-
barella fruits have a tendency to roll over in the rotating
drum. These sphericity data of food items are helpful
for hopper design and handling food materials.

Bulk density is the mass of a group of individual parti-
cles divided by the space occupied by the entire mass,
including the air space (Burubai and Amber, 2014). The
mean bulk density value for Ambarella large and minia-
ture types was 720.16 kg/m3 and 720.12 kg/m3, re-
spectively. Based on the results, the bulk densities were

4
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Table 1: Descriptive Statistics of Basic Geometric Characteristics of Ambarella (Large and Miniature type)

Ambarella type Parameters Mean value Maximum Minimum SD CV (%)

Large

Length (mm) 64.79 83.81 54.62 5.49 8.47
Width (mm) 50.84 61.37 44.37 4.48 8.81
Thickness (mm) 48.48 59.38 42.22 4.08 8.84
Equivalent diameter (mm) 54.23 67.34 47.46 4.36 8.03
Mass (g) 90.47 167.00 62.21 22.56 24.93

Miniature

Length (mm) 52.26 56.73 46.37 3.95 7.55
Width (mm) 40.33 48.67 32.11 4.82 11.95
Thickness (mm) 37.98 42.95 30.29 3.83 8.60
Equivalent diameter (mm) 43.08 48.20 35.62 4.16 11.67
Mass (g) 44.49 57.69 23.78 11.17 25.78

SD- standard deviation, CV- coefficient of variance

Table 2: Descriptive Statistics of Complex Geometric Characteristics of Ambarella (Large and Miniature types)

Ambarella type Parameters Mean value Maximum Minimum SD CV (%)

Large

Surface area (mm2) 9295.50 14240.47 7073.12 ± 1539.05 16.55
Sphericity 0.83 0.92 0.77 ± 0.03 4.45
Bulk density (kg/m3) 720.16 721.47 718.13 ± 1.43 0.19
Angle of repose (degree) 30◦01’ 30◦10’ 29◦32’ ± 0◦16’ 0.89

Miniature

Surface area (mm2) 5879.20 7294.18 3984.74 ± 1102.76 18.75
Sphericity 0.82 0.85 0.77 ± 0.02 2.43
Bulk density (kg/m3) 720.12 720.93 719.33 ± 0.65 0.09
Angle of repose (degree) 31◦25’ 32◦35’ 30◦06’ ±1◦08’ 3.59

SD- standard deviation, CV- coefficient of variance

Figure 2: Fabricated abrasion Ambarella peeling machine: 1-Feeding hopper, 2-Abrasion peeling drum, 3-Main
frame, 4-Outlet, 5-Draining gutter, 6-Power transmission unit.

similar for both fruit types of Ambarella.

Furthermore, the mean values of angle of repose for Am-
barella large and miniature types were 30◦01’ and 31◦25’.
This parameter was used to design the hopper’s angle
of slope.

3.2. Machine description

The machine was fabricated by combining five separate
units: feeder, rotary abrasion drum, water spraying unit,

power unit, and outlet and draining gutter. An electrical
motor provided the power, and transmission was occu-
pied with a gearbox, belt, and pulley system. Figure 2
shows the components of the newly developed peeler for
Ambarella.

3.3. Evaluation of the Machine Performance

A comparative performance evaluation was conducted
for Ambarella (large and miniature types). Based on the
results in Table 3, Ambarella’s theoretical and actual

5
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Table 3: Theoretical, Actual Peeling Capacities and Mechanical efficiencies of Mechanical Peeling of Ambarella

Ambarella Theoretical Peeling capacity Actual peeling capacity Mechanical efficiency %
type Horizontal drum angle Horizontal drum angle Horizontal drum angle

10◦ 15◦ 20◦ 10◦ 15◦ 20◦ 10◦ 15◦ 20◦
Large 123.2a 123.3a 124.1b 102.2a 102.6a 103.3b 82.93a 83.17a 83.25a

(±0.1) (±0.13) (±0.41) (±0.2) (±0.1) (±0.1) (±0.25) (±0.90) (±0.16)
Miniature 123.2a 123.2a 123.9b 102.3a 102.8a 103.4b 83.01a 83.39a 83.42a

(±0.10) (±0.02) (±0.15) (±0.1) (±0.11) (±0.20) (±0.12) (±0.12) (±0.45)
Values with different characters are statistically significant (p < 0.05), and dependent variables were not statistically compared.

(a)

(b)

Figure 3: (a) The Peeling Efficiency and (b) Percentage Mass Loss of Mechanical Peeling of Ambarella

capacities in both varieties were significant (p ≤ 0.05),
along with the horizontal drum angles.

The significantly higher theoretical and actual capacities
were reported for the Ambarella large (PCT -124 kg/h,
PCA-103 kg/h) and miniature types (PCT -123 kg/h,
PCA-103 kg/h) at the 20◦ of horizontal drum angles
than those at the 10◦ and 15◦ drum angles. The reason
is that a higher horizontal drum inclination at 20◦ facil-
itates significantly higher mass movement through the
abrasion drum compared to the other angles. Accord-
ing to Kosgollegedara et al. (2021), the Actual peeling
capacities for potatoes (Granola variety ) with the same
peeling machine at the 20◦ of horizontal drum angles
were reported as 118.41 kg/h.

The mechanical efficiencies of Ambarella large and
miniature types were insignificant (p ≥ 0.05) with the

horizontal drum angle. The reason is due to similar fac-
tors of time losses that were affected by the mechanical
peeling on three different horizontal drum angles.

The peeling efficiencies of the mechanical method for
Ambarella were significant (p < 0.05) among the three
different horizontal drum angles regardless of the type
of Ambarella (Figure 3). In comparison to the other two
efficiencies at 15◦ and 20◦ horizontal drum angles, the
peeling efficiency at 10◦ (49%) horizontal drum angle
is significantly higher (p < 0.05). Furthermore, peeling
efficiencies were insignificant at the 15◦ and 20◦ drum
angles. The 10◦ horizontal drum angle may allow suffi-
cient retention time for mechanical peeling of Ambarella
irrespective of the type of fruits. Kosgolegedara et al.
(2021) reported that the peeling efficiency for the potato
Granola variety at 10◦ the horizontal drum angle was

6
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Table 4: Performance Parameters of Mechanical Peeling Methods of Ambarella

Dependent variables Peeling methods
Manual peeling Mechanical peeling

Drum at 10◦ of horizontal angle
Large type Miniature type Large type Miniature type

Theoretical capacity (kg/h) 5.22a 5.18a 123.27b 123.27b
(±0.04) (±0.01) (±0.10) (±0.10)

Actual capacity (kg/h) 4.74a 4.63a 102.22b 102.33b
(±0.06) (±0.03) (±0.23) (±0.12)

Mechanical efficiency (%) 90.73a 89.28a 82.93b 83.01b
(±0.76) (±0.98) (±0.25) (±0.12)

Peeling efficiency (%) 100a 100a 48.69b 48.57b
(±0.02) (±0.04)

Percentage mass loss (%) 6.36a 6.43a 2.66b 2.78b
(±0.11) (±0.09) (±0.12) (±0.02)

Food damage percentage (%) - - 3.54a 3.43a
(±0.20) (±0.12)

Values with different characters are statistically significant (p < 0.05), and dependent variables were not statistically compared.

88%.

In the mechanical peeling of Ambarella, the percentage
mass losses (3%) were significant (p < 0.05) at the 10◦
horizontal drum angle despite fruit types , as shown in
figure 3b. The reason is significantly higher peeling effi-
ciency at 10◦ of horizontal drum angle compared to the
other two drum angles. Moreover, the percentage mass
loss for the potato Granola variety was 4.24% at 10◦ of
horizontal drum angle (Kosgollegedara et al., 2021).

Based on the above-reported results holistically, the hor-
izontal drum angle of 10° has been observed to be the
best horizontal drum angle for the mechanical peeling of
Ambarella.

3.4. Comparison of Manual and Mechanical Am-
barella Peeling Methods

Skilled operators carried out the manual peeling for
Ambarella large and miniature types with appropriately
sharpened knives. Manual peeling results were compared
to mechanical peeling results obtained at a horizontal
drum angel at 10°. The results of dependent variables of
Ambarella manual and mechanical peeling are displayed
in Table 4.

The actual and theoretical capacities of Ambarella peel-
ing were significant (p ≤ 0.05) among the peeling meth-
ods. Despite the fruit types, significantly greater actual
and theoretical capacities were reported in the mechani-
cal method compared to the manual method (p ≤ 0.05).
It may be due to the faster rotary abrasion mechanism
than the manual knife peeling. The manual Ambarella
peeling efficiency (100%) was significantly (p ≤ 0.05)
higher than the mechanical peeling. The Ambarella can
be peeled entirely by applying the required force and
better individual operator supervision during the manual
peeling. Therefore, this results in higher peeling efficien-
cies in the manual method.

Percentage mass losses of the Ambarella peeling were
significant in the manual peeling (6%) compared to the
mechanical peeling of Ambarella, regardless of the types
of fruits. This is because the manual peeling method
completely removes the peel of individual Ambarella fruit
more than the mechanical method.

The negligible food damage percentages for the man-
ual peeling and food damage percentages in mechanical
peeling of large and miniature types of Ambarella were
3.54 ± 0.20% and 3.43 ± 0.12%, respectively. The
damage in machine peeling is mainly due to the jam-
ming and clogging of fruits in the abrasion drum during
peeling.

3.5. Economic performance evaluation

The total cost of peeling for one kilogram of Ambarella
was LKR. 2.05 in the mechanical method, while in the
manual method, it is increased to LKR 40.06, respec-
tively. The greater capacity of the mechanical peel-
ing method was the reason for the low total cost per
kilogram of Ambarella compared to the manual peeling
method.

The variable cost accounted for 98% of machine cost,
and the reason for this was the high cost of labour wages
(90%). Meanwhile, less than 3% of the fixed cost was
contributed to the total annual cost for the mechanical
method due to the low cost of repair & maintenance,
the interest of investment, depreciation, and shelter.

According to the comparative economic performance
evaluation results, the newly designed peeler reported
minimal break-even point values, and it is appro-
priate for SMSEs food processors that have annual
Ambarella-based processed production of more than
378.05 kg/year, respectively.
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4. Conclusion

The newly designed peeling machine has gained satis-
factory performance in the evaluation process. The best
horizontal drum angle for peeling Ambarella is 10◦. The
peeling machine’s performance does not vary between
the two varieties of Ambarella. The peeling capacity
of the new peeler in comparison to the manual peel-
ing method for Ambarella is 21.85 times higher. The
newly developed peeler achieves the minimum material
loss (The maximum damaged percentage of mechanical
peeling was less than 5% for both fruit types of Am-
barella), which minimizes postharvest losses. The cost of
operation and the labour requirement for the new peeler
for Ambarella peeling were 1/21st and 1/19th lower than
the conventional manual peeling.

Further, this peeler showed comparatively lower power
consumption, repair & maintenance, and lubrication
costs as 7%, 1% and 1% percentages of the annual
cost, respectively. Since the break-even point of this
machine was minimal (378.05 kg/year), it is appropriate
for MSMEs.

Besides, the calculated cost for peeling one kilogram of
Ambarella was LKR. 2.08. There were no ergonomic is-
sues with the operator during the test runs. Thus, it
can be concluded that the continuous type rotary drum
abrasion peeling machine could be introduced as an ap-
propriate solution for peeling Ambarella for MSMEs, and
further improvements are needed to increase the effi-
ciency of the peeling machine.
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Abstract: Antioxidants play a significant role in neutralizing oxidative stress, which could cause impairments
to the spermatozoa. Various studies have pointed to various conclusions about the effect of antioxidants on
seminal quality. Thus, this cross-sectional study was set up to analyze the relationship between the antioxidants
and seminal parameters in Sri Lanka from August 2014 to April 2016. The selected sub-fertile population was
investigated to gather demographic data and food habits. Eventually, blood and seminal sample (after three
days of abstinent from ejaculation) were collected from them. The blood and semen of each subject were
analyzed for total antioxidant concentrations, and the semen was further undergone for the seminal analysis.
Normal healthy males were selected for the control group. The average total antioxidant levels of the semen
(892.49 ± 187.49) and plasma (808.39 ± 423.88) of the test group (n = 75) were compared with the same
of the control group (semen; 929.58 ± 190.70, plasma; 878.73 ± 426.28) separately and found to have no
statistically significant difference in each (p > 0.05). Spearman correlation and linear regression analysis were
carried out to determine the relationship between plasma and semen antioxidant levels with each seminal
parameter of the test group. It was evident that no statistically significant relationship was found in either test
for tested variables. Thus, the quality of semen is independent of the seminal or blood level of antioxidants in
the experimental group. This could be due to a sufficient level of antioxidants in the body fluids of the study group.

Keywords: Antioxidant, Oxidative stress, Semen parameters, Semen quality, Body fluids.

1. Introduction

On the new findings, the contribution of the male party
to infertility is considerable, and as a percentage, it is
around 30 - 40% (Thonneau et al., 1998). Male factor
infertility could be due to various biological and biochem-
ical factors, most of which are idiopathic. Identifica-
tion of those is vital to controlling male infertility—free
radicals, which develop the oxidative stress in an indi-
vidual, one of such causes. Free radicals are elements
or compounds with unpaired electrons; thus, they are
highly reactive in action. Free radicals always try to at-
tack other molecules to get electrons to stabilize them
(Horward, 2014). This could lead to chain reactions
where the undergone molecules become free radicals and
get damaged. So, the free radicals are liable to attack
macro-molecules such as proteins, enzymes, DNA, car-
bohydrates, lipids, and other molecules. Damaged DNA,
as well as dammed molecules of cellular membranes, ul-
timately could carry the cell-specific impairments. Thus,
free radical attack on spermatozoa may lead to infertil-
ity.

An antioxidant system which includes Vitamins (A, C,
E), certain antioxidant enzymes, and minerals (zinc, se-
lenium) may control the level of free radicals in body
fluid up to a certain extent to control the level of ox-
idative stress (oxidation caused by an excessive level of

free radicals). In several studies, it has been pointed out
that the antioxidants, which can control the extra level
of free radical (oxidative stress), have a favourable pos-
itive effect on seminal parameters hence the quality of
semen. However, the level of antioxidants in body fluid
may depend on the individual’s food habits, environ-
mental exposures (Mathies, 2014), and other metabolic
factors. The finding of the relationship between antiox-
idant levels in body fluid (semen, plasma) and seminal
parameters such as semen volume, count, motility, and
morphology helps control male infertility indirectly. The
study was set up to check the effect of antioxidants on
seminal parameters, hence the quality of semen.

2. Methodology

Procedures of the studies involving human participants
were in accordance with the ethical standards of the in-
stitutional and/or national research committee and with
the 1964 Helsinki declaration and its later amendments
or comparable ethical standards.

2.1. Design and Method

This study was a prospective cross-sectional study. The
sample size (n) was determined according to the follow-
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Attribution 4.0 International License. *Corresponding Author’s Email: munasinghe74@yahoo.com



Vavuniya Journal of Science Munasinghe et al., 2022

ing equation (Levin, 2006; Patra, 2012):

n =
4Z2

αP (1− P )

D2
(1)

where Zα is the standard normal deviate, P is the preva-
lence of male infertility and D is the total width of con-
fidence. In this study, P=8% (Khani et al., 2013) and
D=0.125; thus, the sample size at a 95% confidence
level was calculated as n=72.

The control group: The age matching and number
equal (as much as possible) healthy men were selected
for the control group. These individuals had normal se-
men profiles.

The male partners of infertile couples who visited the
fertility clinic of an institute in Sri Lanka between Au-
gust 2014 and April 2016 were involved in the study.
The individuals who wished to participate in the study
were evaluated on exclusive and inclusive criteria on their
consent.

Inclusive criteria: Male persons, over 18 years old.

Exclusive criteria:

1. Male persons who were suffering from diseases
such as hypertension, diabetes, arthritis cancer,
during the period.

2. Male persons who were on drugs relevant to the
above disease conditions.

3. Male persons who had been addicted to recre-
ational drugs (e.g. marijuana, abin and ganja.

4. Male persons who had been on anti-gastric drugs
such as cimetidine or any steroidal drugs.

5. Male persons who were with pathological diseases
in the reproductive system (varicocele, testicular
problems).

6. Male persons who were dumb, deaf and mentally
disabled (as they are unable to communicate)

7. Male persons who were on fertility treatment dur-
ing the time

The subjects who were satisfactory according to the cri-
teria were selected randomly on a lottery-based method
for the study and gathered demographic data (age, res-
idence) and lifestyle data (food habits, exposures). The
interview was followed by the collection of blood from
the subject under aseptic methods by a trained tech-
nician. Eventually, the subject was given a clean, dry
wide-mouth glass container with advice to collect the
semen by ejaculation (after three days of abstinence).
The body fluids were considered as infective and univer-
sal precautions were followed when handling and analyz-
ing.

Analysis of volume of the semen: After the liquefac-
tion was reached, the semen volume was measured with
10 ml of a measuring cylinder (Engbaek et al., 2003).

Analysis of sperm count :Using a Sahli pipette well
mixed, liquified semen sample was drawn up to the 0.5
microliter mark. Then, the semen diluting fluid was
drawn up to the 11 microliter mark, and interior con-
tent was mixed well by keeping the pipette on a work-
ing rotator. The mixture was loaded into the Improved
Neubauer counting chamber and allowed the sperm to
settle in it. Eventually, the number of sperms in four
corner squares was counted.

Number of sperm/ml =
ns × 10× 20× 1000

4
(2)

where ns is the number of sperm counted in all four
corner squares.

Analysis of sperm motility: A clean glass slide was
taken, and a drop of liquefied semen (10 µl) was placed
on it. A cover slip was placed on the specimen and rimed
the edge with petroleum jelly to prevent evaporation. By
observing the several fields of the specimen through the
high power of a microscope (×40), the proportion of
motile to non-motile sperms was obtained. With the
finding, the percentage of motile sperm was calculated.

Analysis of sperm morphology: A clean glass slide was
taken, and a drop of liquefied semen (10 µl) was intro-
duced to make a thin smear. The smear was air-dried.
Then, the dried smear was washed thoroughly with se-
men diluting fluid to remove the mucous. The smear was
covered for around 8 minutes with the diluted Leishman
stain. The stain was prepared by mixing 10 ml of stain
and 20 ml of distilled water. After that, the stain was
washed thoroughly well with buffered distilled water. Fi-
nally, the slide with stained smear was dried. The slide
was observed for morphology under a high power field,
and the normal to abnormal spermatozoa ratio was ob-
served in different microscopic fields to have the final
average percentage of normal spermatozoa.

Analysis of plasma total antioxidant level: The fer-
ric reducing ability of plasma (FRAP assay) was selected
as the assay to measure the total antioxidant capacity
of the blood as well as seminal plasma of the subjects.
This was because the assay was reproducible, inexpen-
sive, and regents were simple to prepare, straightforward
and speedy (Benzie and Strain, 1996).

Preparation of final test solution: Following reagents
were prepared freshly (Benzie and Strain, 1996).

(A) 1 liter of 300 mM acetate buffer solution.
(B) 5 ml of 2, 4, 6 - tripyridyl -5- triazine (TPTZ )

solution.
(C) Ferric chloride solution (mol).
(D) Preparation of standard solution (1 mol of ascorbic

acid).
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Table 1: The way of mixing each reagent and samples

Solution Test Standard Blank
Plasma/semen 100 µl – –
Ascorbic acid solution – 100 µl –
Freshly prepared FRAP reagents 3000 µl 3000 µl 3000 µl

Table 2: The average total antioxidant values of the individuals in each group of normal and abnormal seminal
parameters

Type of body fluid Control group (n = 75) Test group (n = 75) p-value
(µmol/l) (µmol/l) (Wilcoxon signed rank test)

Plasma 878.73 ± 426.28 808.39 ± 423.88 p > 0.05
Semen 929.58 ± 190.70 892.49 ± 187.49 p > 0.05

The first three reagents were mixed in a beaker accord-
ing to the ratio (A: B: C = 10:1:1) to have the final
working solution for the assay. The final reagent was
incubated at 37 oC for ten minutes before use.

