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ABSTRACT

Advancing Urban Agriculture Practices via Integration of Artificial
Intelligence into Hydroponics Systems to Enhance Food Security

G P Supun Nilanka De Silva
MSc. in Information Technology
Supervisor: Prof. Anuradha Jayakody
December 2024

This research investigates the integration of artificial intelligence (Al) into hydroponic
farming systems to tackle challenges in urban agriculture, particularly food security and
resource optimization. Urban expansion and shrinking arable land necessitate innovative
agricultural solutions, and hydroponics—a soilless cultivation method—is increasingly
recognized for its efficiency and scalability in urban environments. By leveraging Al and
Internet of Things (10T) technologies, this study develops an automated nutrient
management system that optimizes critical parameters such as pH, electrical conductivity
(EC), and nutrient concentrations (NPK: Nitrogen, Phosphorus, Potassium) to enhance

plant growth and resource efficiency.

The experimental design includes two hydroponic systems: an Al-driven system and a
manual control setup, both operating under identical conditions. The Al-driven system
utilizes real-time sensor data, processed by machine learning models, to automate nutrient
adjustments. Data collected from sensors, including pH, EC, and temperature, is
transmitted via AWS loT Core and stored in DynamoDB for real-time monitoring and
historical analysis. The system's performance is visualized through an Angular-based

dashboard, enabling continuous monitoring and decision-making.

Results demonstrate that the Al-driven system significantly outperforms manual nutrient
management in terms of plant growth, resource efficiency, and environmental stability.
Plants grown in the automated system exhibited a 48% increase in weight and improved

root development compared to those grown in the manual system. The automated system



also maintained optimal pH (6.3-6.7) and EC (1.8-2.4) levels with minimal deviations,

reducing nutrient waste and ensuring precise dosing.

This research contributes to the field of smart agriculture by showcasing the
transformative potential of Al and IoT technologies in hydroponic farming. The findings
emphasize the viability of Al-driven systems to enhance the sustainability, scalability,

and efficiency of hydroponics for urban agriculture. The integration of advanced



ACKNOWLEDGEMENT

While at Sri Lanka Institute Information Technology, | have benefited from having great advisors
who seem to agree about very little. Dr. Koliya Pulasinghe was a great mentor, providing advice,
constant constructive criticism of my ideas and writing, access to his web of contacts and friends,

financial support, and the freedom to work on my own projects on his research account’s time.

This project could not have been completed without various groups providing financial assistance
to fund fieldwork and the inclusion of questions on various surveys in 2024. | am especially
grateful to the Mahapola Trust, which funded the fieldwork in 2024.



TABLE OF CONTENTS

DECLARATION ...ttt bbb bbb st b e b e st ekt b b b e bt ekt e b b et e st ettt e sbe b 2
ABSTRACT .ttt bttt sttt R bt b e R e e AR e R b £ e ARt R e b £ Rt R bt bRt R e ne et et ens 3
ACKNOWLEDGEMENT ...ttt sttt sttt sttt e s e e st e st st et e st enenbenbenbeneas 5
TABLE OF CONTENTS ..ottt sttt ettt ettt e e s et e st et et e s e e nenbe e eneens 6
LISE OF FIQUIES ...ttt b b e bbb e e bt e bRt e bt bt e bt bt e e et b nn e n e 9
TS 00 o] LTSRS 10
Chapter 1 INTrOOUCTION ...ttt bbb bbb bbbt b e e et bbb 11
1.1 BACKGIOUNG. ...ttt bbb b bbb bbb bbbttt 11
1.2 ProbIem STAIEMENT. ..ot bbb bbb 12
1.3 RESEAICH ODJECHIVES. ... eviitieie ettt ettt sttt s b e s be et e s besbeese e aestaeseesresbeetaentesreares 12
1.4 RESEAICH QUESTIONS. .....cuviiiitie ettt ettt et e e e et e e bt e et e e ebe e e ebe e e ebbe e sabeesabeesabeesbeeesabeesabeesnteesens 12
1.5 Significance O the STUAY ..ot st seenne s 12
Chapter 2 LItErature REVIEW........cuiiiiieie ettt ettt ettt esteebeese e besaeeseeteseeeneeneennennens 14
2 B 1 0o [T o SRR 14
2.2 Relevant TheorieS and MOGEIS .........cviiiiiiie ettt nreenes 15
2.2. 1 ALTN AGIICUITUIE. ...ttt bbbttt b ettt nb e 15
2.2.2 HYOIOPONIC SYSBIMS ....cutiiiieiiiteiteetee it e ste st et st e te et be s te s te s e besse et e besbeesaesaestesbaensesaesteanaentesrenneas 16
2.2.3 Smart Farming and 10T INtEQration .........c.coeiiiiiieie st 18
2.2.4 Theoretical Framework for Urban AgriCUltUIe...........ccoevieii i 21

