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ABSTRACT

Agricultural supply chains are increasingly exposed to complex and interdependent
risks, yet risk management in perennial crop systems remains largely reactive. This
research addresses this gap by developing a Digital Twin (DT)-enabled model to
enhance resilience in the Sri Lankan coconut supply chain, with a specific focus on
production-stage risks. Three objectives guide the study: (1) identify the critical
production risks influencing coconut yield, (2) design a comprehensive DT framework
for proactive risk management, and (3) implement and validate a functional DT model
capable of early risk detection and mitigation. Structured content analysis of recent
literature and semi-structured interviews with domain experts from prominent national
institutions were employed to identify and priorities production risks. These were
classified into three primary categories: weather and climate variability, pests and
diseases, and soil conditions. Building on these insights, a Digital Twin framework
was developed using Azure Digital Twins, integrating physical asset representation,
data ingestion, virtual modeling, analytics, and decision support services. Historical
yield, meteorological data train a Bi-directional Long Short-Term Memory (BiLSTM)
model for district-level coconut yield prediction. Soil data was analyzed and
incorporated as input to the model as a risk indicator. The model achieved strong
performance, with an R2 of 0.9387 and a MAPE of 2.31% on test data, demonstrating
its capability to capture nonlinear and lagged relationships between environmental
drivers and yield outcomes. The research contributes theoretically by extending Digital
Twin and resilience concepts into agricultural supply chains through a structured,
scalable framework for perennial crops. Practically, it delivers a decision support tool
that enhances visibility, supports proactive interventions, and informs policy and
resource allocation for the coconut sector. Overall, this study demonstrates the
feasibility and value of DT-based, data-driven resilience strategies for securing the
performance and sustainability of coconut supply chains in an increasingly uncertain
environment.

Keywords: Digital Twin, Agricultural Risk, Risk Management, Resilience Supply
Chain, Coconut Production.

il



TABLE OF CONTENTS

DECLARATION ..ottt ettt sttt sae e sneenneenseeneennas i
ACKNOWICAZEMENT.......uiiiiiiiiiie ettt rae e e e e aee e i
ADSETACT ..ttt et h e et b e st e e nhe e et e e aeeenreens i1
Table OFf CONLENLS .....cueiiiiieiieiieete ettt ettt et e e v
LISt Of FIGUIES ..eeiviieeiie ettt ettt e et e e et e e e e saseeenaeeesneeennns vi
LSt O TaDIES. ...cetieieeiieeiieteee ettt ettt et vii
List Of ADDIEVIAtIONS. ...c..eeouiiiiiiiieeieiceie ettt viii
LSt Of APPENAICES ..ovvvieirieiiieiieiie ettt ettt et ete et e e e estbeesaeesteeesseessaeenseennseanne ix
(O] 1F: 01 1<) ol USRS RRRRPR 1
INEEOAUCTION ...ttt et e e et e s e enbeeeeee 1
1.1 Research Problem Statement ............ccceeeciieiiiiiiienieiiiee e 3
1.2 ReSearch ODJECHIVES ......ovueiiiiiiiiiiiieiiesieeeeeei et 4
1.3 Research Significance and Contribution............cccceceeveeverieneeneniieneeseeeeeenee 4
(O] 1 ;11 1<) USSP 5
LITERATURE REVIEW ...ttt 5
2.1 Agricultural Supply Chain Fundamentals ............cccooovieniiieniiiinieeieee, 5
2.2 Supply Chain Risk Management ............cccceevueeeriiieniieeniieeniie e 5
2.3 Production Risk in the Coconut Supply Chain.........ccccocevviiiiiinininncnnens 6
2.3.1 Weather and Climate RiSKS.........cccoooiieiiiniiiiiiiiececee e 7
232 Pest and Diseases RiSKS .......cocevieriiiiiiiniiiiicicccceccceee 7
233 Soil Degradation RisK ..........cccooviiriiiiiiiiiiietee e 8

2.4 Supply Chain ReSIHENCE .......ccueeeviiieiiiieiieeieeeeeee e 8
2.5  Digital Transformation: Digital Twins in Agriculture ..........ccccceeveevveeennenn. 9
2.5.1 Digital TWIn CONCEPL.....ccevviieriieeiiieeiieeeieeeteeeieeeereeeaaeesaeeesaeeeeaeeenns 9
2.5.2 State-of-the-Art of DT in Agriculture........ccceeevveeviieenciieeeieeeieeeeen 9

L] 110 <) S SRRSO 11
METHODOLOGY ...ttt sttt sttt st sttt 11
3.1 Production Risk Identification ............cccceeeeierieniiiienienieececcce e 11
3.2 Digital Twin Framework...........cccooiiiiiiiiiiiiienieeiiee e 12

v



3.2 Study Area and Data SOUTICE ........ccccveiiriieeriiieiee et eree e vee e s 16

3.2.1 GeographiCal SCOPE ......ccvveriieiieeiieiie ettt ettt ettt saaeebee e 16
3.2.2 Data Collection Strategy and Period............ccceevieriiienieeiiienieeiieeieeene 16