Ascorbic acid (vitamin C), 1.76 g, was measured and
dissolved with distilled water in 10 ml of the volumetric
flask to obtain the final 10 ml solution.

Measurement of semen/plasma antioxidant level:
Standard and blank samples were prepared by mixing
the solution and plasma/semen as in Table 1.

All were mixed well separately in a vortex mixture, and
absorption of each was obtained at room temperature.
Then, the samples were kept at 37 oC for four min-
utes, and the second absorption was measured sepa-
rately. The antioxidant level was obtained finally ac-
cording to the following equation.

Antioxidant level = 2×Dts

Dss
(3)

where Dts is the difference of the absorption of test
sample and Dss is the difference of the absorption of
standard sample.

Quality control of reagent: A quality control sample
of known antioxidant concentration was run 15 times
during the test procedure, and a Leavey Jenning chart
was drawn. The data was scattered between the mean
2 Standard Deviation margins of the chart; further, the
values’ coefficient variance was less than 5%. Thus, it
is clear that the accuracy of the test procedure was up
to the level.

Limitations of the procedure: The quality of chem-
icals, the reaction time, and the level of mixing may
affect the outcome.

2.2. Data processing and statistical methods

Results were subjected to a normality test, indicating
a non-normal distribution. Thus, a non-parametric test
was used in the analysis of the results. Two groups,
such as test (sub-fertile males) and control (normal

healthy males), were selected, and average antioxidant
levels of body fluids (semen and plasma) of each group
were compared comparatively under Wilcoxon signed-
rank test. Further, the antioxidants level of each fluid
were run against the respective seminal parameters (vol-
ume, count, motility, morphology) to find out the rela-
tionship of antioxidants in each fluid with their respective
seminal parameters. We used IBM SPSS 20 to carry out
the analysis.

3. Results and Discussions

The measured antioxidant level of plasma and semen of
both groups (control and test) were summarised in Table
2.

The normospermic group (control) of the study was dis-
tinctive in every aspect from the abnormospermic group
(test) as there were significantly higher seminal parame-
ter values (p < 0.05) compared to the abnormospermic
group.

There is no cut-off value generally for the antioxidant
level of normal healthy human beings. However, the av-
erage plasma antioxidant value of healthy Sri Lankans
with normal seminal parameters was 878.73 (± 426.28)
µmol/l, which was slightly lower than that of the
healthy Chinese men (1017 ± 206 µmol/l) (Benzie and
Strain, 1996). Both analyses were carried out with a
FRAP assay. This difference in values could be due to
food habits, genetic factors, environmental factors, and
lifestyle factors, which are dependent on race.

However, the blood and seminal plasma of the normo-
spermic group of the present study had a higher level
of antioxidant capacity than the abnormospermic group.
The difference of each fluid in the respective groups was
compared statistically ( p = 0.07, p = 0.09, respec-
tively) under the Wilcoxon Signed Rank Test and found
to have statistically insignificant (p > 0.05). Addition-
ally, the semen of both groups had a higher level of
antioxidants than that of plasma. As the difference was
statistically insignificant, it cannot be expressed that it
had happened causatively.
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Table 3: Spearman correlation analysis between plasma antioxidant level and seminal parameters

Variable Correlation coefficient Significance
Plasma antioxidant level, semen volume -0.192 p >0.05
Plasma antioxidant level, sperm count -0.240 p >0.05
Plasma antioxidant level, sperm motility -0.327 p >0.05
Plasma antioxidant level, sperm morphology -0.290 p >0.05

Table 4: Spearman correlation analysis between seminal antioxidant level and seminal parameters

Variable Correlation coefficient Significance
Semen antioxidant level, semen volume 0.136 p >0.05
Semen antioxidant level, sperm count 0.031 p >0.05
Semen antioxidant level, sperm motility -0.018 p >0.05
semen antioxidant level, sperm morphology 0.041 p >0.05

Table 5: Linear regression analysis between plasma antioxidant level and seminal parameters

Variable R-value R square
Plasma antioxidant level, semen volume 0.063 0.004
Plasma antioxidant level, sperm count 0.209 0.044
Plasma antioxidant level, sperm motility 0.189 0.036
Plasma antioxidant level, sperm morphology 0.078 0.006

Table 6: Linear regression analysis between semen antioxidant level and seminal parameters

Variable R-value R square
Semen antioxidant level, semen volume 0.125 0.016
Semen antioxidant level, sperm count 0.009 0.001
Semen antioxidant level, sperm motility 0.125 0.016
Semen antioxidant level, sperm morphology 0.047 0.002

Table 7: The average total antioxidant capacities of the individuals in the normospermic and oligoasthenoterato-
zoospermic groups

Type of body fluid
Average total antioxidant capacity (µmol/l) p-value

Group with Group with (Wilcoxon
normospermic oligoasthenozoospermic signed-rank

parameters (n = 75) individuals (n = 13) test)
Plasma 878.73 ± 426.28 632.27 ± 530.87 p > 0.05
Semen 929.58 ± 190.70 820.80 ± 319.09 p > 0.05

Spearman correlation test: The test was run to de-
termine the strength of the relationship between each
antioxidant level of plasma and semen with the seminal
parameters, respectively, and found no significant rela-
tionship (refer Table 3 and Table 4).

Linear regression analysis: The relationship of each
semen parameter was investigated against the concen-
tration of antioxidant level of plasma and semen, and
neither semen nor plasma antioxidant correlated with
particular seminal parameters (refer Table 5 and Table
6).

However, under the Spearman correlation test, an inter-
esting relationship was seen between the level of seminal
pus cells (over 10 per high power field) and the level
of seminal antioxidant for the whole study population.
Further, a moderate positive correlation was also found

between the two according to the linear regression anal-
ysis, (r = 0.42, r2 = 0.176, p < 0.05).

Thus, as mentioned previously, the free radicals gen-
erated by higher-level pus cells might stimulate all the
sources (accessory glands of the reproductive system) to
secrete antioxidants toward the semen. However, be-
cause the difference of antioxidant level between the se-
men and plasma was insignificant, the mentioned con-
clusion would be abolished.

Out of the total abnormospermic individuals (test), the
most important and the second highest group was the
oligoasthenozoospermic group (individuals whose three
important seminal parameters are count, motility, mor-
phology have been affected simultaneously). Addition-
ally, the antioxidant level of the individuals in the group
was compared with the normospermic group for both
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body fluids and found to have no significant difference
(refer Table 7).

The average values of the total antioxidant capacities of
the two body fluids (semen and blood) of oligoastheno-
zoospermic group were lesser than that of the normo-
spermic group (control) and were statistically insignifi-
cant (p > 0.05). Meanwhile, the seminal plasma of both
groups possessed a higher antioxidant capacity than that
of the blood. The gap was highest in the oligoastheno-
zoospermic group (188 mol/l) and was statistically in-
significant (p > 0.05).

Moreover, the concept of having a high antioxidant level
in semen more than the other body fluids could be an
added advantage for the semen to be protected from
free radical attacks mentioned previously. This concept
becomes prominent further with the high seminal antiox-
idant value of the oligoasthenoteratozoospermic group.
This massive increase could be due to the group find-
ing individuals with three defective seminal parameters.
It is obvious that the morphologically defective cells are
more prone to generate free radicals it selves and to at-
tract neutrophils (white blood cells) toward the premise.
It has been known that neutrophils are good sources of
free radicals. Thus, in the particular group, the relative
level of higher free radicals might stimulate the body to
concentrate antioxidants toward semen to minimize the
free radical effect on semen.

However, in particular studies, a relationship was found
between the mentioned variables. A study (Das et al.,
2009) it had found a significantly low level of plasma
ascorbic acid (an antioxidant) in an Indian oligoas-
thenoteratozoospermic group (n = 34) compared to the
control (n = 48). In an Indian study (Kothari and
Chaudhari, 2016), it was found that the seminal zinc
value (an antioxidant) in the oligoasthenoteratozoosper-
mic group (n = 24) had been lesser than that of the con-
trol. In addition, a positive correlation was seen between
the zinc and semen parameters such as sperm motility,
sperm concentration, and sperm morphology. Fazeli et
al. (2016) also concluded that the antioxidant capac-
ity was significantly low in abnormospermic individuals
(n = 35). There was a positive correlation between the
seminal antioxidant and sperm motility and morphology.

Moreover, even in the two previous Sri Lankan studies, it
had been found that the occurrence of antioxidants was
lesser in the males with sub-fertility and fertility issues
due to unknown aetiology (Amarasekar et al., 2014).
However, the outcome was true in the present study. In
the study carried out by Dissanyaka et al. (2010), it
was found that the level of Zinc in semen had a positive
relationship with sperm count but a negative relation-
ship with their viability. However, the study’s objective
differed from the present one, which was not on Zinc.

Under all these outcomes, it was clear that the level of
seminal antioxidants was significantly low in men with
abnormal semen qualities. There was a positive rela-

tionship between the seminal parameters and seminal
antioxidants, which was not seen in the present study.

However, in the studies mentioned above, the gap of
antioxidants in the abnormospermic and normospermic
groups might have been higher than that of the present
study, which was less such as 70 mol/l and 37 mol/l
for the plasma and serum, respectively. Due to the low
gap, it could be unable to show a significant difference
between the two groups.

Thus, it implies that all individuals in the current Sri
Lankan study have sufficient levels of antioxidants in
both groups, which can neutralize the effect of reactive
oxygen species (free radicals).

The mean plasma antioxidant level of all subjects of the
present study was 853.47 (± 421.19) mol/l, and every-
one was within the average ± 2SD range. The same
result was found regarding the semen antioxidant level;
the mean value was 905.50 (± 187.55) mol/l. Further,
an antioxidant such as vitamins A, C, and E, minerals
(selenium, Zinc), and specific proteins directly depend
on the nutritional intake. In the current study, the in-
dividuals’ nutrition was satisfactory under both plasma
albumin and mid-arm circumference. So, it is evident
that the concentration of antioxidants in the body fluid
of present individuals is good enough.

However, a similar outcome had also been found in cer-
tain foreign studies. In a study carried out with an
oligoasthenoteratozoospermic group (n = 5), it was dis-
closed that though the antioxidant level of the group
was lesser than the control (n = 20), the figure of the
reduction was not significant, which was similar to the
outcome of the present Sri Lankan study.

Further, Eroglu et al. (2014) had disclosed in their study
(n = 44) that there was no significant difference in serum
antioxidant levels between normal and abnormal semi-
nal groups. Further, the study showed that the seminal
parameters were independent of the serum antioxidant
level.

4. Conclusion

In the study’s results, no significant effect was found
from seminal and plasma antioxidants on seminal pa-
rameters. This could be due to the adequate level of
antioxidants in the body fluid of the individuals. Any-
way, it is better to repeat the study in various popu-
lations and categories (e.g. ones with high exposures
to environmental pollution, ones with high exposure to
mobile rays, and subjects with low intake of fruit and
vegetables) to check the effect further.

5. Limitations

This study was limited due to individuals’ reluctance to
participate and disclose valid details in this type of study.
This can affect achieving a higher sample size and data
validity. Further, instrumental/technical errors, the lack
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of previous research and time constraints were the limi-
tations of this study.
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Abstract: Sri Lanka is an island with extending coastal shores and extra valuable resources. Anthropogenic
pressures and climate change have made the coastal environment increasingly susceptible. As coastal waters are
dynamic and unstable, monitoring water quality parameters is essential. Monitoring of water quality measures
of coastal waters plays a vital role in identifying the pollution sources and understanding the variations in
water quality. It is helpful for stakeholders in making policies and standards to ensure the current status of the
aquatic environment and life in it. A long-term assessment of physical and chemical properties was conducted
every month for 18 months, from August 2020 to January 2022, at the coastal shores of Mathagal, Point
Pedro, and Charty Beach to understand the current status and Spatio-temporal variations of water quality
parameters in the studied locations. The parameters such as air and water temperature, pH, salinity, Dissolved
Oxygen (DO), Total Dissolved Solids (TDS), and Electric Conductivity (EC) were measured on-site using the
smarTROLL multiparameter handheld equipment. For statistical analysis, Minitab 2019 statistical software was
used. Sampling locations significantly affected the spatial variation of DO but not the other studied parameters.
The sampling months significantly affected the temporal variation of all assessed water quality parameters.
The overall mean values of air and water temperature, pH, salinity, DO, TDS and EC were 29.90±1.43◦C,
31.61±1.60◦C, 8.11±0.13, 32.57±2.90 ppt, 6.85±0.86 mg/dl, 31.84±2.66 ppt and 52969.6±5355.96 µS/cm
respectively. From the current study, it can be pointed out that the water quality parameters are influenced by
precipitation and seasonal trends.

Keywords: Long-term monitoring, Pollution, Precipitation, Seasonal trends

1. Introduction

Marine environments play an important role in peo-
ple’s day-to-day lives, providing food, recreation, em-
ployment, residence, and, more importantly, protection
from various natural risks, man-made hazards, and dis-
asters (Sivakumar, 2019). In recent years, fishing and
coastal tourism have become prominent economic sec-
tors worldwide. According to the World Bank report in
2017, these two sectors together gain 10 percent of Sri
Lanka’s foreign exchange.

These valuable coastal ecosystems are prominent envi-
ronmental components under enormous pressure due to
pollution caused by human activities (Salvi et al., 2014),
affecting the ecosystem’s overall health. Accessible data
on water quality and a better knowledge of the effects
of pollution are urgently needed to enable sustainable
fishing and tourism, protect the ecosystem and preserve
human health (Devlin et al., 2020). The conservation of
marine resources and the stability of the marine ecosys-
tem are both dependent on the quality of the water in the
ocean (Sivakumar, 2016). The physico-chemical param-
eters of a marine water resource are used to determine its
quality. Monitoring and evaluating the physico-chemical
properties of seawater is becoming increasingly crucial
in determining the quality state of the near-coastal en-

vironment (Nisha and Achyuthan, 2014). Compared to
other monitoring or bio-monitors, water quality analysis
provides a thorough description of environmental quality
and is simple and rapid due to its comprehensive ana-
lytical procedures (Yap et al., 2011). Thus, assessment
of the water quality of these coastal areas has become
essential to understand the emerging problems and help
policymakers to implement proper management plans.
Also, most importantly, long-term monitoring of the wa-
ter body will help the stakeholders to get a clear picture
of the variation of physico-chemical parameters during
the season (dry and wet) and with the other hydrological
parameters.

Sri Lanka is a 65610 km2 island in the northern In-
dian Ocean with a 1600 km long coastline belt (Rat-
nasooriya and Samarawickrama, 2015) rich in biologi-
cal hotspots, harbors, fishing grounds and recreational
beaches. In the southern region Galle, Matara, Mirissa,
Weligama, and in the eastern and northern parts Pasiku-
dah, Arugam Bay, Keerimalai, and Casuarina are some
of the world-famous tourist destinations in Sri Lanka.
Sri Lanka’s tourism industry contributes significantly to
the country’s revenue (Samarasekera and Abeygunawar-
dena, 2017). Moreover, these coastal areas are consid-
ered extra valuable for fisheries. Coastal areas are home
to half of the world’s population. As a result, human
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Figure 1: Location map showing the study area

activities impact the coastal waters and their resources
(Gupta et al., 2005).

Jaffna is a 1,000 km2 peninsula in the northern province
with a 160 km coastline (Sivakumar, 2013). These ar-
eas were isolated for more than thirty years due to the
civil war in Sri Lanka, which ended in 2009, opening the
coastal line to fisheries and fishing-related activities and
foreign and local tourists. Due to the thirty years of civil
conflict, there is limited research on the marine water
quality of the beach areas in the northern province of Sri
Lanka. Research regarding water quality in these coastal
areas is found to be minimal. No research has been done
in Sri Lanka, including the northern region, to provide
a baseline for classifying beaches according to interna-
tional standards (Samarasekera and Abeygunawardena,
2017), as these areas are threatened by pressure from
coastal development, erosion, pollution, and unsustain-
able development of tourism infrastructure (Sivakumar,
2016; Samarasekera and Abeygunawardena, 2017).

While considering the sampling locations, Mathagal,
Point Pedro and Charty Beach are where both recre-
ational and fishing activities are carried out. To date,
studies on marine water quality at the sampling loca-
tions are sparse, and a knowledge gap exists regarding
the current environmental status of these coastal shores.
Considering the value of these sites as fishing and recre-
ational grounds will help identify the ongoing issues in
the area and impose mitigation measures that will bene-
fit all the stakeholders in the resources. Thus, the study
was conducted to understand the present water quality

status at the selected study locations for 18 months and
to compare the Spatio-temporal variation of the param-
eters.

2. Materials and methods

The research was carried out on Mathagal, Point Pedro,
and Charty Beach shores in Northern Province, Sri Lanka
(refer Figure 1). The study covered 11.7 km of coastal
stretch, 4.6 km, 2.7 km, and 4.4 km at Mathagal, Point
Pedro, and Charty Beach, respectively. The Mathagal
coast is well known for its gill net and longline fishing
and is a famous tourist destination due to its white sand
appearance and historical importance. The Point Pedro
coast is the northernmost point of Sri Lanka, consisting
of a sandy coastline with coral rocks, and is a historical
fishing spot with high marine biodiversity. Charty Beach
is a white sand beach near the mini-island called ”Vel-
lanai”. Six samples were taken from each of the three
locations for the water quality assessment. The sampling
locations’ positions were accurately located using a Ge-
ographical Positioning System (GPS) (Garmin Oregon
750, USA), and the GPS coordinates of the sampling
locations are shown in Table 1.

The study was conducted monthly at the selected lo-
cations for 18 months, from August 2020 to January
2022. The physical and chemical parameters such as
air and water temperature, pH, salinity, Dissolved Oxy-
gen (DO), Total Dissolved Solids (TDS), and Elec-
tric Conductivity (EC) were measured on-site using
the smarTROLL multi-parameter (Insitu 458389, USA)
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Table 1: Description and GPS coordinates of studied sampling locations

Sampling location Coordinates Usage of beaches
Mathagal 9°47’91.50”N, 79°57’46.60”E Fishing, presence of fish market
Point Pedro 9°49’53.70”N, 80°15’10.00”E Beach Park & recreational activities, fish-

ing and related activities
Charty Beach 9°37’59.00”N, 79°55’26.00”E Tourism and recreational activities

Table 2: The descriptive statistical values of studied parameters at the sampling location.

Location Parameter Max Min Mean SD
Mathgal Water temperature 33.34 26.02 29.28 1.87

Air temperature 35.38 26.6 30.63 2.42
Salinity 37 25.75 32.51 3.32
pH 8.86 7.65 8.15 0.18
DO 8.8 5.57 6.8 0.92
TDS 35.5 26 31.78 2.83
EC 62928.45 42078.78 52909.73 6115.96

Point Pedro Water temperature 32.44 25.98 29.14 1.63
Air temperature 38.1 27.2 32.44 2.89
Salinity 35.23 25.78 32.46 2.86
pH 8.43 7.07 8.05 0.21
DO 9.83 5.95 9.55 1.25
TDS 34 26 31.78 2.48
EC 59760.8 42215.25 52724.91 5114.06

Charty Beach Water temperature 31.79 26.73 29.42 1.4
Air temperature 35.38 27.8 31.52 1.55
Salinity 38 27.7 32.93 3.19
pH 8.62 7.02 8.11 0.33
DO 8.87 4.8 6.38 1.48
TDS 36 27.75 32.13 2.79
EC 62181.33 44834.68 53525.67 5062.14

hand-held equipment (Shobiya et al., 2019; Saruga et
al., 2019). The multi-parameter consists of two differ-
ent gadgets: (i) the probe and (ii) the battery pack. The
sensors attached to the probe measure the water qual-
ity parameters such as water temperature, pH, salinity,
DO, TDS and EC, while the sensors attached to the bat-
tery pack measure the air temperature. The probe was
dipped in the surface water for a few seconds, and the
values of the water quality parameters were displayed
automatically on the iPhone connected to it. The bat-
tery pack attached to the multi-parameter held in the
atmosphere to measure the air temperature displayed
the locked results directly on the iPhone. Three repli-
cates of each parameter were taken at each sampling
location. Those parameters were measured in standard
units such as air and water temperature in Celsius (◦C),
salinity in parts per thousand (ppt), DO in milligrams
per deciliter (mg/dl), TDS in parts per thousand (ppt),
and EC in micro Siemens per centimeter (µS/cm). In ad-
dition, the rainfall data (August 2020 to January 2022)
was obtained from the meteorological department.