B B )Y 1116 TSRS 23
2.3.1 Al in Agriculture and DiSease DeteCtION..........ccceieieiriierieieee st 23
2.3.2 Hydroponics and Al INTEGrAtION ..........cceieirireieieieisesi e 25
2.3.3 Smart Farming and 10T APPHCALIONS ........cvviiiiiiiieiieseree e 27
2.3.4 Urban Agriculture and FOOO SECUIILY........ccoiiiieieie it 29

(O3 Fo T T R\ (=1 1 T (o] (oo YOO SSR 32
3.1 RESEAICH DESION .ttt sttt st et e et e et e st e e teese e besbeeseesbesteereestesbeeteenbenreares 32
BRI I Ty c T T N o ] (0= T o SO 32
3.1.2 Variables and ParamEterS ..........coiiieieieie ettt sttt ste e neenaeste s e seeeneenes 33

3 L3 EXPEIIMENTAL SEEUD ... .cviiiiiiiiitiit ettt bt 33
3.1.4 STUAY ODJECTIVES. ...ttt ettt b ettt nb b 34

3. 1.5 AL-DIiVEN APPIOaCI.....couiitiiiieieisi ettt 34
3.1.6 ManUal CONIOL SEIUD . ...veiieiiieie ettt sttt e besta e b e saesreesaebesreane s 35
3.1.5 Experiment DUration and PRASES..........ccccveiieiiiieeieie st ste ettt s te et sreene s 35
3.1.7 Experimental SEtUP DIagram.........cccovoiieiieiieie e te e sre e s e sreesreesre e reenre e 35