3.3 Crisis Period Documentation ..........c.cccoeevuerienienieenienienieeieeteseee e 17
3.4 Data Preprocessing and Feature Engineering ...........ccoecceevvveviienieenieneeeneene 17
3.5 Intelligent Feature Selection ..........ccceeviiieiiiieiiieeeeeee e 18
3.6 Data Scaling and Sequence Preparation............ccceeevveevieeecieesiie e 18
3.7 Model ATCRITECIULE ...ccuveiiiieiieeiieiee et 18
3.8 Model validation ...........coouieiiiiiiieie et 20
3.9 Correlation ANALYSIS........ccuverieeiiieriieiierteeieesee et esee e e sieeereessaesseessaeesseeens 20
3.10 Model Conversion to ONNX for Production Deployment ........................... 20
3.11 DTDL Based Ontology DeSigh........ccccevvireiieriieiieniieeiieniee e eree e 21
CRAPLET 4 ...ttt ettt et e b e et e esbeesaeeenbe e seeenbeessseesbeessseenseennnaans 24
Findings and ReSUILS .........cooiiiiiiiiieeee e 24
4.1 Production RISKS .......c.cooiiiiiiiiiieeee ettt 24
4.2 Model Training and CONVEIZENCE........cccueruterierierienieeieeieeneere st eiee e 25
4.3 Overall Model Performance.............ccoeoueeriieiiiiiiieniieieceeeesee e 25
4.4 Temporal Performance ANalysis........cccceeeieeriiiiiniieeiiieeeiieeeiee e 27
4.5 CrisiS Period TODUSINESS ......cccvuvieeririeeiiiieeiieeeiieeeiiteeeieeeeaeeesbeeenseeesseeenseeenns 27
4.6 Correlation analySiS........cccvieeriieeiiieeiieeeiieeeieeeireeeieeeeaee et eesbeeesebeeenaee e 27
4.7 Soil Model Performance ...........c.ccooeeriiiiiiiiiiiiiiieeeceeeseeeee e 28
4.8 Digital Twin Model Development ...........ccccoerieriininiiinicneeenecneeeseceeee 30
CRAPLET 5 ..ottt ettt e et e st e et e et e sabe e ateenbeesnaeeseennaeens 34
DISCUSSION ...ttt ettt et sttt st e bttt e b 34
(O] 1F:1 01 1<) o | PRSPPSO 38
CONCIUSION ...ttt sttt sttt et sb e et et e sae e b eaees 38
6.1 Synthesis of Findings and Research Outcomes ...........ccceeeveeevveencieencieeennnen. 38
6.2 Theoretical and Practical Implications............cccceeevvieeiieeeiiieeie e 38
6.3 Limitations and Future Research Directions..........ccccoeveeniiiiieniiniienieeneenn 39

L] 410 <) S SR SRRPPRTRR 41
REFERENCES ... .ottt et sttt et st 41



LIST OF FIGURES

Figure Description Page

Figure 3.1: Research Framework for DT model ..........ccccooieiiniiniiiiniiiieee 15
Figure 3.2: BILSTM ATChIteCtUIC.......cceiiieeiiieeiiee et et evee e e evee e 19
Figure 4. 1: Model LoSs Graph ........cceeeeiiieiiiieiieeieeee e 26
Figure 4.2: Time Series - Actual vs Predicted .........cccoeviieeeiiiiiiiicieeeeeecee e, 27
Figure 4 3: Correlation with Yield Across Different Lag Period..........ccccoceveenenee. 28
Figure 4.4: Soil Feature IMportance...........coceeverieniinienienieeieeeeseeie e 29
Figure 4.5: SHAP Summary: Impact on Average Coconut Yield ...........cccceenenneen. 29
Figure 4.6: Resources for build DT Model ........ccccooeriiniiniiiinieiceieeeeee 30
Figure 4.7: Functions that are used for DT Model...........ccccoeviniiniiiiniiniiiiee 31
Figure 4.8: Digital TWin Graph.........ccccocuveviiiiiiiiieeiicieceee e 32
Figure 4. 9: District 1 TWin Properties .........ccoeceerieriiienieeiienie e 33

vi



LIST OF TABLES
Table Description Page

Table 2. 1: comprehensive summary of the structured content analysis

Table 3.1: Five-Layer Digital Twin Architecture of the Proposed Digital Twin

FLamMEWOTK ..o e e e e e e e e e e e e e e e e e e e aaaaaeens 12
Table 3.2: Twin function for DT moOdel......cooouemneeeiie e 22
Table 4. 1: Predictive model performance ............cceccveeevieeeciieecieeciieecee e 26

Vil



Abbreviation

ADT
ADTE
AFSC
Al
API
ASC
BiLSTM
CCB
CDA
CEC
CRI
CSC
DT
DTDL
DUL
GCS
GDP
LSYM
MAE
MAPE
ONNX
RMSE
RNN
SHAP
XGBoost

LIST OF ABBREVIATIONS

Description

Azure Digital Twins

Azure Digital Twin Explorer
Agricultural and Food Supply Chain
Artificial Intelligence

Application Programming Interface
Agricultural Supply Chain
Bi-directional Long Short-Term Memory
Coconut Cultivation Board
Coconut Development Authority
Cation Exchange Capacity
Coconut Research Institute
Coconut Supply Chain

Digital Twin

Digital Twin Definition Language
Drainage Upper Limit

Google Cloud Storage

Gross Domestic Product

Long Short-Term Memory

Mean Absolut Error

Mean Absolut Percentage Error
Open Neural Network Exchange
Root Mean Squared Error
Recurrent Neural Networks
SHapley Additive exPlanations

Extreme Gradient Boosting

viii



LIST OF APPENDICES

Appendix Description Page

Appendix - A BiLSTM Model Performance 47
Appendix — B Soil Property Profile for Each District 48

X