For statistical analysis, Minitab 2019 statistical soft-
ware was used. Two-way ANOVA was used to compare
the sampling locations and sampling months with the
studied physical and chemical parameters. Descriptive
statistics were performed to analyze the studied parame-

ters’ mean, minimum, maximum, and standard deviation
(SD). Differences in means were considered as significant
at p < 0.05. A Pearson correlation matrix and corre-
sponding p-values were used to describe the correlations
between the measured water quality parameters.

3. Results and discussions

The values for the mean, minimum, maximum, and stan-
dard deviation (SD) for each water quality parameter
measured at the three sampling sites from the current
study are shown in Table 2.

The correlation between the analyzed parameters in the
sampling locations is shown in Table 3. Statistically sig-
nificant strong correlations were obtained between salin-
ity and TDS, salinity and EC, TDS and EC, and water
temperature and air temperature. There was a moderate
correlation between salinity and water and air tempera-
ture and TDS and water and air temperature. An inverse
relationship was found between pH and salinity, DO with
water and air temperature, DO and salinity, and TDS
and pH.

Water temperature: The two-way ANOVA results
revealed that sampling locations (Df (2), F = 0.34,
p > 0.05) had no significant effect on the spatial varia-
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Table 3: Pearson correlation matrix between the studied physico-chemical parameters

WT AT SA pH DO TDS
AT 0.845*
SA 0.624* 0.585*
pH 0.094 0.080 -0.507*
DO -0.683* -0.556* -0.360 0.531*
TDS 0.612* 0.565* 0.999* -0.516* -0.369
EC 0.770* 0.688* 0.976* -0.357 -0.239 0.972*
(WT - Water temperature, AT - Air temperature, SA - Salinity, DO - Dis-
solved Oxygen, TDS - Total Dissolved Solids, EC - Electrical conductivity,
*p < 0.05)

tion of water temperature. However, sampling months
(Df (17), F = 6.70, p < 0.05) had a significant effect on
the temporal variation of water temperature. The water
temperature ranged from 26.02 - 33.3◦C at Mathagal,
25.98 - 32.44◦C at Point Pedro, and 26.73 - 31.79◦C
at Charty Beach (refer Figure 2 in Appendix). The low-
est water temperature was recorded as 26.34±0.27◦C
in January 2022; the highest water temperature was
recorded as 32.89±0.16◦C in April 2021 at Matha-
gal, the lowest water temperature was 26.86±0.13◦C
in December 2020; the highest water temperature as
32.20±0.18◦C in April 2021 at Point Pedro; the lowest
water temperature as 27.04±0.28◦C in December 2020;
the highest water temperature as 31.67±0.09◦C in Au-
gust 2021 at Charty Beach. In each of the three loca-
tions, lower temperatures were recorded in November,
December, and January compared to other months.

Changes in air temperature affect shallow water quickly;
when the air temperature increases, the water tempera-
ture also increases (Rajkumar et al., 2011). Hence, wa-
ter temperature is one of the most significant physical
parameters that regulate biological, chemical, and phys-
ical water quality processes in the marine environment.
The Pearson correlation (refer Table 3) in the present
study between water temperature and air temperature
had a strong relationship (r = 0.845, p = 0.000). Water
temperature fluctuation was observed with the seasonal
changes during the study period. There was a nega-
tive correlation (r = -0.639, p = 0.004) between water
temperature and rainfall during the study period. This
might result from high ambient temperatures during the
dry season and low ambient temperatures during the
rainy season. Gupta et al. (2005) reported that water
temperature varied with the seasons, with higher water
temperature in the summer and lower water temperature
in the winter, similar to the present study’s observation.

Air temperature: The air temperature values ranged
from 26.60 - 35.38◦C at Mathagal, 27.20 - 38.10◦C
at Point Pedro, and 27.80 - 35.38◦C at Point Pedro.
ANOVA results revealed that there was a significant dif-
ference in the monthly air temperature (Df = (17), F
= 2.16, p < 0.05). However, there was no significant
difference between the air temperature and sampling lo-
cations (Df = (2), F = 3.2, p > 0.05). It can be seen
that the atmospheric temperature reached a maximum
value in April 2021 at Mathagal (34.05±0.77◦C), Point

Pedro (36.26±0.37◦C), and in March 2021 at Charty
Beach (35.55±0.17◦C) while it reached a minimum in
January 2022 at Mathagal (27.35±0.22◦C), December
2020 (28.50±0.89◦C) at Point Pedro and November
2021 (29.80±0.36◦C) at Charty Beach (refer Figure 3
in Appendix).

The study covered all the prevailing climatic seasons in
the country, and the air temperature fluctuated with the
seasons. The Pearson correlation (refer Table 3) resulted
in a statistically negative relationship between air tem-
perature and rainfall (r = -0.621, p = 0.006). Through-
out the study period, the air temperature tended to be
low during the rainy season and high during the dry sea-
son.

Salinity: Sampling locations had no significant impact
on the variation of salinity among sampling locations (Df
= (2), F = 0.48, p > 0.05) but there was a significant
impact on salinity variation among sampling months (Df
= (17), F = 13.07, p < 0.05). Generally, the salin-
ity value of seawater is 35 ppt. The salinity values
ranged from 25.75 - 37.00 ppt at Mathagal, 25.78 -
35.23 ppt at Point Pedro, and 27.70 - 38.00 ppt at
Charty Beach. During the sampling period, maximum
salinity (36.38±0.17 ppt) in September 2021 and min-
imum salinity (26.40±0.10 ppt) in November 2021 at
Mathagal; maximum salinity (34.85±0.15 ppt) in Oc-
tober 2021 and minimum salinity (26.36±0.40 ppt) in
November 2021 at Point Pedro and maximum salin-
ity (37.33±0.15 ppt) in September 2021 and minimum
salinity (28.20±0.28 ppt) in November 2021 at Charty
Beach were recorded at the sampling locations (refer
Figure 4 in Appendix).

Salinity is the amount of salt concentration in the water
(Berthold et al., 2010). It is an essential ecological el-
ement that affects the organisms living in water bodies
(Yap et al., 2011). Evaporation, precipitation, fresh-
water influx, and ocean currents can influence marine
water’s salinity (DEFA, 2007). The salinity of a body of
water will alter depending on how it is recharged: during
wet periods, salinity will decrease as salt concentrations
become more dilute, whereas, during dry periods, salin-
ity will increase (Carr and Neary, 2008). A negative
correlation (r = -0.601, p = 0.008) was found between
the salinity and precipitation during the study period. In
the current study, the summer had high water tempera-
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tures and evaporation, which led to high salinity values.
Due to precipitation, the wet season had a large amount
of water, which diluted the salt concentration and de-
creased salinity. Previously published literature revealed
a similar trend (Nelson et al., 2003; Gupta et al., 2005:
Ladipo et al., 2011; Babalola and Agbebi, 2013; Su-
girtharan et al., 2015).

pH: pH variation was not statistically significant in ge-
ography (Df = (2), F = 1.03, p > 0.05), but it was sta-
tistically significant in temporal (Df = (17), F = 1.03,
p < 0.05). pH levels in Mathagal, Point Pedro, and
Charty Beach ranged from 7.65 to 8.86, 7.07 to 8.43,
and 7.02 to 8.62, respectively. In April 2021, Charty
Beach had the highest pH, while in August 2020, it had
the lowest. Although the highest pH value was recorded
as 8.29±0.12 in January 2022 and the lowest value was
7.95±0.11 in September 2020 at Mathagal. In Point Pe-
dro, the recorded highest value was 8.30±0.05 in March
2021, and the lowest value was 7.91±0.16 in September
2021. The pH values varied within a narrow range (refer
Figure 5 in Appendix). The pH of water indicates the
alkaline value in the three locations.

The pH is a measure of the acidity or alkalinity of water
(Ma et al., 2020) and is a significant environmental ele-
ment and is commonly used to evaluate the compatibility
of the environment, which is connected to biochemical
processes and species diversity (Rani et al., 2012). Most
aquatic organisms require that pH is in a specified range.
Physiological processes may be adversely affected if pH
changes above or below the preferred range of an or-
ganism. The pH in the current study was within the
acceptable limit for supporting the aquatic environment
and aquatic life. Although aquatic life can exist in a pH
range of 6.0 to 9.0, they may not withstand an immedi-
ate change within this range (Adefemi et al., 2007).

DO: DO change was statistically significant in terms of
geography (Df = (2), F = 4.17, p < 0.05) and time
(Df = (17), F = 3.18, p < 0.05). In Mathagal, DO
levels varied from 5.57 to 8.80 mg/dl, in Point Pedro,
from 5.95 to 9.83 mg/dl, and in Charty Beach, from
4.80 to 8.87 mg/dl. In February 2021, the greatest
DO (9.83±0.92 mg/dl) was obtained at Point Pedro,
while the lowest DO (4.80±0.47 mg/dl) was observed
at Charty Beach in August 2020 (refer Figure 6 in Ap-
pendix).

DO is a direct indicator of an aquatic resource’s ability
to support aquatic life. The oxygen level in the water
will indicate the pollution level of the water. According
to scientific studies, the best DO range for supporting
marine life is 4 - 9 mg/L (Gupta et al., 2005; Best et
al., 2007; Ranaraja et al., 2019; Manage et al., 2022).
However, DO concentrations above 5 mg/L are generally
considered beneficial to marine life, while concentrations
below this are potentially hazardous (Best et al., 2007).
The DO level in the current study indicates good clar-
ified water in three locations and is found to be in the
ideal optimal range that supports aquatic life. Higher

oxygen levels indicate good clarified water, and low oxy-
gen levels indicate highly polluted water (Berthold et al.,
2010).

TDS: The study locations’ TDS ranged between 26.00
to 35.50 ppt in Mathagal, 26.00 to 34.00 ppt in Point Pe-
dro, and 27.75 to 36.00 ppt in Charty Beach (refer Figure
7 in Appendix). The overall mean value of the TDS for
the study period was 31.84±2.66 ppt. The minimum
TDS was recorded in all sampling sites in November
2021, while the maximum value was recorded in Septem-
ber 2021 at both Mathagal and Charty, and in August
2021 at Point Pedro. At the 95% confidence level, TDS
did not show significant variance among the sampling
locations (Df (2), F = 0.34, p > 0.05) while significant
variance was shown among sampling months (Df (17),
F = 6.70, p < 0.05) with respect to the pooled sampled
data.

In the present study, TDS had a statistically strong pos-
itive correlation with salinity and EC. The TDS varied
with the temporal changes. According to the Pearson
correlation (refer Table 3), TDS and rainfall had an in-
verse relationship (r = -0.582, p = 0.011). In the present
study, the trend of salinity and conductivity showed a
similar pattern. It can be explained that when the dis-
solved solids are increased, ion concentration in the wa-
ter increases, which increases the conductivity and salin-
ity. The TDS can be elucidated as the presence of inor-
ganic salts and organic matter in seawater that is derived
from both anthropogenic and natural sources, including
anthropogenic sources such as domestic waste, agricul-
tural runoff, soil contaminant leaching, and discharges
from industrial or sewage treatment plants (Yap et al.,
2011) and natural sources geological conditions and sea-
water (Rusydi, 2018).

EC: The EC recorded in the study areas ranged between
42078.78 to 62928.45 µS/cm at Mathagal, 42215.25
to 59760.80 µS/cm at Point Pedro, and 44834.68 to
62181.33 µS/cm at Charty Beach (refer Figure 8 in
Appendix). The overall mean conductivity value was
52969.6±5355.96 µS/cm. When considering the vari-
ation of conductivity in seawater, there was no signifi-
cant difference across the sampling sites (Df = (2), F =
0.42, p > 0.05) in the confidence level of 95%. At the
same time, there was a significant difference between
the mean values of the conductivity during the sampling
months (Df = (17), F = 12.40, p < 0.05). The minimal
EC values were recorded in November 2021 at Point
Pedro and Charty, and in December 2020 at Matha-
gal. The highest EC values were recorded in Mathagal
in September 2021, Point Pedro in August 2020, and
Charty Beach in August 2021.

EC shows a positive correlation with water temperature,
TDS, and salinity. It greatly depends on the dissolved
solid content of the waterbody (Ma et al., 2020). Water
temperature affects conductivity by increasing the ionic
mobility of many salts and minerals. When water tem-
perature increased, the EC also increased in the present
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study, which is evident through the Pearson correlation
(refer Table 3) between EC and rainfall (r = - 0.651,
p = 0.003). Lower values of EC were recorded during
the rainy season and vice versa in the dry season.

4. Conclusion

The vital water quality properties such as water tem-
perature, air temperature, salinity, pH, DO, TDS, and
EC were measured for 18 months in the three coastal
waters of Northern Sri Lanka. The overall mean values
of air and water temperature, pH, salinity, DO, TDS
and EC were 29.90±1.43◦C, 31.61±1.60◦C, 8.11±0.13,
32.57±2.90 ppt, 6.85±0.86 mg/dl, 31.84±2.66 ppt and
52969.6±5355.96 µS/cm respectively. The pH and DO
values in the current study were within the acceptable
limit for supporting the aquatic environment and aquatic
life. The water quality parameters were changed poten-
tially with the availability of precipitation and evapora-
tion.
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Appendix

Figure 2: Temporal variation of water temperature among studied sampling sites from August 2020 to January 2022
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Figure 3: Temporal variation of air temperature among studied sampling sites from August 2020 to January 2022

Figure 4: Temporal variation of salinity among studied sampling sites from August 2020 to January 2022
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Figure 5: Temporal variation of pH among studied sampling sites from August 2020 to January 2022

Figure 6: Temporal variation of DO among studied sampling sites from August 2020 to January 2022
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Figure 7: Temporal variation of TDS among studied sampling sites from August 2020 to January 2022

Figure 8: Temporal variation of EC among studied sampling sites from August 2020 to January 2022
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Abstract: In the basic Sudoku game, players must fill the entries of a n× n matrix, except some given entries,
under the conditions that each row, each column, and each m × m sub matrix contains integers 1 through n
exactly once. In this research paper, in addition to the basic game, conditions and solution process for three
advanced versions, such as Sudoku X, Four Square Sudoku and Four Pyramid Sudoku were also studied. In
this study, the above-mentioned conditions are converted into appropriate mathematical forms as constraints of
the Integer Linear Programming Problem using Pascal Programming Language, such a way that the objective
function and the constraints suit as an input mathematical model for the LINGO mathematical optimization
software. Here, an unlimited version of the LINGO software has been used with the built-in Branch and Bound
algorithm as the number of constraints is very high. Finally, solutions to the given Sudoku problems obtained
from the solutions acquired through LINGO software.
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1. Introduction

Sudoku is an interesting logic-based combinatorial
number-placement puzzle game that ends up when find-
ing a matrix whose elements are natural numbers that
are less than or equal to a fixed number n. The general
condition of this game is that a player has to fill a n×n
matrix with some given entries so that each row, each
column, and each m×m sub-matrix contains integers 1
through n exactly once.

Even though the Sudoku game was initiated in the
United States of America (Garns, 1979), it became fa-
mous in Japan during the 1980s. Nowadays, we can
observe that children and adults are showing interest in
solving this game appearing in newspapers and online
(Riley et al., (n.d); Pegg Jr, 2005).

Playing this game has several benefits: improving
concentration, reducing anxiety and stress, promoting
healthy mindsets, developing problem-solving skills, im-
proving memory and thinking skills, etc.

In a common Sudoku problem, the basic rules are as
follows:

• fill each element of a given n×n matrix with nat-
ural numbers from 1 to n in which some elements
already given

• each row contains numbers from 1 to n exactly
once

• each column contains numbers from 1 to n exactly
once

• certain sub matrices contain numbers from 1 to n
exactly once.

In most common Sudoku problems (Bammel and Roth-
stein, 1975), the fixed number n is assumed to be 9, and
the said sub-matrices are the nine 3×3 sub-matrices lo-
cated in specific nine double-lined locations.

In the fundamental Sudoku problem, the level of dif-
ficulty of the game depends on the number of givens
(already filled entries), given values, and their locations
(Bartlett et al., 2008). Solving the problem becomes
more accessible when the number of givens is more than
30; meanwhile, it is observed experimentally that a prob-
lem with less than 17 givens has not been solved so far.
Also, the difficulty level will increase in the advanced
versions of the game. Two fundamental Sudoku prob-
lems are given in Figure 1, and their solution matrices
are given in Section 3. In both problems given in Figure
1, out of 81 entries of the 9 × 9 square matrix, 38 en-
tries are given; our task is to fill the rest of the entries
in such a way that the above basic conditions should be
satisfied.

Some of the most popular advanced versions are Sudoku
X, Four Square Sudoku, and Four Pyramid Sudoku. In
these versions, there are additional specific conditions
imposed to be satisfied.

In Sudoku X, the symbol X indicates the diagonal and
anti diagonal entries of the square matrix. In this ver-
sion, in addition to the basic conditions, the numbers
from 1 to 9 have to appear in each diagonal exactly
once. Two examples of Sudoku X games are given in
Figure 2, and their solutions are given in Section 3. In
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2 6 7 1
6 8 7 9
1 9 4 5
8 2 1 4

4 6 2 9
5 4 3 2 8

9 3 7 4
4 9 5 3 6

7 3 1 8
(i)

2 4 9 7 6
8 3 6 9

9 5 2
3 6 2 4 5

9 5 4 1
5 4 6 3
1 6 9 2 8

7 1 6 8 5
9 5 1

(ii)

Figure 1: Examples of fundamental Sudoku problem

3
3 8 6 5

2 5
5 2 8 1

5 6 1 7
8 7

1 7 4 9
4
(i)

8 2
4 7

7 9
5 4

1 4 5
6 9

3 8
9 4
1 6

(ii)

Figure 2: Examples of Sudoku X

7 1
1 4 8 7 9 2 5

6 1
2 3 8 9

5 6 7 2
3 2

2 8 7 9 5 6 4
9 8

(i)

7 4 1
2 8

2 6 9
5 2 6
1 2 9

6 4 7
8 9 2

7 2
8 4 6

(ii)

Figure 3: Examples of Four Square Sudoku

5 1 4 9
6 2 8

2
8

2 5
8

1
4 1 7

1 2 5 3

2 5 7
7 5 6 3

3 5 2
1

5 7 2
1
5 4 6
6 1 8 7

8 6 4

Figure 4: Examples of Four Pyramid Sudoku

Figure 2, out of 81 entries only, 22 entries are given.
Our task is to fill the rest of the entries of the matrix in
such a way that, in addition to the above basic condi-
tions, the numbers from 1 to 9 have to appear in each
diagonal exactly once.

In the Four Square Sudoku game, there are four specific
highlighted squares. In this game, in addition to the ba-
sic conditions, nine entries of each square are filled so
that each digit 1 to 9 appears exactly once. We may
consider these four squares as another set of four 3× 3
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sub-matrices that are different from those already con-
sidered in the basic conditions. Two examples of Four
Square Sudoku games are given in Figure 3, and their
solutions are given in Section 3. In Figure 3, out of 81
entries, 25 entries are given. Our task is to fill the rest of
the matrix entries so that in addition to the above basic
conditions, the numbers from 1 to 9 have to appear in
each of the specific four squares exactly once.

In the Four Pyramid Sudoku game, in addition to the
basic requirements, four specific highlighted pyramids
must also contain each digit 1 to 9 exactly once. Two
examples of Four Pyramid Sudoku games are given in
Figure 4, and their solutions are also given in Section
3. Figure 4, also out of 81 entries, 25 entries are given.
We should fill other matrix entries so that, in addition
to the above basic conditions, the numbers from 1 to 9
must appear in each of the specific four pyramids exactly
once.

This research paper discusses the fundamental Sudoku
problem and three advanced version types. The rest of
the article is organized as follows: mathematical models
are formulated in Section 2, Section 3 illustrates how we
can get solutions for the above problems, Section 4 con-
cludes the article, and references are given at the end of
the article.

2. Mathematical Model

Let us first define the decision variables of the Binary In-
teger Programming Problem (BIPP). The decision vari-
ables are defined in the association of the element of
the Sudoku matrix, which is in the pth row and qth col-
umn.Let

ap,q,r =

{
1 if (p, q)th element is r
0 otherwise

Note that the integers p, q and r less than or equal to
the given integer n.

In any BIPP, we usually have an objective function from
which we obtain the optimal solution to the problem.
We are interested in obtaining a feasible solution here,
so we do not need to pay much attention to the objective
function.

Let us formulate the constraints of the BIPP. Constraints
are nothing, but they are the mathematical form of the
conditions said above, which are to be satisfied by the
final Sudoku matrix.

1. Only one r in each row
n∑

q=1

ap,q,r = 1,

p = 1, 2, · · · , n; r = 1, 2, · · · , n.

2. Only one r in each column
n∑

p=1

ap,q,r = 1,

p = 1, 2, · · · , n; r = 1, 2, · · · , n.

3. Only one r in each sub matrix
mt∑

q=mt−m+1

ms∑
p=ms−m+1

ap,q,r = 1,

r = 1, 2, · · · , n; s = 1, 2, · · · , n; t = 1, 2, · · · , n.

4. Only one of the integers from 1 to n will be the

element of the final matrix
n∑

r=1

ap,q,r = 1,

p = 1, 2, · · · , n; q = 1, 2, · · · , n

5. Final matrix should contains given elements in the
respective places.
That is the (p, q)th element is r for given p, q.
ie. ap,q,r = 1 for given p, q and r.

6. Each ap,q,r is a binary variable
ap,q,r ∈ {0, 1} ∀ p = 1, 2, · · · , n; q =
1, 2, · · · , n; r = 1, 2, · · · , n.

7. In addition to the above six constraints, only one
of the following three set of constrain should be
included to get the mathematical model for the
respective advanced version. For our convenient
9 is substituted instead of n in the following con-
straints.

(a) i.
9∑

p=1

ap p r = 1, r = 1, 2, · · · , 9.

ii.
9∑

p=1

ap (n+1−p) r = 1, r = 1, 2, · · · , 9.

(b)
l+2∑
p=l

k+2∑
q=k

ap,q,r = 1, l = 2, 6; k = 2, 6;

r = 1, 2, · · · 9.

(c) i.
3∑

p=1

9−p∑
q=3+p

ap,q,r = 1, r = 1, 2, · · · 9.

ii.
3∑

q=1

7− q∑
p=1+q

ap,q,r = 1, r = 1, 2, · · · 9.

iii.
9∑

p=7

p−3∑
q=11−p

ap,q,r = 1, r = 1, 2, · · · 9.

iv.
9∑

q=7

q−1∑
p=13−q

ap,q,r = 1, r = 1, 2, · · · 9.

Pascal programming language is used to generate the
above constraints in such a way that these constraints
suit an input mathematical model for the LINGO mathe-
matical optimization software. Once the constraints are
formulated, accumulating all the constraints, a mathe-
matical optimization model associated with the Sudoku
problem is formed. This mathematical model involves
729 binary decision variables and 324 constraints. That
is 81 constraints associated with each condition 1,2,3,
and 4. The number of constraints associated with con-
dition 5 is equal to the number of givens 25.
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4 3 5 2 6 9 7 8 1
6 8 2 5 7 1 4 9 3
1 9 7 8 3 4 5 6 2
8 2 6 1 9 5 3 4 7
3 7 4 6 8 2 9 1 5
9 5 1 7 4 3 6 2 8
5 1 9 3 2 6 8 7 4
2 4 8 9 5 7 1 3 6
7 6 3 4 1 8 2 5 9

2 4 9 5 7 6 1 8 3
8 3 5 4 1 2 7 6 9
6 7 1 3 8 9 5 2 4
3 6 8 2 4 1 9 5 7
7 9 2 8 5 3 4 1 6
1 5 4 6 9 7 8 3 2
5 1 6 9 3 4 2 7 8
4 2 7 1 6 8 3 9 5
9 8 3 7 2 5 6 4 1

Figure 5: Solutions of fundamental Sudoku problem

6 9 5 4 3 2 1 8 7
3 4 8 1 7 6 9 5 2
7 2 1 9 5 8 6 4 3
4 7 9 5 2 3 8 6 1
1 8 2 6 9 4 7 3 5
5 3 6 8 1 7 2 9 4
9 5 4 2 8 1 3 7 6
8 1 3 7 6 5 4 2 9
2 6 7 3 4 9 5 1 8

8 5 1 9 7 3 6 4 2
4 9 2 6 5 1 8 3 7
6 7 3 2 8 4 5 9 1
3 1 5 7 6 9 4 2 8
2 8 9 1 4 5 7 6 3
7 4 6 8 3 2 9 1 5
5 3 7 4 2 6 1 8 9
9 6 8 3 1 7 2 5 4
1 2 4 5 9 8 3 7 6

Figure 6: Solutions of Sudoku X

7 5 6 4 2 3 8 9 1
3 1 4 8 7 9 2 5 6
8 9 2 6 5 1 7 3 4
2 3 7 5 1 6 4 8 9
4 8 9 2 3 7 1 6 5
5 6 1 9 4 8 3 7 2
6 4 5 3 8 2 9 1 7
1 2 8 7 9 5 6 4 3
9 7 3 1 6 4 5 2 8

9 3 7 5 6 4 8 2 1
5 4 1 2 8 3 7 6 9
2 8 6 7 1 9 4 5 3
7 5 9 3 4 8 2 1 6
3 1 8 6 2 7 8 9 4
6 2 4 1 9 5 3 7 8
1 7 5 8 3 6 9 4 2
4 6 3 9 7 2 1 8 5
8 9 2 4 5 1 6 3 7

Figure 7: Solutions of Four Square Sudoku

5 1 4 9 8 2 3 6 7
9 6 2 3 1 7 5 8 4
3 8 7 6 5 4 9 1 2
4 5 1 2 7 3 8 9 6
2 7 9 1 6 8 4 3 5
6 3 8 4 9 5 7 2 1
1 2 5 7 3 9 6 4 8
8 4 3 5 2 6 1 7 9
7 9 6 8 4 1 2 5 3

2 4 8 9 5 3 1 6 7
1 7 5 6 2 8 4 3 9
6 9 3 4 1 7 5 2 8
4 2 7 3 8 5 9 1 6
5 8 9 1 7 6 3 4 2
3 1 6 2 9 4 7 8 5
7 5 4 8 3 2 6 9 1
9 6 2 5 4 1 8 7 3
8 3 1 7 6 9 2 5 4

Figure 8: Solutions of Four Pyramid Sudoku

This problem was fed in the LINGO software and solved
by using an Intel(R) Core(TM)i5 with a 4GB RAM com-
puter. Finally, a solution to the Sudoku problem was
obtained from the solution of the optimization problem
using the LINGO. Here we used the Branch and Bound
algorithm and unlimited version of the LINGO platform
as the number of constraints is very high.

3. Results and discussions

The following general techniques may help him when a
player tries to find a solution to any Sudoku problem.

• scanning in one direction

• scanning in both direction
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• Searching for a single number
• eliminating numbers from rows, columns, and sub-

matrices
• searching for missing numbers in rows and columns
• eliminating squares using naked pairs in rows,

columns and sub-matrices

The solutions to fundamental Sudoku problems given in
Figure 1 are shown in Figure 5. From Figure 5, we can
observe that in the 9 × 9 matrix, each row, each col-
umn, and each 3× 3 sub-matrix contains each integer 1
through 9 exactly once.

In Sudoku X, in addition to the 325 constraints con-
sidered in the fundamental Sudoku, 18 constraints are
associated with the condition 7(a). The solutions to Su-
doku X problems given in Figure 2 are shown in Figure
6. From Figure 6, we can observe that in addition to
the above basic conditions, the numbers from 1 to 9
appeared in both diagonals exactly once. We can also
notice some numbers repeatedly appeared in the diago-
nals in the solutions of fundamental Sudoku problems,
where we had not considered the specific condition for
Sudoku X.

In Four Square Sudoku, in addition to the 325 con-
straints considered in the fundamental Sudoku, 18 con-
straints are associated with the condition 7(b). The so-
lutions to the Four Square Sudoku problems given in
Figure 3 are shown in Figure 7. From Figure 7, we can
observe that in addition to the above basic conditions,
the numbers from 1 to 9 appeared in each of the specific
four squares exactly once.

In Four Pyramid Sudoku, in addition to the 325 con-
straints considered in the fundamental Sudoku, 36 con-
straints are associated with condition 7(c). The solu-
tions to the Four Pyramid Sudoku problems given in
Figure 4 are shown in Figure 8. From Figure 8, we can
observe that in addition to the above basic conditions,
the numbers from 1 to 9 appeared in each of the specific
four pyramids exactly once.

Further, in the introduction, it is emphasized that players
can gain specific skills while playing the Sudoku game.

Then a question may arise: Why do we need an auto-
mated approach to solve this problem? One answer may
be that when we play a Sudoku game, we may get stuck
at some instance at several attempts and decide to leave
the game with doubt about whether a solution exists or
not. In this situation, this approach will help the player
confirm whether an answer exists.

4. Conclusion

This research paper developed the optimization mod-
els for fundamental Sudoku problems and its three ad-
vanced versions: Sudoku X, four square Sudoku, and
four pyramid Sudoku. A process for finding a solution
was also proposed by using two platforms, namely, Pas-
cal and LINGO. In the first step, the Objective function
and constraints were generated one by one using the
pascal programming language. Secondly, the generated
constraints were compiled with an Objective function to
form a mathematical optimization model in such a way
that it supports an input model for LINGO. Finally, the
solution to our original Sudoku problem was obtained
using the solution obtained from LINGO.
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Abstract: Freshwater scarcity is one of the emerging threats to human survival. There is a gap between
availability and demand for freshwater due to urbanization, industrialization, overpopulation, contamination of
groundwater, and unpredictable climatic conditions. Rainwater harvesting is an environmentally sound option to
mitigate the water scarcity issue. Further, rainwater is a sustainable water source that can be utilized to satisfy
the water demand considerably. This manuscript reviews the rainwater harvesting systems in Sri Lanka with
particular emphasis on history and present status, different techniques and methods, climate change adaptation,
quality and treatments, utilization of harvested water, health benefits and issues, and policy and strategies in the
Sri Lankan context. Rainwater harvesting is not a new technology in Sri Lanka; it was even practiced by ancient
Sri Lankans many centuries ago. Anyhow, special attention to the operation and maintenance of the rainwater
harvesting systems should be paid to improve the quality of harvested water for further uses. In addition, the
effectiveness of the policies related to rainwater harvesting should be ensured for the better functioning of
rainwater harvesting systems all around the country.

Keywords: Climate change, Freshwater, Mitigation, Policy, Water scarcity

1. Introduction

The existence of living beings on earth depends on water
sustainability, while the availability of adequate water
is considered an indicator of a country’s development
(Weerarathna and Weerasinghe, 2009). Water short-
age is one of the prevalent issues experienced by several
countries all around the world, which is caused by ever-
growing water demand for domestic purposes, includ-
ing drinking, agricultural, industrial and environmental
needs (Khanal et al., 2020). The number of people un-
der water scarcity is estimated to be three billion in 2025
worldwide (Hanjra and Qureshi, 2010). Therefore, tech-
nological solutions such as rainwater harvesting (RWH),
wastewater reuse, and desalination have been proposed
as acceptable ways to mitigate water scarcity to some
extent (Elimelech, 2006). In addition, integrated wa-
ter resource management, good water governance, and
adequate water management also can be indicated as
potential practices to overcome water scarcity-related is-
sues.

RWH is an ancient technique adopted as a viable source
of water globally (AbdelKhaleq and Alhaj Ahmed, 2007).
It is one of the feasible methods to recover the natural
hydrologic cycle and achieve sustainable urban develop-
ment (Julius et al., 2013). Sri Lanka is blessed with
a bi-modal rainfall pattern and receives an average of
1,750 mm of rain annually (Sivakumar, 2021). Anyhow,
significant rainwater finds its way to the sea via runoff.
Even though Sri Lanka is categorized as a country with
either little or no water or moderate water scarcity, a
mismatch between availability and demand for freshwa-

ter exists notably in the dry zone of Sri Lanka. Further,
there is a possibility of experiencing water scarcity in the
near future due to the factors like rapid growth of popu-
lation, limitation in water resources, and climate change
(Ariyananda, 2010). Therefore, RWH can be practiced
as a reliable alternative to overcome the issues related
to water scarcity.

Statistically, around 34% of Sri Lankans use pipe-
borne water, whereas the rest of the population de-
pends on local sources, including rainwater harvesting
tanks (De Silva and Ariyananda, 2020). Districts in
the dry zone such as Vavuniya, Mannar, Mullaitivu,
Jaffna, and Kilinochchi (Northern Province), Polon-
naruwa, and Anuradhapura (North Central Province),
Puttalam (North Western Province), and Batticaloa
(Eastern Province) depend around 90% on groundwa-
ter supply (Panabokke and Perera, 2005). Anyhow,
agricultural activities and contamination due to indus-
trial wastage cause tremendous pressure on groundwa-
ter in terms of quantity and quality. In addition, the
per capita availability of water is estimated to decline
from 2,400 m3 to 1,800 m3 in 2025 (Amarasinghe et
al., 1999), which will create many challenges for wa-
ter sector-related policymakers and stakeholders to meet
the Millennium Development Goal of ”Water for All” by
2025. It forces the relevant authorities to be concerned
about environmentally sound and feasible ways to satisfy
the future water demand.

The need for the official body to be concerned about
rainwater harvesting in Sri Lanka was fulfilled in 1996
by forming the Lanka Rain Water Harvesting Forum
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(LRWHF). It was established to foster, disseminate
and research the potential of using rainwater as a
widely accepted reliable option for domestic water sup-
ply (Ariyananda, 1999). Roof RWH was promoted
twenty-four years ago in Sri Lanka to satisfy drinking
water demand. Later it was also considered for institu-
tional and agricultural demand (Dissanayake and Padmi,
2019). Lots of projects have been completed by LRWHF
in several places, including in Karachchi and Pachchi-
laipalli divisional secretariat divisions in Kilinochchi dis-
trict, Northern Sri Lanka, with the objectives to make
aware the beneficiaries and build capacity in rainwa-
ter harvesting and groundwater recharging technology
shows their involvement in diminishing the water scarcity
issues (Thusyanthini et al., 2021). Anyhow, failure in
planning for the operation and maintenance of rainwater
harvesting systems (RWHS) may limit the sustainability
of such projects.

2. History and Present Status of RWH

Sri Lanka has an extensive history of rainwater collection
in rural villages. Sri Lankans practiced informal collec-
tion of rainwater from the rooftops for many centuries.
The Sigiriya fortress complex’s sophisticated rainwater-
cum-reservoir system in the 5th century can be the best
evidence of the long history of rainwater harvesting in
Sri Lanka (Ariyananda, 1999). In traditional RWH, the
water is collected from tree trunks into barrels or small
brick tanks for domestic use using coconut or banana
leaves (Thusyanthini et al., 2021).

The RWH has become essential for sustainable water
management (Ward et al., 2012). When considering
the 21st century, rainwater harvesting has become pop-
ular as it possesses the benefits like low cost, simple
design, and easy maintenance. Further, numerous water
supply projects with foreign funding and the dissemi-
nation of technological knowledge by LRWHF can be
indicated as the reason for adopting rainwater harvest-
ing in rural areas (Ariyananda, 2001a). The efforts of
LRWHF under several projects made the construction
of over 42,000 domestic rainwater harvesting systems
possible and brought immense benefits to communities
(Dissanayake and Padmi, 2019).

3. Techniques and Methods of RWH System

There are two different techniques in RWH, namely
rooftop harvesting and runoff harvesting. The rooftop
harvesting technique focuses on the collection of water
for domestic use. This technique is being practiced in
households, schools, government institutions, and facto-
ries in Sri Lanka. In order to maintain the quality and
quantity of harvested water, different components are
incorporated into this system. The major components
are the catchment area, delivery system, and storage
tank. When RWH intends for drinking purposes, special
consideration should be given to roofing materials.

Further, the storage tank is designed based on roof size,

rainfall data, number of users, and their daily water re-
quirements (Sayanthan et al., 2017). Weerarathna and
Weerasinghe (2009) have stated in a guide as the esti-
mation of the total catchment area is needed to find out
the quantity of water that can be harvested. In addition,
the rainfall data from a nearby station and the runoff co-
efficient should be taken into consideration. The runoff
harvesting technique is preferable for agriculture, where
the rainwater is collected from runoff catchment areas.
It is an ideal way to recharge the groundwater in ur-
ban areas by directing the runoff water from driveways,
landscapes, open fields, parks, roads and pavements, and
other open areas of the environment to pits (Balasuriya
and Arachchige, 2021).

Sri Lankans practice four different methods of RWH.

Method 1: Traditional Rainwater Harvesting Method
This method is practiced at the household level to in-
crease water availability where rainwater is collected di-
rectly without unique structures. This method is rarely
practiced or not in use (Ariyabandu, 1999a).

Method 2: Conventional Rainwater Harvesting Method
Many Sri Lankan houses in rural areas are of bi-
segmented type. The roofs of both segments taper to-
wards one side, forming a large catchment area for RWH.
In this method, an improved gutter directs the harvested
rainwater to an open tank which is made below the gut-
ter terminal (Ariyananda, 1999).

Method 3: Informal Rainwater Harvesting Method The
capacity of the storage structure (200-liter barrels) in
this method is lesser than conventional RWHS. This
method contributes to the water security of households
and is accepted as the standard method applied in the ru-
ral areas of Sri Lanka (Balasuriya and Arachchige, 2021).

Method 4: Institutional Rainwater Harvesting Method
This method also improves household water security in
remote areas of Sri Lanka. It started with the Com-
munity Water Supply and Sanitation Project (CWSSP)
and was supported by NGOs and Provincial authorities.
Compared to the rest of the methods, the capacity of
this system is more extensive as it uses two basic sys-
tems, each with 5,000-liter storage tanks (Hapugoda,
1995).

4. RWH as a Climate Change Adaptation Measure

Extreme climate events are the results of global weather
change. Along with the rapid increase in population, in-
dustrialization, and urbanization, climate change plays
a decisive role in meeting the water demand and supply
(Elmahdi et al., 2009). Many regions worldwide have ac-
cepted RWH as a reliable technique to reduce the detri-
mental effects of climate change on water supply (Mo-
hammed et al., 2007). The reliability of RWHS depends
on factors like the rainfall pattern and the dry period
duration, which would differ according to the change in
the climate (Khanal et al., 2020).
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Jackson et al. (2001) stated some reasons for adopting
rainwater harvesting systems to cope with increasing wa-
ter demand besides the global weather changes. Those
reasons are lack of clean drinking water and basic sanita-
tion, increasing pressure on freshwater accessibility due
to the rapid growth of population, and intensification of
the earth’s hydrological cycle because of climate change
in the next 100 years. Schewe et al. (2014) have also
investigated and discussed climate change’s negative im-
pact on water scarcity.

Developing countries are highly likely to experience cli-
mate change’s negative impacts (Khanal, 2020). Cli-
matic change has affected different sectors in Sri Lanka
as well. Lo and Koralegedara et al. (2015) predicted that
there is a chance of more rainfall in Sri Lanka because of
climate change towards the end of this century (2080–
2099), with more impact on residential RWHS compared
to nonresidential systems. According to the study by De
Silva (2014) in the central hills of Sri Lanka, the an-
nual average rainfall is predicted to increase by 12% in
the study area (Ratnapura, Nuwara Eliya, and Kandy)
in 2050 compared to the baseline (1961-1990). In ad-
dition, annual runoff is also predicted to increase; it is
almost 100% in Kandy compared to the baseline.

Likewise, the annual average temperature is predicted to
rise by 1.7ºC, 1.1ºC, and 1.5ºC in Ratnapura, Nuwara
Eliya, and Kandy, respectively, in 2050. Further, De
Silva (2014) has suggested some adaptation measures
with a particular focus on rainwater harvesting in vari-
ous ways, like storing the excess runoff water when the
water demand is low and promoting community-based
projects to collect and store the excess runoff by runoff
collection tanks for home gardening and other purposes.
On the other hand, maintenance of rainwater harvesting
systems to collect roof water during the rainy season can
be adopted for drinking purposes.

5. Quality and treatments of harvested rainwater

Water quality is essential as it directly correlates with
people’s health. The harvested rainwater does not need
sophisticated treatment units as it is free from most con-
taminants (Sturm et al., 2014). Though rainwater is
comparatively free from impurities, its quality can be
altered during harvesting, storage, and household use
(Khanal et al., 2020). The bacteriological quality of
rainwater collected from ground catchments is inferior.
In contrast, the rainwater collected from an adequately
maintained rooftop catchment is suitable for drinking
purposes when it is equipped with covered storage tanks.
The quality of captured rainwater will be optimum if
the rooftop is clean and impervious. In addition, using
non-toxic materials for constructing the system and lo-
cating it away from over-hanging trees help to ensure
better water quality (Rana, 2005). Initially, Sri Lankan
showed considerable resistance to RWH, which was re-
duced later through the demonstration and awareness
programs. People were reluctant to use the rainwater
for drinking due to water contamination as the rainwater

tanks were constructed without a filter. This issue was
solved by designing the system with gravel and charcoal
filters. However, only 10% of households use rainwater
for drinking due to the influence of perception of water
quality and taste (Ariyabandu, 1999b).

A study conducted from May 2017 to May 2019 in
the Badulla district by De Silva and Ariyananda (2020)
revealed that the pH (6.5-8.5), electrical conductivity
(1500�S/cm), and total soluble salts (500mg/L) in har-
vested rainwater were within the safe limits. The pH
levels were high in the harvested rainwater due to the
dissolving of cement from the newly constructed Ferro
cement tank. It can be overcome by washing and flush-
ing the tank several times. EC values were also found
less in harvested rainwater compared to well water. Algal
growth and mosquito breeding in the tanks can also af-
fect the water quality. These problems can be prevented
by sealing the tank tightly (Ariyananda, 2010). The
presence of Escherichia coli (E. coli) is another quality-
related issue. GI roofs are appropriate to ensure a lesser
level of E. coli compared to other types of roofs as the
heating of GI roofs kill the E.coli in the roofs (Vasudevan
et al., 2001). In addition, maximum exposure to the sun
and frequent cleaning reduce microbial contamination
(Khanal et al., 2020).

Despite water quality concerns, some people use har-
vested rainwater without any treatments. According to
the research done between January to February 2013 in
Vavuniya district by Karthiga and Inoka (2014), 68%
of the people use rainwater for drinking purposes with-
out further purification. 27% of them practiced boiling,
and only 5% of the people used the filter to purify the
rainwater before drinking. Anyhow, drinking rainwater
recorded no health demerits in the study area. Chlorina-
tion is also an efficient technique for treating rainwater.
However, it should be done after separating the water
from the tank to avoid the reaction of chlorine with the
deposited organic matters in the tank (Gordon et al.,
1995). A report released on 2011 stated that about
70% of the respondents in the study area have been us-
ing rainwater for drinking purposes with pretreatment.
More specifically, 35%, 27%, and 8% have adopted boil-
ing, filtering, and chlorination (Ariyananda and Aheeyer,
2011).

6. Utilization of RWH system in Sri Lanka

RWH is an easily adaptable option to mitigate water
scarcity and reduce the burden on the public water sup-
ply. Though rain water is limited for drinking and cook-
ing during the dry season, it is used for all purposes dur-
ing the rainy season. RWH is a possible way to solve the
drinking water problem in a district like Vavuniya, where
the groundwater contains a high mineral content. It also
has social and economic benefits. Sometimes the people
have to transport the water from far away for their day-
to-day activities. The construction of the RWH not only
reduces transportation expenditure but also saves time
as the people do not need to go out to collect water and
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induce them to use the saved time primarily for family
welfare (Karthiga and Inoka, 2014).

The construction materials for RWHS are locally avail-
able. Further, the installation and operation of RWHS
are also simple, which can be done by the local people
after minimum training to implement such technologies.
Furthermore, the harvested rainwater can be used for
farm water supplies and irrigation purposes (Mohammed
et al., 2018) and could be directly reused for inferior ac-
tivities like gardening, washing, and cleaning (Anchan
and Prasad, 2021). In addition, it can be used in an
emergency such as sudden fire incidence (Rahman et
al., 2014).

The harvested rainwater acts as a water source for small-
scale home gardens, facilitating the citizens of Sri Lanka
to achieve food security considerably. It encourages Sri
Lankans to engage in economic activities like cultivating
mushrooms and running poultry and goat farms. Peo-
ple utilize the rainwater for toilet and washing purposes,
ensuring sanitation and personal health as indirect merit
(Ariyananda, 2010). When the rainwater is harvested
in a bigger tank, it can be incorporated into the in-
land freshwater aquaculture (Sayanthan et al., 2017).
Moreover, large-scale rainwater storage reduces runoff,
mitigating flood events and soil erosion. Likewise, it pre-
vents the pollutants from finding their way to water bod-
ies (Rahman et al., 2012). Further, the minimization of
runoff through RWH ensures the reduction of blockage
of storm water drains (Julius et al., 2013). Also, rainwa-
ter harvesting can reduce salt accumulation in the soil,
which can harm root growth (Waterfall, 2004).

According to De Silva (2005), RWH is an ultimate option
to recharge the groundwater through percolation, which
helps cope with groundwater depletion due to evapo-
ration and over-extraction. A significant reduction in
water bills is another advantage of RWH. Ariyananda
et al. (2007) found a reduction in water bills in the
households that use water from the RWH system for
several purposes. Bill reduction of around 34% and
60% was observed for low and high-income groups in
the study area of Anuradhapura, Kandy, and Negambo
(Ariyananda, 2007). Though RWHS is identified as a
potential solution to mitigate water scarcity in the dry
zone of Sri Lanka, the concern about utilizing it for flood
mitigation is comparatively less. Ranasinghe and Dis-
sanayake (2018) proved that implementing RWHS will
significantly reduce the local flooding during a rain event
in a Colombo DS Division and any urban area by storing
excess rainwater and using it for different applications.

A report on the effectiveness of RWHS as a Domes-
tic Water Supply revealed that a hundred percent of
the respondents in Kurunegala use rainwater for drink-
ing during dry and wet seasons. In contrast, a hun-
dred percent of the respondents in Batticoloa use rain-
water for drinking, cooking, and washing clothes only
during the wet season. In contrast, none of the Man-
nar, Kalutara, and Ratnapura respondents use rainwater

as drinking water. Further, all the beneficiaries sur-
veyed in Ampara, Matale, and Matara use rainwater
for washing clothes. Notably, all the respondents from
districts such as Matale, Matara, Batticoloa, Kalutara,
Ratnapura, and Hambantota use rainwater for toilet use
(Ariyananda and Aheeyer, 2011). More interestingly, a
survey among thirty rainwater harvesting practitioners
in Karachchi divisional secretariat division, Kilinochchi
district, showed that all of them use rainwater alone for
drinking purposes while using other water sources like
tubewell, shallow well, neighbor’s well /common well for
other purposes (Thusyanthini et al., 2021).

7. Health Benefits and Issues of Using Rainwater as
a Drinking Water Source

The physical and chemical standards of rainwater should
be within the acceptable limits for drinking. Appropri-
ate design and maintenance of the RWH system ensure
low health risks and a significant improvement in human
health (Ariyananda, 2005). A clean rooftop, efficient op-
eration of filters, and first flush and closing of the tank
to prevent mosquito breeding and algal growth ensure
the good quality of harvested rainwater for further usage
(Ariyananda, 2001b). Poor maintenance of the RWHS,
heavy metals and other substances may lead to human
health risks. As the rainwater lacks minerals, it may
cause health hazards when used in the long term. There-
fore it is essential to intake minerals through food or
medicines. Further, it can be overcome by mixing rain-
water with groundwater (Ranasinghe and Wijerathne,
2014; WHO, 2014).

The primary health-related problems identified in RWHS
in Sri Lanka are the presence of dissolved contaminants
and micro-organisms in the harvested water. Other es-
sential parameters like color, turbidity, pH, and con-
ductivity are within the recommended standards of the
World Health Organization. Minor contamination such
as leaves, droppings of animals, and insects can be min-
imized with proper cleaning procedures (Ariyananda and
Aheeyer, 2011). According to the results obtained from
the study of De Silva and Ariyananda (2020) in Badulla,
the rainwater in the tank was suitable for Chronic Kid-
ney Disease of unknown etiology (CKDu) patients as the
TDS values were less than 100mg/L. Jayasumana et al.
(2014) reported high amounts of zinc led in the Northern
Province of Sri Lanka, which can lead to chronic kidney
diseases.

8. Policy and Strategy in Sri Lanka

The Sri Lankan government made a national policy on
rainwater harvesting in 2005 to encourage communities
to control water near its source by harvesting rainwa-
ter. Later in 2009, the Legislation made rainwater-
harvesting mandatory in the new building above a spe-
cific roof size in areas under municipal and urban coun-
cils (Ariyananda, 2010). The National Rainwater Policy
expects to have some merits, such as reduction of storm
water runoff, mitigation of localized flood damage, soil
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erosion and land degradation, prevention of groundwa-
ter depletion, minimizing water stress during droughts,
reduction of urban thermal pollution effects, minimizing
unregulated stagnation of water over prolonged periods,
causing the spread of disease and enabling broader ac-
cess to additional sources of water during natural disas-
ters such as fire, flood, and droughts. Dissanayake and
Padmi (2019) reported that the policy has not given an
effective framework for RWH and highlighted the ineffi-
ciency of law as it is impractical.

Raising awareness regarding the importance of RWH is
one of the key strategies in the National Rainwater Pol-
icy. Sri Lankan government has not remarkably invested
in rainwater harvesting, and it is revealed that the contri-
bution of the National Water Supply and Drainage Board
to the rainwater harvesting system is around 10%. The
balance is from the funding projects. The construction
cost is a reason for the lack of usage of RWHS for domes-
tic, commercial, and industrial purposes. Ariyananda
and Aheeyer (2011) found that most domestic rainwa-
ter tanks in Sri Lanka have a capacity of 5000 liters
(64.49%).

In contrast, a tank with a capacity of 8000 liters (1.63%)
is being used somewhat. The average cost of the such
tank is LKR 50,000 (Ariyananda and Aheeyer, 2011).
Therefore funding, subsidies, or loans should be adopted
to help the public establish RWHS for domestic pur-
poses.

9. Conclusion

This paper evaluated several aspects of rainwater har-
vesting in Sri Lanka. The over-exploitation and contam-
ination of groundwater raise the need to adopt environ-
mentally sound techniques like RWH to mitigate water
scarcity. Being a developing country, Sri Lanka lacks
adopting sophisticated techniques like desalination and
groundwater remediation to a greater extent for human
consumption. Therefore adapting RWH will enhance
water availability for different purposes in a cost-effective
manner. According to the reviewed data, mainly rain-
water’s chemical and physical quality is found within the
standards to be used for drinking purposes with or with-
out simple treatments.

Further RWHS can be a reliable water source for dis-
advantaged groups such as poor rural communities and
CKDu-affected patients. Anyhow periodic analysis of
the operation and maintenance of the RWHS is required
to ensure the system’s efficient functioning. In addition,
implementing policies and strategies related to RWH
should focus on storm water management, urban green,
sustainable agriculture and public services to empower
the vital ecosystem and livelihood of humans in the Sri
Lankan context.
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1. Introduction

We consider the multiple linear regression model

y = Xβ + ϵ, ϵ ∼ N
(
0, σ2I

)
(1.1)

where y is an n × 1 observable random vector, X is a
n×p known design matrix of rank p , β is a p×1 vector
of unknown parameters, and ϵ is a n × 1 vector of dis-
turbances. The ordinary least square estimator (OLSE)
for model is given by (1.1)

β̂OLSE = S−1X
′
y, (1.2)

where S = X
′
X. In the case of multicollinearity, the

Ordinary Least Squares method produces estimates with
significant variances, wide confidence intervals, unre-
liable tests, and incorrect signs. Several researchers
have proposed alternative estimators instead of the Or-
dinary Least Square Estimator (OLSE) to confront the
multicollinearity problem. In order to solve the multi-
collinearity problem, Hoerl and Kennard (1970) firstly
proposed the Ridge Estimator (RE). Followed by Ho-
erl and Kennard (1970), the Liu Estimator (LE) by Liu
(1993), and the Almost Unbiased Liu Estimator (AULE)
by Akdeniz and Kaçiranlar (1995) have been proposed
to solve multicollinearity. Recently, Ahmad and Aslam
(2020) proposed Modified New Two Parameter Estima-
tor (MNTPE).

The RE proposed by Hoerl and Kennard (1970) is de-
fined as

β̂RE (k) = Wkβ̂OLSE , (1.3)

where Wk =
(
I + kS−1

)−1.

The bias vector and mean square error (MSEM ) matrix
of RE can be obtained as

B
(
β̂RE (k)

)
= −k (S + kI)

−1 and (1.4)

MSEM
(
β̂RE (k)

)
= σ2WkS

−1Wk

+ k2 (S + kI)
−1

ββ′ (S + kI)
−1

,
(1.5)

respectively.

The LE proposed by Liu (1993) is defined as

β̂LE(d) = Fdβ̂OLSE , (1.6)

where Fd = (S + I)
−1

(S + dI).

The bias vector and MSEM of LE can be obtained as

B
(
β̂LE(d)

)
= (d− 1) (S + I)

−1
β and (1.7)

MSEM
(
β̂LE(d)

)
= σ2FdS

−1F
′

d

+ (1− d)
2
(S + I)

−1
ββ

′
(S + I)

−1
,

(1.8)
respectively.

The AULE proposed by Akdeniz and Kaçiranlar (1995)
is defined as

β̂AULE(d) = Tdβ̂OLSE , (1.9)

where Td =
[
I − (1− d)

2
(S + I)

−2
]
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The bias vector and MSEM of AULE can be obtained as

B
(
β̂AULE(d)

)
= − (1− d)

2
(S + I)

−2
β and (1.10)

MSEM
(
β̂AULE(d)

)
= σ2TdS

−1T
′

d

+ (1− d)
4
(S + I)

−2
ββ

′
(S + I)

−2
,

(1.11)

respectively.

The MNTPE proposed by Ahmad and Aslam (2020) is
defined as

β
′

MNTPE (k, d) = Lk,dβ̂OLSE , (1.12)

where Lk,d = (S + I)
−1

(S + dI) (S + kdI)
−1

S

The bias vector and MSEM of MNTPE can be obtained
as

B
(
β̂MNTPE(k, d)

)
= (Lk,d − I)β and (1.13)

MSEM
(
β̂MNTPE(k, d)

)
= σ2Lk,dS

−1L
′

k,d

+ (Lk,d − I)ββ
′
(Lk,d − I)

′
,

(1.14)

respectively.

Another method to deal with multicollinearity problems
is to consider parameter estimation with some restric-
tions on the unknown parameters, which may be exact
or stochastic restrictions (Rao and Touterburg, 1995).
In addition to the sample model (1.1), let us be given
some prior information about βin the form of a set of q
independent stochastic linear restrictions as follows.

h = Hβ + υ, υ ∼ N
(
0, σ2Ω

)
, (1.15)

where h is a known stochastic vector, H is an q×p of full
row rank q ≤ p with known element, v is a q×1 random
vector of disturbances, and Ω is assumed to be known
and positive definite. Moreover, it is assumed that v is
stochastically independent of ϵ , i.e.,E

(
ϵv

′
)
= 0. Then,

by combining the sample model (1.1) and the stochastic
restriction (1.15), the Mixed Estimator (ME) is proposed
by Theil and Goldberger (1961) as follows.

β̂ME =β̂OLSE + S−1H
′
(HS−1H

′
+Ω)−1(h−

Hβ̂OLSE)
(1.16)

The MSEM of ME can be obtained as

MSEM
(
β̂ME

)
= σ2

(
S−1 −G

)
= σ2A, (1.17)

where G = S−1H
′
(
Ω+HS−1H

′
)
HS−1 and A =

S−1 −G =
(
S +HΩ−1H

′
)−1

.

By replacing ME in the place of OLSE in LE, Hubert
and Wijekoon (2006) proposed the stochastic restricted
Liu estimator (SRLE) as follows.

β̂SRLE(d) = Fdβ̂ME (1.18)

The bias vector and MSEM of SRLE are given by

B
(
β̂SRLE(d)

)
= (Fd − I)β and (1.19)

MSEM (βSRLE(d)) = σ2FdS
−1F

′

d − σ2FdGF
′

d

+ (Fd − I)ββ
′
(Fd − I)

′
,

(1.20)

respectively.

The hope is that the combination of two different esti-
mators might inherit the advantages of both estimators.
Therefore, in this research, we propose a new estimator
by combining ME and MNTPE.

2. The Proposed Estimator and Its Stochastic Prop-
erties

Following Hubert and Wijekoon (2006), we propose a
new estimator named as New Stochastic Restricted Two
Parameter Estimator (NSRTPE) by replacing ME in
places of OLSE in the Modified New Two Parameter
Estimator (MNTPE) as follows.

β̂NSRTPE(k, d) = Lk,dβ̂ME (2.1)

The bias vector, dispersion matrix, and MSEM of
β̂NSRTPE(k, d) = Lk,dβ̂ME can be obtained as

B
(
β̂NSRTPE(k, d)

)
= (Lk,d − I)β (2.2)

D
(
β̂NSRTPE(k, d)

)
= σ2Lk,dS

−1L
′

k,d − σ2Lk,dGL
′

k,d

(2.3)

and

MSEM
(
β̂NSRTPE(k, d)

)
= σ2Lk,dS

−1L
′

k,d−

σ2Lk,dGL
′

k,d + (Lk,d − I)ββ
′
(Lk,d − I)

′
,

(2.4)

respectively.

3. Mean Square Error Matrix Comparison

This section compares the performance of the proposed
estimator with OLSE, ME, RE, LE, AULE, SRLE, and
MNTPE.
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3.1. MSEM comparison between RE and NSRTPE

In this section, the RE and NSRTPE will be compared.
The MSEM difference is

MSEM
(
β̂RE(k)

)
−MSEM

(
β̂NSRTPE(k, d)

)
=

σ2WkS
−1Wk − σ2Lk,dS

−1L
′

k,d+

σ2Lk,dGL
′

k,d +B
(
β̂RE(k)

)
B

′
(
β̂RE(k)

)
−

B
(
β̂NSRTPE(k, d)

)
B

′
(
β̂NSRTPE(k, d)

)
(3.1)

Now the following theorem can be stated.

Theorem 3.1:
When λmax

[(
Lk,dS

−1L
′

k,d

) (
WkS

−1Wk

)−1
]

< 1 ,
the estimator NSRTPE is superior to RE in the mean
squared error matrix sense if and only if

β
′
(Lk,d − I)

′
(σ2D1 + (Wk − I)ββ

′
(Wk − I)

−1

(Lk,d − I)β) ≤ 1

where D1 = WkS
−1Wk − Lk,dS

−1L
′

k,d +

Lk,dGL
′

k,d and λmax

[(
Lk,dS

−1L
′

k,d

) (
WkS

−1Wk

)−1
]

is the largest eigenvalue of the matrix(
Lk,dS

−1L
′

k,d

) (
WkS

−1Wk

)−1.

Proof: One can clearly say that the matrix Lk,dGL
′

k,d

is positive definite. According to lemma 1 (Appendix), it
can be said that the matrix D1 is positive definite if and
only if λmax

[(
Lk,dS

−1L
′

k,d

) (
WkS

−1Wk

)−1
]
< 1.

Now, based on Lemma 2 (Appendix), we can say that
MSEM

(
β̂RE(k)

)
− MSEM

(
β̂NSRTPE(k, d)

)
≥ 0

if and only if
β

′
(Lk,d − I)

′
(σ2D1+(Wk − I)ββ

′
(Wk − I))−1(Lk,d

− I)β ≤ 1.
This completes the proof.

3.2. MSEM comparison between LE and NSRTPE

In order to compare the LE and NSRTPE in terms of the
MSEM matrix, we investigate the following difference.

MSEM
(
β̂LE(d)

)
−MSEM

(
β̂NSRTPE(k, d)

)
= σ2FdS

−1F
′

d − σ2Lk,dS
−1L

′

k,d

+ σ2Lk,dGL
′

k,d +B
(
β̂LE(d)

)
B
(
β̂LE(d)

)′

−B
(
β̂NSRTPE(k, d)

)
B
(
β̂NSRTPE(k, d)

)′

(3.2)

Now, one can state the following theorem.

Theorem 3.2 The NSRTPE is superior to LE in the
mean squared error matrix sense if and only if

B
′
(
β̂NSRTPE(k, d)

)(
σ2D2 +B

(
β̂LE(d)β̂LE(d)

)′)−1

B
(
β̂NSRTPE(k, d)

)
≤ 1

where D2 = FdS
−1F

′

d − Lk,dS
−1L

′

k,d + Lk,dGL
′

k,d.

Proof:Let us consider

FdS
−1F

′

d − Lk,dS
−1L

′

k,d

=FdS
−1F

′

d − (S + I)
−1

(S + dI)(S

+ kdI)−1SS−1S (S + kdI)
−1

(S + dI) (S + I)
−1

=Fd (S + kdI)
−1 (

(S + kdI)S−1 (S + kdI)− S
)
(S

+ kdI)−1F
′

d

=Fd (S + kdI)
−1 (

S + kdI + kdI + k2d2S−1 − S
)
(S

+ kdI)−1F
′

d

=kdFd (S + kdI)
−1 (

I + kdS−1
)
(S + kdI)

−1
F

′

d

Since 0 < d < 1 and k ≥ 0, the matrix
FdS

−1F
′

d − Lk,dS
−1L

′

k,d is positive definite. There-
fore, the matrix D2 = FdS

−1F
′

d − Lk,dS
−1L

′

k,d +

Lk,dGL
′

k,d is positive definite since L
′

k,dGL
′

k,d >
0. Now, based on Lemma 2, it can be said that
MSEM

(
β̂LE(d)

)
− MSEM

(
β̂NSRTPE(k, d)

)
≥

0 if and only if B
′
(β̂NSRTPE(k, d))(σ

2D2 +

B(β̂LE(d)β̂LE(d))
′
)−1B(β̂NSRTPE(k, d)) ≤ 1

This completes the proof.

3.3. MSEM comparison between AULE and
NSRTPE

In this section, the AULE and NSRTPE will be com-
pared. The MSEM difference is

MSEM
(
β̂AULE (d)

)
−MSEM

(
β̂NSRTPE(k, d)

)
= σ2TdS

−1Td − σ2Lk,dS
−1L

′

k,d

+ σ2Lk,dGL
′

k,d +B
(
β̂AULE(d)

)
B
(
β̂AULE(d)

)′

−B
(
β̂NSRTPE(k, d)

)
B
(
β̂NSRTPE(k, d)

)′

(3.3)

Now the following theorem can be stated.

Theorem 3.3:
When λmax

[(
Lk,dS

−1L
′

k,d

) (
TdS

−1Td

)−1
]

< 1 the
estimator NSRTPE is superior to AULE in the mean
squared error matrix sense if and only if β

′
(Lk,d −

I)
′
(σ2D3 + (Td − I)ββ

′
(Td − I))−1(Lk,d − I)β ≤ 1,
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where D3 = TdS
−1Td − Lk,dS

−1L
′

k,d + Lk,dGL
′

k,d

and λmax

[(
Lk,dS

−1L
′

k,d

)(
Lk,dS

−1L
′

k,d

)−1
]

is the largest eigenvalue of the matrix(
Lk,dS

−1L
′

k,d

) (
TdS

−1Td

)−1.

Proof: One can say that the matrix Lk,dGL
′

k,d is a
positive definite matrix. According to lemma 1, it can
be said that the matrix D3 is a positive definite matrix
if and only if λmax

[(
Lk,dS

−1L
′

k,d

) (
TdS

−1Td

)−1
]
<

1. Now, based on the Lemma 3, we can say that
MSEM

(
β̂AULE(d)

)
−MSEM

(
β̂NSRTPE(k, d)

)
≥

0 if and only if β′
(Lk,d − I)

′
(σ2D3 + (Td − I)ββ

′
(Td −

I)−1)−1(Lk,d − I)β ≤ 1
This completes the proof.

3.4. MSEM comparison between SRLE and
NSRTPE

We consider the MSEM difference between SRLE and
NSRTPE as:

MSEM
(
β̂SRLE(d)

)
−MSEM

(
β̂NSRTPE (k, d)

)
= σ2FdS

−1F
′

d − σ2FdGF
′

d − σ2Lk,dS
−1L

′

k,d

+ σ2Lk,dGL
′

k,d +B
(
β̂SRLE(d)

)
B

′
(
β̂SRLE(d)

)
−B

(
β̂NSRTPE(k, d)

)
B

′
(
β̂NSRTPE(k, d)

)
(3.4)

Now, the following theorem can be stated.

Theorem 3.4: The NSRTPE is superior to
SRLE in the mean squared error matrix sense
if and only if B

′
(β̂NSRTPE(k, d))(σ

2D4 +

B(β̂SRLE(d)β̂SRLE(d))
′
)−1B(β̂NSRTPE(k, d)) ≤ 1,

where D4 = FdS
−1F

′

d − FdGF
′

d − Fk,dS
−1F

′

k,d +

FdGF
′

k,d.
Proof:Let us consider

FdS
−1F

′

d − FdGF
′

d − Fk,dS
−1L

′

k,d + Fk,dGL
′

k,d

=Fd

(
S−1 −G

)
F

′

d − Lk,d

(
S−1 −G

)
L

′

k,d

=FdAF
′

d − Lk,dAL
′

k,d

=FdAF
′

d − Fd

(
I + kdS−1

)−1
A
(
I + kdS−1

)−1
F

′

d

=Fd

(
I + kdS−1

)−1
[
(
I + kdS−1

)
A
(
I + kdS−1

)
−

A]
(
I + kdS−1

)−1
F

′

d

=Fd

(
I + kdS−1

)−1
[A+ kdAS−1 + kdS−1A+

k2d2S−2 −A]
(
I + kdS−1

)−1
F

′

d

=kdFd

(
I + kdS−1

)−1 [
AS−1 + S−1A+ kdS−2

]
(I+

kdS−1)−1F
′

d

It can be said that the matrix FdS
−1F

′

d −
FdGF

′

d − Fk,dS
−1L

′

k,d + Fk,dGL
′

k,d is positive def-
inite since Fd > 0,

(
I + kdS−1

)−1
> 0 and[

AS−1 + S−1A+ kdS−2
]

> 0. Now, according
to lemma 2, one can say that one can say that
MSEM

(
β̂SRLE(d)

)
− MSE

(
β̂NRSTPE(k, d)

)
≥

0 if and only if B
′
(β̂NSRTPE(k, d))(σ

2D4 +

B(β̂SRLE(d))B(β̂SRLE(d))
′
)−1B(β̂NSRTPE(k, d)) ≤

1.
This completes the proof.

3.5. MSEM M comparison between MNTPE and
NSRTPE

We consider the MSEM difference between MNTPE and
NSRTPE as:

MSE
(
β̂MNTPE (k, d)

)
−MSE

(
β̂NSRTPE (k, d)

)
= σ2Lk,dGL

′

k,d

(3.5)

Since the matrix σ2Lk,dGL
′

k,d is nonnegative defi-
nite, it can be said that MSEM

(
β̂MNTPE (k, d)

)
−

MSE
(
β̂NSRTPE (k, d)

)
≥ 0, which means that the

estimator NSRTPE is always superior to MNTPE in the
mean squared error matrix sense.

3.6. MSEM comparison between OLSE and
NSRTPE

In this subsection, the estimator NSRTPE will be com-
pared with OLSE. We consider the MSEM difference
between β̂OLSE and β̂NSRTPE(k, d) as

MSE
(
β̂OLSE

)
−MSE

(
β̂NSRTPE (k, d)

)
= σ2S−1 − σ2Lk,dS

−1L
′

k,d + σ2Lk,dGL
′

k,d

+B
(
β̂NSRTPE (k, d)

)
B

′
(
β̂NSRTPE (k, d)

) (3.6)

Now, the following theorem can be stated.

Theorem 3.5 The OLSE is superior to NSRTPE in
the mean square error matrix sense if and only if
B

′
(
β̂NSRTPE (k, d)

)
D−1

5 B
(
β̂NSRTPE (k, d)

)
≤ σ2

where D5 = σ2S−1 − σ2Lk,dS
−1L

′

k,d + σ2Lk,dGL
′

k,d.

Proof To prove this theorem, first, we need to show
that the matrix D5 is a positive definite. Since the
matrix S is positive definite, there exists an orthogo-
nal matrix P and a positive definite diagonal matrix
Λ = diag (λ1, λ2, . . . . . . , λp) such that P ′

SP = Λ, with
p

′
p = pp

′
= I, where λ1 ≥ λ2 ≥ . . . . . . λp > 0 are the

ordered eigenvalues of S.
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Now, we consider

tr(S−1−Lk,dS
−1L

′

k,d)

=

p∑
i=1

[
1

λi
− (λi + d)

2
λ2
i

(λi + 1)
2
(λi + kd)

2
λi

]

Now, in order to prove that S−1 − Lk,dS
−1L

′

k,d > 0,
we need to show that 1

λi
− (λi+d)2λ2

i

(λi+1)2(λi+kd)2λi
> 0.

Consider

1

λi
− (λi + d)

2
λ2
i

(λi + 1)
2
(λi + kd)

2
λi

=
(λi + d)

2
λ2
i

(λi + 1)
2
(λi + kd)

2
λi

[(λi + 1)
2
(λi + kd)

2 −

(λi + d)
2
λ2
i ]

=
(λi + d)

2
λ2
i

(λi + 1)
2
(λi + kd)

2
λi

[(λi + 1)
2
(λi + kd)

2 −

(λi + d)
2
λ2
i ]

=
(λi + d)

2
λ2
i

(λi + 1)
2
(λi + kd)

2
λi

[(λi + 1) (λi + kd)+

(λi + d)λi][(λi + 1) (λi + kd)− (λi + d)λi]

=
(λi + d)

2
λ2
i

(λi + 1)
2
(λi + kd)

2
λi

[(λi + 1) (λi + kd)+

(λi + d)λi] [kd (λi + 1) + (1− d)λi]
(3.7)

It is clear that 1
λi

− (λi+d)2λ2
i

(λi+1)2(λi+kd)2λi
> 0 since 0 < d <

1 and k > 0.

Therefore, the matrix S−1 − Lk,dS
−1L

′

k,d >

0 so that D5 > 0 since Lk,dGL
′

k,d > 0.
Now, according to Lemma 3, it can be said
that the OLSE is superior to NSRTPE in the
mean square error matrix sense if and only if
B

′
(
β̂NSRTPE (k, d)

)
D−1

5 B
(
β̂NSRTPE (k, d)

)
≤ σ2.

This completes the proof.

3.7. MSEM comparison between ME and NSRTPE

We consider the MSEM difference between ME and
NSRTPE as:

MSE
(
β̂ME

)
−MSE

(
β̂NSRTPE(k, d)

)
= σ2A− σ2Lk,dAL

′

k,d

+B
(
β̂NSRTPE(k, d)

)
B

′
(
β̂NSRTPE(k, d)

) (3.8)

Now, one can state the following theorem.

Theorem 3.6 The ME is superior to NSRTPE in the
mean square error matrix sense if and only if
B

′
(
β̂NSRTPE(k, d)

)
D−1

6 B
(
β̂NSRTPE(k, d)

)
≤ σ2,

where D6 = σ2A− σ2Lk,dAL
′

k,d.

Proof: Put B = P
′
AP , with A as defined in Section 1.

The matrix is a nonnegative definite matrix and hence
so is B.The diagonal elements aij of B are , therefore ,
all nonnegative.
Consider

tr(A− Lk,dAL
′

k,d) =

p∑
i=1

[
aii −

aii (λi + d)
2
λ2
i

(λi + 1)
2
(λi + kd)

2

]

Now, in order to prove that A−Lk,dAL
′

k,d > 0, we need

to show that aii −
aii (λi + d)

2
λ2
i

(λi + 1)
2
(λi + kd)

2 > 0.

Now, we can simplify

aii −
aii (λi + d)

2
λ2
i

(λi + 1)
2
(λi + kd)

2

=
aij [kd (λi + 1) + (1− d)λi] [(λi + 1) (λi + kd) + (λi + d)λi]

(λi + 1)
2
(λi + kd)

2

Now, it can be said that the matrix A−Lk,dAL
′

k,d > 0.
According to Lemma (3), we can say that
MSEM

(
β̂ME

)
− MSEM

(
β̂NSRTPE(k, d)

)
≥ 0 if

and only if B′
(
β̂NSRTPE(k, d)

)
D−1

6 B
(
β̂NSRTPE(k, d)

)
≤

σ2.
This completes the proof.

4. Numerical Illustration

4.1. Real-world example

In order to show the superiority of the proposed estima-
tor, we consider the data set on Total National Research
and Development Expenditures as a percent of Gross Na-
tional product originally due to Gruber (1998), and later
considered by Akdeniz and Erol (2003), Li and Yang
(2011), Yang and Cui (2011) and Alheety and Kibria
(2013). The data set is given as follows:

X =



1.9 2.2 1.9 3.7
1.8 2.2 2.0 3.8
1.8 2.4 2.1 3.6
1.8 2.4 2.2 3.8
2.0 2.5 2.3 3.8
2.1 2.6 2.4 3.7
2.1 2.6 2.6 3.8
2.2 2.6 2.6 4.0
2.3 2.8 2.8 3.7
2.3 2.7 2.8 3.8


and Y =



2.3
2.2
2.2
2.3
2.4
2.5
2.6
2.6
2.7
2.7


Firstly, we obtain the eigenvalue of X

′
X as λ1 =

302.963, λ2 = 0.728, λ3 = 0.045, λ4 = 0.035. And the
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Table 1: The estimated SMSE of RE, LE, AULE, MNTPE, ME, SRLE and NSRTPE when d = 0.1

k 0.1 0.09 0.08 0.07 0.06 0.05 0.04 0.03 0.02 0.01 0.005
RE 0.1247 0.1183 0.1112 0.1034 0.0949 0.0858 0.0763 0.0671 0.0601 0.0601 0.0663
LE 0.1881 0.1881 0.1881 0.1881 0.1881 0.1881 0.1881 0.1881 0.1881 0.1881 0.1881
AULE 0.1407 0.1407 0.1407 0.1407 0.1407 0.1407 0.1407 0.1407 0.1407 0.1407 0.1407
MNTPE 0.1986 0.1977 0.1968 0.1959 0.1949 0.1938 0.1928 0.1917 0.1906 0.1894 0.1888
ME 0.0427 0.0427 0.0427 0.0427 0.0427 0.0427 0.0427 0.0427 0.0427 0.0427 0.0427
SRLE 0.1874 0.1874 0.1874 0.1874 0.1874 0.1874 0.1874 0.1874 0.1874 0.1874 0.1874
NSRTPE 0.1982 0.1973 0.1963 0.1954 0.1943 0.1933 0.1922 0.1911 0.1899 0.1887 0.1881

Table 2: The estimated SMSE of RE, LE, AULE, MNTPE, ME, SRLE and NSRTPE when d = 0.5

k 0.1 0.09 0.08 0.07 0.06 0.05 0.04 0.03 0.02 0.01 0.005
RE 0.1247 0.1183 0.1112 0.1034 0.0949 0.0858 0.0763 0.0671 0.0601 0.0601 0.0663
LE 0.0797 0.0797 0.0797 0.0797 0.0797 0.0797 0.0797 0.0797 0.0797 0.0797 0.0797
AULE 0.0611 0.0611 0.0611 0.0611 0.0611 0.0611 0.0611 0.0611 0.0611 0.0611 0.0611
MNTPE 0.1460 0.1415 0.1366 0.1313 0.1255 0.1192 0.1123 0.1048 0.0968 0.0883 0.0840
ME 0.0427 0.0427 0.0427 0.0427 0.0427 0.0427 0.0427 0.0427 0.0427 0.0427 0.0427
SRLE 0.0694 0.0694 0.0694 0.0694 0.0694 0.0694 0.0694 0.0694 0.0694 0.0694 0.0694
NSRTPE 0.1439 0.1392 0.1340 0.1284 0.1222 0.1153 0.1078 0.0994 0.0902 0.0802 0.0749

Table 3: The estimated SMSE of RE, LE, AULE, MNTPE, ME, SRLE and NSRTPE when d = 0.9

k 0.1 0.09 0.08 0.07 0.06 0.05 0.04 0.03 0.02 0.01 0.005
RE 0.1247 0.1183 0.1112 0.1034 0.0949 0.0858 0.0763 0.0671 0.0601 0.0601 0.0663
LE 0.0684 0.0684 0.0684 0.0684 0.0684 0.0684 0.0684 0.0684 0.0684 0.0684 0.0684
AULE 0.0793 0.0793 0.0793 0.0793 0.0793 0.0793 0.0793 0.0793 0.0793 0.0793 0.0793
MNTPE 0.1275 0.1213 0.1144 0.107 0.0988 0.09 0.0807 0.0713 0.0632 0.0594 0.0613
ME 0.0427 0.0427 0.0427 0.0427 0.0427 0.0427 0.0427 0.0427 0.0427 0.0427 0.0427
SRLE 0.0373 0.0373 0.0373 0.0373 0.0373 0.0373 0.0373 0.0373 0.0373 0.0373 0.0373
NSRTPE 0.1245 0.1179 0.1105 0.1023 0.0932 0.0832 0.0721 0.0603 0.0485 0.0387 0.0363

Table 4: The estimated SMSE of RE, LE, AULE, MNTPE, ME, SRLE and NSRTPE when d = 0.99

k 0.1 0.09 0.08 0.07 0.06 0.05 0.04 0.03 0.02 0.01 0.005
RE 0.1247 0.1183 0.1112 0.1034 0.0949 0.0858 0.0763 0.0671 0.0601 0.0601 0.0663
LE 0.0793 0.0793 0.0793 0.0793 0.0793 0.0793 0.0793 0.0793 0.0793 0.0793 0.0793
AULE 0.0808 0.0808 0.0808 0.0808 0.0808 0.0808 0.0808 0.0808 0.0808 0.0808 0.0808
MNTPE 0.1250 0.1185 0.1115 0.1037 0.0952 0.0862 0.0767 0.0675 0.0604 0.0599 0.0656
ME 0.0427 0.0427 0.0427 0.0427 0.0427 0.0427 0.0427 0.0427 0.0427 0.0427 0.0427
SRLE 0.0419 0.0419 0.0419 0.0419 0.0419 0.0419 0.0419 0.0419 0.0419 0.0419 0.0419
NSRTPE 0.1219 0.1150 0.1073 0.0987 0.0892 0.0787 0.0673 0.0553 0.0438 0.0361 0.0361

conditional number is k =
302.963

0.035
= 8656.086. This

information indicates severe multicollinearity among the
explanatory variables.

We consider the following stochastic restriction accord-
ing to Yildiz (2019):

h = Hβ + υ, H = (1,−1, 1, 0) , υ ∼ N
(
0, σ2Ω

)
Also, it was obtained that the scalar mean square error
(SMSE) of OLSE is 0.0808.

Tables 1-4 were obtained using the estimated SMSE
values of RE, LE, AULE, MNTPE, ME, SRLE, and

NSRTPE for different k and d values.

From Table 1-4, we can see that the NSRTPE outper-
forms the other estimators when the parameter k is rel-
atively small and the parameter d is large. However, the
NSTRTPE is worse than some existing estimators when
d is small.

4.2. Simulation Study

To further illustrate the behavior of the proposed esti-
mator, we perform a Monte Carlo simulation study by
considering different levels of multicollinearity. Follow-
ing McDonald and Galarneau (1975), we generate ex-
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planatory variables as follows:

xij =
(
1− γ2

) 1
2 zij + γzi,p+1, i = 1, 2, . . . , n

j = 1, 2, . . . p
(4.1)

where zij is an independent normal pseudorandom num-
ber and γ is specified so that the theoretical correlation
between any two explanatory variables is given by γ2.

A dependent variable is generated by using the following
equation

yi = β1xi1 + β2xi2 + β3xi3 + β4xi4 + ϵi, i = 1, 2...n
(4.2)

where ϵi is a normal pseudo and variance σ2
i .

Newhouse and Oman (1971) have noted that if MSEM is
a function of σ2

i and β, and if the explanatory variables
are fixed, the subject to the constraint ββ

′
= 1, the

MSEM is minimized when β is the normalized eigenvec-
tor corresponding to the largest eigenvalue of the XX

′

matrix. In this study, we choose the normalized eigen-
vector corresponding to the largest eigenvalue of the
XX

′ matrix as the coefficient vector, n = 100, p = 4
and σ2

i = 1. Three different sets of correlations are
considered by selecting the values as γ = 0.7, 0.8 and
0.9. The estimated SMSE of OLSE at γ = 0.7, 0.8 and
0.9 are 0.0622, 0.0853 and 0.1572, respectively. In the
simulation study, we have used the same stochastic re-
striction used in Section 4.1.

Tables 5-16 (see Appendix) are obtained using the es-
timated scalar mean square error (SMSE ) values of
RE, LE, AULE, MNTPE, ME, SRLE and NSRTPE for
different d and k values with different sets of correla-
tion, namely, γ = 0.7, 0.8 and 0.9.According to Table
7, It is observed that the proposed estimator has the
smallest scalar mean square error value than other es-
timators for k = 0.01 and 0.005 when d = 0.9 and
γ = 0.7. Also, from Table 8, it can be seen that the
NSRTPE has the smallest SMSE than other estimators
for k ≤ 0.03. When d = 0.99 and γ = 0.7.From Ta-
ble 11, one can say that the NSRTPE has the smallest
SMSE than other estimators for k = 0.01 and 0.005
when d = 0.9 and γ = 0.8. Moreover, Table 12
shows that the NSRTPE showed a better performance
for k ≤ 0.04 when d = 0.99 and γ = 0.8 Based on table
15, one can conclude that the proposed estimator has
lower SMSE values compared to those of OLSE, RE,
LE, AULE, MNTPE, ME and SRLE for k = 0.01 and
k = 0.05 when d = 0.9 and γ = 0.9. Moreover, Table
16 shows that the proposed estimator has the smallest
SMSE than other estimators for k ≤ 0.05 when d = 0.99
and γ = 0.9. Furthermore, it can be observed in all ta-
bles that the NSRTPE is always superior to MNTPE.
Nevertheless, the NSTRTPE is worse than some exist-
ing estimators when d is small.

5. Conclusion

A new biased estimator has been proposed for estimating
the parameter of the multiple linear regression with mul-
ticollinearity when the stochastic restrictions are avail-
able. Moreover, necessary and sufficient conditions for
the superiority of the proposed estimator over the OLSE,
RE, LE, AULE, MNTPE, ME, SRLE in the MSEM sense
have been discussed. Finally, we illustrated our findings
with a real-world example and a Monte Carlo simula-
tion. From the results of the real-world example and
simulation study, it could be concluded that the pro-
posed estimator performs well compared to others when
the shrinkage parameters k and d are relatively small
and large, respectively.
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Appendix

Lemma 1: Let n × n matrices M > 0, N > 0 (orN ≥ 0 ), then M > N if and only if λ1

(
NM−1

)
< 1, where

λ1

(
NM−1

)
is the largest eigenvalue of the matrix NM−1 (Wang, 2006).

Lemma2: Let β̂1 and β̂2 be two linear estimators of β. Suppose that D = D
(
β̂1

)
− D

(
β̂2

)
is positive definite

then ∆ = MSEM
(
β̂1

)
−MSEM

(
β̂2

)
is nonnegative definite if and only if b′2

(
D + b1b

′

1

)−1

b2 ≤ 1 , where bj

denotes the bias vector of β̂j , j = 1, 2 (Trenkler and Toutenburg, 1990).

Lemma 3 : Let M be a positive definite matrix, namely M > 0, α be some vector, then M − αα
′ ≥ 0 if and only

if α′
M−1α ≤ 1 (Farebrother, 1976).

Table 5: The estimated SMSE of RE, LE, AULE, MNTPE, ME, SRLE and NSRTPE when d = 0.1 and γ = 0.7

k 0.1 0.09 0.08 0.07 0.06 0.05 0.04 0.03 0.02 0.01 0.005
RE 0.1447 0.1287 0.1129 0.0976 0.0829 0.0695 0.0578 0.0488 0.0441 0.0465 0.0521
LE 0.6372 0.6372 0.6372 0.6372 0.6372 0.6372 0.6372 0.6372 0.6372 0.6372 0.6372
AULE 0.3657 0.3657 0.3657 0.3657 0.3657 0.3657 0.3657 0.3657 0.3657 0.3657 0.3657
MNTPE 0.6579 0.6559 0.6539 0.6519 0.6499 0.6478 0.6457 0.6436 0.6415 0.6394 0.6383
ME 0.0451 0.0451 0.0451 0.0451 0.0451 0.0451 0.0451 0.0451 0.0451 0.0451 0.0451
SRLE 0.6369 0.6369 0.6369 0.6369 0.6369 0.6369 0.6369 0.6369 0.6369 0.6369 0.6369
NSRTPE 0.6577 0.6557 0.6537 0.6516 0.6496 0.6475 0.6454 0.6433 0.6412 0.6390 0.6380

Table 6: The estimated SMSE of RE, LE, AULE, MNTPE, ME, SRLE and NSRTPE when d = 0.5 and γ = 0.7

k 0.1 0.09 0.08 0.07 0.06 0.05 0.04 0.03 0.02 0.01 0.005
RE 0.1447 0.1287 0.1129 0.0976 0.0829 0.0695 0.0578 0.0488 0.0441 0.0465 0.0521
LE 0.2135 0.2135 0.2135 0.2135 0.2135 0.2135 0.2135 0.2135 0.2135 0.2135 0.2135
AULE 0.0718 0.0718 0.0718 0.0718 0.0718 0.0718 0.0718 0.0718 0.0718 0.0718 0.0718
MNTPE 0.3327 0.3216 0.3102 0.2985 0.2867 0.2746 0.2624 0.2500 0.2377 0.2254 0.2194
ME 0.0451 0.0451 0.0451 0.0451 0.0451 0.0451 0.0451 0.0451 0.0451 0.0451 0.0451
SRLE 0.2088 0.2088 0.2088 0.2088 0.2088 0.2088 0.2088 0.2088 0.2088 0.2088 0.2088
NSRTPE 0.3315 0.3202 0.3087 0.2969 0.2848 0.2725 0.2600 0.2472 0.2344 0.2215 0.2151
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Table 7: The estimated SMSE of RE, LE, AULE, MNTPE, ME, SRLE and NSRTPE when d = 0.9 and γ = 0.7

k 0.1 0.09 0.08 0.07 0.06 0.05 0.04 0.03 0.02 0.01 0.005
RE 0.1447 0.1287 0.1129 0.0976 0.0829 0.0695 0.0578 0.0488 0.0441 0.0465 0.0521
LE 0.0588 0.0588 0.0588 0.0588 0.0588 0.0588 0.0588 0.0588 0.0588 0.0588 0.0588
AULE 0.0611 0.0611 0.0611 0.0611 0.0611 0.0611 0.0611 0.0611 0.0611 0.0611 0.0611
MNTPE 0.1708 0.155 0.1393 0.1237 0.1085 0.0939 0.0804 0.0685 0.0594 0.0549 0.0554
ME 0.0451 0.0451 0.0451 0.0451 0.0451 0.0451 0.0451 0.0451 0.0451 0.0451 0.0451
SRLE 0.0448 0.0448 0.0448 0.0448 0.0448 0.0448 0.0448 0.0448 0.0448 0.0448 0.0448
NSRTPE 0.1689 0.1529 0.1369 0.1209 0.1052 0.0899 0.0755 0.0625 0.0518 0.0448 0.0436

Table 8: The estimated SMSE of RE, LE, AULE, MNTPE, ME, SRLE and NSRTPE when d = 0.99 and γ = 0.7

k 0.1 0.09 0.08 0.07 0.06 0.05 0.04 0.03 0.02 0.01 0.005
RE 0.1447 0.1287 0.1129 0.0976 0.0829 0.0695 0.0578 0.0488 0.0441 0.0465 0.0521
LE 0.0611 0.0611 0.0611 0.0611 0.0611 0.0611 0.0611 0.0611 0.0611 0.0611 0.0611
AULE 0.0621 0.0621 0.0621 0.0621 0.0621 0.0621 0.0621 0.0621 0.0621 0.0621 0.0621
MNTPE 0.1471 0.1311 0.1153 0.0999 0.0852 0.0716 0.0597 0.0503 0.0451 0.0468 0.0518
ME 0.0451 0.0451 0.0451 0.0451 0.0451 0.0451 0.0451 0.0451 0.0451 0.0451 0.0451
SRLE 0.0443 0.0443 0.0443 0.0443 0.0443 0.0443 0.0443 0.0443 0.0443 0.0443 0.0443
NSRTPE 0.1451 0.1288 0.1127 0.0969 0.0816 0.0672 0.0543 0.0436 0.0364 0.0351 0.0379

Table 9: The estimated SMSE of RE, LE, AULE, MNTPE, ME, SRLE and NSRTPE when d = 0.1 and γ=0.8

k 0.1 0.09 0.08 0.07 0.06 0.05 0.04 0.03 0.02 0.01 0.005
RE 0.1377 0.1234 0.1094 0.0958 0.0828 0.0708 0.0605 0.0528 0.0498 0.0561 0.0662
LE 0.6264 0.6264 0.6264 0.6264 0.6264 0.6264 0.6264 0.6264 0.6264 0.6264 0.6264
AULE 0.3460 0.3460 0.3460 0.3460 0.3460 0.3460 0.3460 0.3460 0.3460 0.3460 0.3460
MNTPE 0.6468 0.6448 0.6429 0.6409 0.6389 0.6369 0.6349 0.6328 0.6307 0.6286 0.6275
ME 0.0610 0.0610 0.0610 0.0610 0.0610 0.0610 0.0610 0.0610 0.0610 0.0610 0.0610
SRLE 0.6260 0.6260 0.6260 0.6260 0.6260 0.6260 0.6260 0.6260 0.6260 0.6260 0.6260
NSRTPE 0.6465 0.6446 0.6426 0.6406 0.6386 0.6366 0.6345 0.6324 0.6303 0.6282 0.6271

Table 10: The estimated SMSE of RE, LE, AULE, MNTPE, ME, SRLE and NSRTPE when d = 0.5 and γ=0.8

k 0.1 0.09 0.08 0.07 0.06 0.05 0.04 0.03 0.02 0.01 0.005
RE 0.1377 0.1234 0.1094 0.0958 0.0828 0.0708 0.0605 0.0528 0.0498 0.0561 0.0662
LE 0.2159 0.2159 0.2159 0.2159 0.2159 0.2159 0.2159 0.2159 0.2159 0.2159 0.2159
AULE 0.0829 0.0829 0.0829 0.0829 0.0829 0.0829 0.0829 0.0829 0.0829 0.0829 0.0829
MNTPE 0.3249 0.3145 0.3039 0.2931 0.2821 0.2708 0.2595 0.2480 0.2367 0.2257 0.2206
ME 0.0610 0.0610 0.0610 0.0610 0.0610 0.0610 0.0610 0.0610 0.0610 0.0610 0.0610
SRLE 0.2094 0.2094 0.2094 0.2094 0.2094 0.2094 0.2094 0.2094 0.2094 0.2094 0.2094
NSRTPE 0.3237 0.3132 0.3024 0.2914 0.2801 0.2686 0.2568 0.2448 0.2327 0.2207 0.2149

Table 11: The estimated SMSE of RE, LE, AULE, MNTPE, ME, SRLE and NSRTPE when d = 0.9 and γ=0.8

k 0.1 0.09 0.08 0.07 0.06 0.05 0.04 0.03 0.02 0.01 0.005
RE 0.1377 0.1234 0.1094 0.0958 0.0828 0.0708 0.0605 0.0528 0.0498 0.0561 0.0662
LE 0.0774 0.0774 0.0774 0.0774 0.0774 0.0774 0.0774 0.0774 0.0774 0.0774 0.0774
AULE 0.0838 0.0838 0.0838 0.0838 0.0838 0.0838 0.0838 0.0838 0.0838 0.0838 0.0838
MNTPE 0.1633 0.1491 0.1349 0.1209 0.1072 0.0940 0.0819 0.0714 0.0640 0.0631 0.0673
ME 0.0610 0.0610 0.0610 0.0610 0.0610 0.0610 0.0610 0.0610 0.0610 0.0610 0.0610
SRLE 0.0576 0.0576 0.0576 0.0576 0.0576 0.0576 0.0576 0.0576 0.0576 0.0576 0.0576
NSRTPE 0.1616 0.1472 0.1327 0.1182 0.104 0.0901 0.0769 0.0649 0.0553 0.0505 0.0517
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Table 12: The estimated SMSE of RE, LE, AULE, MNTPE, ME, SRLE and NSRTPE when d = 0.99 and γ=0.8

k 0.1 0.09 0.08 0.07 0.06 0.05 0.04 0.03 0.02 0.01 0.005
RE 0.1377 0.1234 0.1094 0.0958 0.0828 0.0708 0.0605 0.0528 0.0498 0.0561 0.0662
LE 0.0837 0.0837 0.0837 0.0837 0.0837 0.0837 0.0837 0.0837 0.0837 0.0837 0.0837
AULE 0.0853 0.0853 0.0853 0.0853 0.0853 0.0853 0.0853 0.0853 0.0853 0.0853 0.0853
MNTPE 0.1401 0.1258 0.1117 0.0980 0.0850 0.0729 0.0623 0.0543 0.0507 0.0562 0.0657
ME 0.0610 0.0610 0.0610 0.0610 0.0610 0.0610 0.0610 0.0610 0.0610 0.0610 0.0610
SRLE 0.0599 0.0599 0.0599 0.0599 0.0599 0.0599 0.0599 0.0599 0.0599 0.0599 0.0599
NSRTPE 0.1383 0.1238 0.1093 0.0952 0.0815 0.0686 0.0568 0.0471 0.0408 0.0417 0.0474

Table 13: The estimated SMSE of RE, LE, AULE, MNTPE, ME, SRLE and NSRTPE when d = 0.1 and γ=0.9

k 0.1 0.09 0.08 0.07 0.06 0.05 0.04 0.03 0.02 0.01 0.005
RE 0.1721 0.1589 0.1457 0.1324 0.1193 0.1064 0.0941 0.0830 0.0757 0.0818 0.1015
LE 0.6435 0.6435 0.6435 0.6435 0.6435 0.6435 0.6435 0.6435 0.6435 0.6435 0.6435
AULE 0.3518 0.3518 0.3518 0.3518 0.3518 0.3518 0.3518 0.3518 0.3518 0.3518 0.3518
MNTPE 0.6676 0.6655 0.6633 0.6611 0.6588 0.6564 0.654 0.6515 0.6489 0.6463 0.6449
ME 0.1111 0.1111 0.1111 0.1111 0.1111 0.1111 0.1111 0.1111 0.1111 0.1111 0.1111
SRLE 0.6428 0.6428 0.6428 0.6428 0.6428 0.6428 0.6428 0.6428 0.6428 0.6428 0.6428
NSRTPE 0.6673 0.6652 0.6630 0.6607 0.6584 0.6560 0.6536 0.6510 0.6484 0.6457 0.6443

Table 14: The estimated SMSE of RE, LE, AULE, MNTPE, ME, SRLE and NSRTPE when d = 0.5 and γ=0.9

k 0.1 0.09 0.08 0.07 0.06 0.05 0.04 0.03 0.02 0.01 0.005
RE 0.1721 0.1589 0.1457 0.1324 0.1193 0.1064 0.0941 0.0830 0.0757 0.0818 0.1015
LE 0.2389 0.2389 0.2389 0.2389 0.2389 0.2389 0.2389 0.2389 0.2389 0.2389 0.2389
AULE 0.1236 0.1236 0.1236 0.1236 0.1236 0.1236 0.1236 0.1236 0.1236 0.1236 0.1236
MNTPE 0.3541 0.3439 0.3333 0.3223 0.3109 0.2989 0.2865 0.2735 0.2601 0.2474 0.2422
ME 0.1111 0.1111 0.1111 0.1111 0.1111 0.1111 0.1111 0.1111 0.1111 0.1111 0.1111
SRLE 0.2269 0.2269 0.2269 0.2269 0.2269 0.2269 0.2269 0.2269 0.2269 0.2269 0.2269
NSRTPE 0.3531 0.3428 0.3320 0.3208 0.3091 0.2967 0.2836 0.2697 0.2550 0.2400 0.2329

Table 15: The estimated SMSE of RE, LE, AULE, MNTPE, ME, SRLE and NSRTPE when d = 0.9 and γ=0.9

k 0.1 0.09 0.08 0.07 0.06 0.05 0.04 0.03 0.02 0.01 0.005
RE 0.1721 0.1589 0.1457 0.1324 0.1193 0.1064 0.0941 0.0830 0.0757 0.0818 0.1015
LE 0.1359 0.1359 0.1359 0.1359 0.1359 0.1359 0.1359 0.1359 0.1359 0.1359 0.1359
AULE 0.1543 0.1543 0.1543 0.1543 0.1543 0.1543 0.1543 0.1543 0.1543 0.1543 0.1543
MNTPE 0.1966 0.1832 0.1697 0.1560 0.1421 0.1281 0.1142 0.1009 0.0901 0.0890 0.1003
ME 0.1111 0.1111 0.1111 0.1111 0.1111 0.1111 0.1111 0.1111 0.1111 0.1111 0.1111
SRLE 0.0983 0.0983 0.0983 0.0983 0.0983 0.0983 0.0983 0.0983 0.0983 0.0983 0.0983
NSRTPE 0.1954 0.1818 0.1680 0.1539 0.1395 0.1247 0.1096 0.0945 0.0802 0.0718 0.0758

Table 16: The estimated SMSE of RE, LE, AULE, MNTPE, ME, SRLE and NSRTPE when d = 0.99 and γ =0.9

k 0.1 0.09 0.08 0.07 0.06 0.05 0.04 0.03 0.02 0.01 0.005
RE 0.1721 0.1589 0.1457 0.1324 0.1193 0.1064 0.0941 0.0830 0.0757 0.0818 0.1015
LE 0.1542 0.1542 0.1542 0.1542 0.1359 0.1542 0.1542 0.1542 0.1542 0.1542 0.1542
AULE 0.1572 0.1572 0.1572 0.1572 0.1543 0.1572 0.1572 0.1572 0.1572 0.1572 0.1572
MNTPE 0.1744 0.1611 0.1478 0.1345 0.1421 0.1083 0.0957 0.0844 0.0767 0.0820 0.1007
ME 0.1111 0.1111 0.1111 0.1111 0.1111 0.1111 0.1111 0.1111 0.1111 0.1111 0.1111
SRLE 0.1090 0.1090 0.1090 0.1090 0.1090 0.1090 0.1090 0.1090 0.1090 0.1090 0.1090
NSRTPE 0.1731 0.1597 0.1461 0.1324 0.1395 0.1047 0.0909 0.0774 0.0658 0.0625 0.0724
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Abstract: The primary objective of this study is to develop a method to monitor the changes in forest cover
using three different techniques, namely Spatial Data Mining (SDM), supervised and unsupervised classification,
and Geographical Information System (GIS) overlay processing methods. The secondary objective was to monitor
the land use changes using multi-temporal satellite images (Landsat 8 images of 2016 and 2020). The study area
is located in Nuwara Eliya, Sri Lanka. The first and second approaches consisted of supervised and unsupervised
classification approaches. The use of a combination of two classification mapping approaches provides better
results compared with the use of a single classification, which is a novelty of the present study. The GIS overly-
processing technique combined the two maps obtained from supervised and unsupervised classifications to develop
an improved map for land use changes. The improved map was reclassified and converted into ASCII (American
Standard Code for Information Interchange) format, which was then pre-processed to convert the data set into
the suitable format for the SDM modeling. The converted format was used to implement SDM modeling with the
support of the Clustering-outline detection algorithm. The overall accuracy of the Landsat 8 images was 94.6.
Results revealed that the forest cover extent was diminished by 5.28% in the study area between 2016 and 2020.
The ground measurement was done with the help of the forest department to verify the results. The study revealed
that the forest area decreased, and farming lands increased due to intensive agriculture. Future studies would
be necessary to determine the validity and suitability of the developed model for other climatic zones in the country.

Keywords: Classification, Data mining, Forest extent, GIS, Remote sensing

1. Introduction

Forests are one of the world’s most essential and valuable
natural resources. It plays an important and significant
role in maintaining environmental stability balance (FAO
and UNEP, 2020). However, this resource is continu-
ously degraded because of careless human interventions,
bad political decisions, unacceptable strategies, and poor
policymakers. Deforestation means losing trees and de-
stroying the ecosystem and the environment (Lawrence
et al., 2022). Declining the forest cover threatens the an-
imals, the plant species, and the sustainability of agricul-
tural production. The rapid decrease in the forest cover
extent is mainly caused to the increase in the popula-
tion, urbanization, expansion of agricultural areas, and
industrial development. Depletion of the forest cover
is a critical problem for living beings. It has numerous
adverse impacts on ecological, social, and economical
aspects, including climatic change, water and nutrient
cycle breakdowns, soil degradation and desertification,
and floods.

Remote sensing technology and the expanding availabil-
ity of earth observation satellite data with high resolu-
tion have already demonstrated the ability to provide
in-depth spatial information for identifying and moni-
toring numerous environmental problems of forest cover
at a Spatio-temporal scale (Hufkens et al., 2020). It
is considered one of the key methodologies in under-

standing forest biomass and the various interactions with
the atmosphere, biosphere, and carbon cycle (Gamon et
al., 2004). Several studies reported important observa-
tions using this technology, such as the Leaf Area Index
and the fractional cover. A series of earth-observation
satellites have recently provided high resolution (0.6–
2.5 m) to moderate resolution (15–30 m) images for
forest canopy mapping (Bartalev et al., 2003; Carvalho
et al., 2006). Remote sensing data from these satel-
lites consists of specific potential for detailed and ac-
curate mapping of the forest areas at various Spatio-
temporal scales. The use of remote sensing technol-
ogy in combination with Geographic Information Sys-
tems (GIS) enables monitoring, mapping, and analyzing
land changes cost-effectively in a timely manner (Shal-
aby and Tateishi, 2007).

Remotely sensed images have used the determination of
the land use of a given point at a given time. The data
obtained must be classified appropriately into categories
that represent a set of identified characteristics to be
helpful. However, computer-assisted image classifica-
tions are still in a poor stage to produce land use/cover
maps and statistics with high enough accuracy (Pren-
zel and Treitz, 2007). Literature provides several image
classification techniques that vary from automated to
manual digitization. However, the majority of these ap-
plications in image processing still rely on the concepts
that were developed in the early 70s. Therefore, it is
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argued that they may not be reliably related to spatial
concepts (Blaschke et al., 2000). Meanwhile, various
studies have derived broad-scale land use types, with
some difficulties encountered when trying to character-
ize the complex land use/cover patterns accurately and
precisely (Franklin and Wulder, 2002). A new form of in-
ferential remote sensing technique is required to achieve
the full potential of new image data sets for land use
mapping. In such cases, Spatial Data Mining (SDM)
technique is considered the best alternative methodol-
ogy for land use mapping (Skidmore et al., 1997). The
SDM is known as the process of discovering interesting,
previously unknown, and potentially useful patterns from
various massive spatial datasets (Wang et al., 2006).
The algorithms of the SDM are adept at dealing with
issues related to noisy, fuzzy, and incomplete data. Ar-
tificial Neural Network (ANN) can be used as the SDM
technique (Richard and Lippmann, 1991).

ANNs are a biologically inspired computational technol-
ogy based on the studies of the brain and the nervous
system. This model can learn and train, and after the
end of learning, it is very convenient to get results ac-
curately. Therefore, this technology has been applied in
research in various fields (Kavzoglu and Mather, 2000).
Therefore, ANNs have been applied in various remote
sensing applications since the 1980s, with an increase in
powerful computers and network topologies (Atkinson
and Tatnall, 1997). ANN can combine different data
types and prior knowledge about the data (MacMichael
and Si, 2018).

Sri Lankan forests are rich in biodiversity and consist
of many tree species in a comparatively limited land
area. As in many developing countries, forest cover in
Sri Lanka has decreased significantly since the begin-
ning of the 20th century. The high rates of population
growth and the development projects in Sri Lanka can
be considered the key causes for this rapid deterioration
in the forest cover and other natural resources. As a de-
veloping country, several projects are in progress in Sri
Lanka, such as the construction of urban areas, housing
schemes, dams, and the development of industrial areas.
Moreover, Illegal cutting of forest trees, constant grass-
land fire, strong wind, and drought have all contributed
to the infliction of damage to these rainforests. As a re-
sult, many acres of forest areas have disappeared. The
natural forest cover in Sri Lanka at the beginning of the
20th century was about 70% of the total land area (Legg
and Jewell, 1991). However, the natural forest cover in
Sri Lanka declined rapidly during the past century to
reach a value as low as 23.9% in 2000 and 22.4% in
2020. Recent findings indicate that forest resources in
Sri Lanka are still losing fast; at present, the percent-
age of forest cover has declined to only 21% of the total
land (Geekiyanage et al., 2015). Moreover, some stud-
ies reported that, over the period from 1990 to 2015, Sri
Lanka showed one of the highest rates of deforestation
in the primary forest cover in the world.

Because of the rapid deterioration of the physical forest

extent in Sri Lanka, it was identified to be necessary to
monitor multi-year forest cover changes together while
focusing on mapping past and present situations. The
primary objective of this study is to develop a method
to monitor the changes in forest cover using three differ-
ent techniques, namely SDM, supervised and unsuper-
vised classification, and Geographical Information Sys-
tem (GIS) overlay processing methods. The secondary
objective was to monitor the land use changes using
multi-temporal satellite images (Landsat 8 images of
2016 and 2020). The result would be helpful for manag-
ing forest resources and future planning for developing
the relevant areas.

2. Materials and methods

This research consisted of four parts.

1. Production of the forest cover map by unsuper-
vised classification.

2. Production of the forest cover map by supervised
classification.

3. Combine the maps derived from supervised and
unsupervised approaches using the GIS overlay
technique.

4. Generation of high accuracy forest extent map us-
ing this new map for the SDM analysis. The
methodology flow chart for developing a forest
cover map is presented in Figure 1.

Figure 1: Schematic diagram of developing the classi-
fication methodology
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Figure 2: Study area

2.1. Study area overview

The study area of this research is located in Nuwara
Eliya, Sri Lanka. Geographically, this area is situ-
ated within the geographic coordinates of 6°46’30” to
7°4’20”N latitudes and 80°43’54” to 80°53’51”E longi-
tudes (see Figure 2).

The study area is known to be cloud rainforests. En-
demic flora and fauna are two significant features of
these forests. Some of the plant and animal species
in these lands are endemic. There is dense forest bio-
diversity in this area. The dense forests are home to
Deer, Jackal, Shaggy bear monkey, Sambar, and leop-
ard. However, this forest is currently being declined due
to natural and man-made destructive tendencies.

This analysis used two temporal satellite images (2016
and 2020) of Landsat 8.

2.2. Satellite image processing

In Landsat 8, nine-band images were stacked using ER-
DAS imagine tool, and then Geo-referenced, and re-
projection were completed to the stacked image. After
that, the study data of the area was extracted (a subset
of the image) and then re-sampled. Finally, radiomet-
ric, geometric, and topographic corrections were done,
respectively.

2.3. Unsupervised Classification

The main advantage of an unsupervised classification
algorithm is to map areas such as land use and land
cover from remotely sensed images. This classification is
known as a computer-automated approach that is lightly

similar to object-based image classification. This ap-
proach consists of two algorithms, namely, K-means and
ISO cluster. Users need to choose the number of classes
and pixels of the group based on their spectral value.
The ISO algorithm is helpful for iterative optimization to
separate cells into the user-specified number of classes.
During each iteration, samples are assigned based on
the attribute distances between the cells which belong
in the cluster. This process is repeated after each iter-
ation, and each pixel is assigned to the closest mean in
the attribute space.

ISO algorithm was used for the unsupervised classifica-
tion of satellite images in both 2016 and 2020 in the
ERDAS image-processing application. At first, twenty-
five spectral clusters were created to separate the im-
age data into a readable format. These clusters were
carefully evaluated with the help of actual ground data
(collected during the field visit) and the knowledge of
experts in this domain. Then similar classes and the
same land cover types were combined. These combined
clusters were assessed according to the land use and land
cover classes (five classes) listed in Table 1. Finally, a
thematic forest cover with land use/cover map was gen-
erated after applying a labeling function.

Table 1: Land use/cover classes
Class No. Class name Land used

1 Forest Forest cover
2 Tea Tea plantation
3 Residential Houses, buildings,

and roads
4 Farmlands Vegetable, paddy,

and irrigated lands
5 Water Water bodies
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Figure 3: Data preparation for ANN modeling

2.4. Supervised Classification

The supervised approach is based on the concept that a
user will be able to select associate pixel values with the
relevant land cover classes. Image processing software
uses to train these pixel values of the sites as references
for the classification of all other pixels in the image. The
training site can be selected based on the area’s ground
experiences and the user’s knowledge. Then homoge-
neous sample pixels are grouped. Finally, the probability
distribution is computed using a Maximum Likelihood
Estimator (MLE) algorithm. In this study, towel areas
were selected as the training samples (Signatures). The
land use map of the study area developed by the Survey
Department of Sri Lanka (1991) was used as a reference
in assigning the training samples, along with the gath-
ered knowledge of field visits. Then supervised classifi-
cation was done using the parallelepiped non-parametric
rule provided by the ERDAS tool. Finally, five classes
were generated with a thematic land use/cover map (Ta-
ble 1).

2.5. GIS overly processing technique

Several classifications are combined to get the best map-
pings, providing the best results than a single classifica-
tion. This is the new concept of this study. There-
fore, this research proposes using a GIS overlay pro-
cessing technique that combines and maps the previ-
ous supervised and unsupervised classification to gen-
erate an improved forest cover map. Firstly, the maps
derived from supervised and unsupervised classification
were converted to ESRI Grid format. Then, both de-
rived thematic maps were combined (intersecting) with
the GIS overlay function in the ArcGIS application.

2.6. Spatial Data mining

The resulting maps of the above three approaches still
have some errors. For example, when examining the
results map, it was found that some features were left
empty, and some pixels were wrong. Therefore, the data
mining post-classification technique can be used to elim-
inate these erroneous pixels. The advantages of the data
mining technique are pretty apparent. This will lead to
higher product confidence and high flexibility and enable
it to be adapted to many scenarios. ANN was used to
implement a model for the classification.

The above-created three thematic maps (supervised, un-
supervised, and GIS overlay processing) are now in raster
format (grid). Then, reclassifying each layer as forest
cover area was assigned to 1, and other land use/cover
was assigned to 2. After that, derived raster layers were
converted into the ASCII format using the raster to
ASCII tool in ArcGIS. Then the other unnecessary in-
formation, such as the ASCII file’s header and no-data
values, was removed. This data set was converted to
the CSV format, which is suitable for neural network
modeling (Figure 3).

This data set was separated into two categories called
training point and testing. A randomly selected data
set was used to train the ANN model. Other remain-
ing data sets were utilized for testing the network per-
formance. The three-layered LM network (Input layer
– hidden layer – output layer) was implemented using
TensorFlow. Output values of the network were set to
1 and 0. The back-propagation algorithm was then ap-
plied to calculate the weights between these layers. The
number of hidden layers and the learning rate (iteration
time) were modified during the execution to increase the
accuracy (Figure 4).

The hidden layer is the most critical part of ANN mod-
eling. Many hidden elements are different from network
to network to obtain the best performance of the fi-
nal network error, which is used for the classification.
The hidden elements were changed from 10 to 30, and
the training iteration time of the training samples was
changed from 100 to 2000. In this modeling, 0.5 is the
initial learning rate, and 0.2 is set as the momentum.
As suggested by (Lillesand et al., 2015), adjustments to
these parameters were made by analyzing the dynamics
errors. The input layer consisted of three inputs cor-
responding to supervised, unsupervised, and GIS post-
processing thematic maps.

In contrast, the output layer consisted of two neu-
rons corresponding to the forest cover and other land
use/cover. This study considered two factors to assess
the model accuracy: Root Mean Square Error (RMSE)
and the Mean Error (ME). According to the prediction,
the lowest RMSE and ME were considered the most suc-
cessful model.

Figure 5 displays the RMSE and ME values of ANN
modeling. Figure 4 shows the 3-18-2 network struc-
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Figure 4: ANN modeling

(a) (b)

Figure 5: (a) RMSE values with the hidden layer, (b) ME values with the hidden layer

ture, which is identified as the lowest RMSE and ME
values among the network structures after evaluation.
Therefore, the above network structure is the best ANN
model for this evaluation. The network size was ex-
tremely small; when the volume of hidden layers was
less than 18, then the accuracy of the model predic-
tion became low. When hidden layers were greater than
18, the model was over-fitted. In case of the model is
over-fitted, the training accuracy could be high, but the
prediction accuracy to be decreased.

The next step of the ANN modeling is to identify the re-
lationship between training time and training accuracy.
The number of iterations with training accuracy is shown
in Figure 6. According to the above graph, it is indicated
that a learning rate after 1400 iterations, peak level in
training accuracy was reached at a constant level. How-
ever, if the iteration time exceeded above1400, the ANN
model moved to be over-trained, which is known as an-
other situation of over-fitted. Further, the graph shows

when the iteration level at 400 and 1200 accuracy rates
are below 40%. This happened due to the conformability
of the model structure with the data shape. Therefore,
this is not affected by the accuracy of the model.

Figure 6: Number of iterations with training accuracy

Based on the above analysis, an appropriate ANN model
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(a) (b)

Figure 7: (a) Forest extent map of 2016, (b) Forest extent map of 2020

for this evaluation greatly affected the network structure,
training method, and training times. According to the
given input criteria, this developed ANN model showed
that the 3-18-2 network structure trained at 1400 train-
ing times was the best ANN model for predicting forest
area cover. The back-propagation algorithm was used to
identify the best ANN. The back-propagation algorithm
effectively trained the neural network; it does not require
prior knowledge (Zhang and Chang, 2015; Heermann
and Khazeenie, 1992). Finally, this result was saved in
CSV format and then converted this file back to GIS for-
mat for the output process. A thematic map was created
based on the evaluation result from the ANN model-
ing. Finally, created thematic image was converted back
to ERDAS .img image format for accuracy assessment.
These settings were used for the remaining experiments
and classification process. Similar procedures were fol-
lowed for the landsat8 2016 satellite image to produce a
forest cover map for 2016.

3. Results and discussions

Field observations, recently published aerial images, and
survey results are the most valuable resources to compare
the accuracy of thematic maps derived by image classi-
fication analyses. Geographical reference data are as-
sumed to be actual for comparing predicted results with
accuracy assessment. In this analysis, neighborhood in-

formation was incorporated significantly to increase the
overall classification accuracy. The overall accuracy was
calculated using equation 1 (Congalton, 1991).

Overall accuracy =

∑n
i=1 Xii∑n

i=1

∑n
j=1 Xij

× 100% (1)

The random sampling method was used to evaluate the
accuracy of the classified image. For this purpose, the
”Accuracy Assessment” tool in ERDAS was used. Then,
130 points were automatically selected from referenced
topographic map. The referenced values were recorded
on the ”Accuracy Assessment Table” based on the pre-
vious land use map of the study area. The classification
accuracy was measured by the non-parametric Kappa
test, which can provide a more precise evaluation of the
classification accuracy. The overall accuracy in 2016 was
96.2, whereas in 2020 was 94.6.

The Kappa statistics for the Landsat 8 2016 and 2020
images were calculated using equation 2 (Congalton,
1991), which were 0.88 and 0.92, respectively.

K̂ =
overall accuracy − expected accuracy

1− expected accuracy

=
N

∑n
i=1 Xii −

∑n
i=1(Xi+ ·X+i)

N2 −
∑n

i=1(Xi+ ·X+i)

(2)
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Finally, these maps were re-sampled in 15x15m resolu-
tion, and post-classification smooth was applied for easy
analysis. At this stage, one thematic map has only two
classes: forest and other land use/cover. The results
data were analyzed by MS Excel application. In this ap-
proach, two thematic forest cover maps were produced
for the years 2016 and year 2020. The methodology de-
scribed above was applied for both satellite images. The
forest extent maps of 2016 and 2020 are shown in Figure
7, respectively. Table 2 presents the results of the forest
cover areas and deforestation between 2016 and 2020.

Table 2: Results of ANN modeling
Year Forest area (ha) Percentage
2016 19973.97 36.51%
2020 17000.48 31.23%

Forest lost 2973.49 05.28%

According to the results, the forest areas were lost by
05.28% (973.49 ha) in the present study area between
2016 and 2020. The results of the final classified maps
showed that the forest cover areas rapidly decreased in
the southern part of the study area. Moreover, the forest
cover in the northeast area also seemed to be lost. In
the southern part of the study area, the residential ar-
eas have been proliferating during the last two decades.
That might be the main reason for the degradation of
forest areas. The other reasons might be the increase of
farmlands for cultivation and the natural hazards such
as high-speed winds.

Many dense and healthy forests exist in the northeast
part of the study area, where the forest extent is almost
the same for both years. This area is located at 2000 m
above the mean sea level. This area is characterized by
enough rainfall throughout the year and a significantly
high evaporation rate, along with high moisture con-
tent and nutrition in the soil that promotes good growth
of forest vegetation. Forest deterioration matters such
as man-made and natural hazards are significantly less.
Above mentioned reasons might be the reason for the
unchanged forest extent for the last four years.

It is known that some satellite images are complicated to
classify for various reasons. However, many studies have
proven that ANN is one of the best technologies to use
for classification. Moreover, many researchers reported
that the ANN approach gives higher accuracy for clas-
sifying satellite images when compared with statistical
methods such as maximum likelihood (MacMichael and
Si, 2018); however, ANN requires additional data to be
incorporated into the classification process.

4. Conclusion

In the present study, a new methodology for land classi-
fication was developed. Multi-year satellite images were
used to identify forest extent changes between 2016
and 2020 in Nuwaraeliya, Sri Lanka. Using multi-year
satellite data in conjunction with GIS and neural net-
works provided an opportunity for forest extent monitor-

ing and surveying, which can help monitor deforestation
and would be required for future national policy plan-
ning, such as forest conservation measures.

The present study supports understanding of the areas
where the forests are declined. A strong relationship was
observed between forest degradation and an increase in
land use change. Remote Sensing is one of the most
valuable technologies in mapping and monitoring tem-
poral changes in environmental phenomena over the tra-
ditional procedure concerning the cost of effectiveness
and availability of information over larger areas. There-
fore, satellite images are increasingly available to detect
deforestation for biological conservation. It is revealed
that some analyses and initiatives have been carried out
to some extent; however, updated information is still in-
sufficient. This study shows that the forest that covers
the southern part of the study area is still vulnerable,
and proper forest management strategies and protection
measures would not be applied immediately for conser-
vation. This approach can be applied not only for forest
mapping but also for other land use/cover mapping is
possible. The results of this study might be helpful for
policymakers, researchers, and other interested parties
in making and planning decisions on biodiversity man-
agement.

Results revealed that the changing process of other land
uses/covers increased from 2016 to 2020. That might be
related to the development policy and migration, which
emphasized the expansion of residential lands and agri-
cultural lands and the development of other infrastruc-
tures such as roads. Looking back to the history of these
areas, most of the natural forests have been converted
into agricultural lands, mainly for tea plantations and
vegetable cultivation. A rapid population growth rate
resulted in the conversion of forest lands into farmlands.
Given the importance of complexity of forest conserva-
tion, it requires more advanced evaluations in the future
to do with more sophisticated technologies.
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