3.2 SYSTEIM SELUPD .ottt bt bbbt e b e e bt e bt e s b e e e b e e bt e be e ebe e sbe e she e e beenbeenbeenbe e 37

3.2.1 Overview OF SyStem COMPONENTS .......coeiieiiieeieeereeste e ree e see e seesee et eneesee e eeesteseeeneeseeseeenes 37
3.2.2 Description Of SYStem INTEraCtiONS...........eiveieiiiieieeeee e 42
3.2.3 Integration with AWS 10T and Data STOrage ..........ccevreierieiieisinise e 42
3.2.4 Physical Layout and Setup DeSCIIPIION ........cviiieriiieiresie et 43
3.3 Data ColleCtion IMELNOAS ..........oouiieiiicie ettt 45
3.3.1 Overview of Data COIECLION ........cociiiiieisee e 46
3.3.2 Hardware for Data COIECTION. .........cc.iiiiiie et 47
3.3.3 Data TransmisSioN AN SEOFAJE ......cveeiueeieeieeieeieeieesteeseese e sreesteesre e e e steesreesreesreesteesreesreesseens 47
3.3.4 JSON DAt STIUCTUIE.......eitiiiieit ettt b e e et esbe et b e st e sbe e e e e sanesabenaneas 49
3.3.5 Data Collection WOTKFIOW..........ccoiiiee e 50
3.3.6 Challenges in Data COIBCTION ..........ciiiiiiiiiicieeee e 52
3.3.7 Hydroponic System ConfiQUIAtioN ..........c.couviiiiinieieisesie et 52
3.3.8 Al and AUtOMALION TOOIS ......cviuiiiiiiiiie ettt 53
3.4 Al Model Selection and TraiNiNG .......cccveveiiiiiii e sb e st sresresteenaesreares 54
3.4.1 Dataset PreParatiOn ........c.ccceiviiiiiiiiieiieie st esiesteste et ste s e s teese e besbe e e e stesbesseeseesbesbaeneesaesteetsentesrenreas 54
R D - W AN - | 1Y S 56
3.4.3 Data Cleaning and PreproCESSING .......couirirreieiriieriereeste sttt sne e 61
R Y/ oo (= IS T=] =T £ oo PSSR 64
3.4.5 MOTEI TTAINING ..ttt ettt bt b ettt sb b 66
3.4.6 Model Evaluation and VisUaliZation ............ccccocveieieiieiieei s 66
3.5 Model Deployment and System INTEGration ...........covviviieieiecieie e 73
3.5.1 3.6.1 SYSIEM OVEIVIEW......uecuiiiiiiiitieie sttt st te et s e s te et besbe s e e besbeese e e e s besbaeneeseesbeenaentesreanean 73
3.5.2 Model Integration and FUNCLIONAILY ..........ccceiiiiiiiiiie e 73
3.5.3 Real-Time and Long-Term INtEQration ..........c.cccciveieeieeiieeie e e e e e e ste e see e sre e s e sree s esreeseee e 76
Chapter 4 ReSUILS N DISCUSSION. ........cuitiiiiieieiisie ettt et nne e 77
L R O 1Y T T ST 77
4.2 EXPErimental RESUITS .......c.ooviiiiiieie bbbt 78
4.2.1 System Performance MELIICS........ccviiiii ittt nreenes 78
4.3 MOEI PEITOIMEANCE ......evieiiiiiiti ittt b ettt b bbbt nb et e 81
4.3.1 pH Adjustment Model PerfOrmManCe.........ccueiveiiiiiee i e e 81
4.3.2 EC Adjustment Model PErformMancCe.........ccuciieiiiiic st snee s 82
4.3.3 Feature IMportance ANAIYSIS ........ooioiiiiii ettt ettt nneenes 82
4.3.4 Visual Performance ASSESSIMENT. ......c..ciiiiaieiereieeiesteseeseeseeseeeseeseessesseesseseesseessessessesseessessenses 83
o N 1Y, oo (= I I T4 a1 LA o] PSSR 83
4.4 OVEIVIEW OF FINGINGS ...veiviciiei sttt ste et e e sbe e e e e tesne e 83
A4 L PIANT GIOWEN: ..ottt bbbttt sttt sb b 84



4.4.3 Environmental STability: .........cooo oo s 86
4.4.4 DOSING ACCUIACY: ...veuvirveneeseeiestesseeeseasease st s se s st s s e s s e st s b s st b e e se e st b nb e s et e b e s bt b e nb e e et ebenbeane e 86
4.4.5 FEATUIE IMPOITANCE. ... oo tiirierieiet ettt r e r e b s sb e st e st et e s e sseesnne s e nnne s 86
4.4.6 DOSING LOGIC: ..vvevitiieieieiieie sttt ettt b ettt ettt sttt nb b 87

4.5 Challenges and LIMITAtiONS ..........ccoiiiiiiioieii ettt ste et e sbesne e renne e 87
4.5.1 Chemical SUDSTITULIONS: .......cviiiiieieiie ettt nb e 88
4.5.2 Temperature CONTIOL:........c.io et e e sae et esre e sreesreesnnesneesneeas 88
4.5.3 SENSOT CaliDIatioN: ....eeeiieeie ettt sttt sttt ee et e e enes 88
4.5.4 NPK SeNSOr LIMITAtIONS: .....cueeiiieeiieie ettt st st sttt ste e neenaeseeaneeseeneeenen 88
4.5.5 Practical IMPIICALIONS .......c.ooiiiiitiieieiie e 88
4.5.6 SCAIADTIITY: ... 88

4.6 AULOMALION BENETITS: ... .iiiiiiei sttt et e sbe et e e bestesne e e e tesre e 88
4.6.1 AAVANCE Al IMIOGRIS: ...ttt ettt sttt nbe e 89

4.7 Validation Of HYPOThESES .....cviiiiiiiice e re et s re e b sre e 89
4.7.21 INSights from the RESUILS .....c.eoiiiecece ettt re e 90
4.7.2 Relation to EXIStING LItErAtUIE........cccveiee ettt e st e st e e e s e e snaesneennne s 91
A.7.3 IMPLICALIONS ...ttt b ettt b et b b an e 91
Chapter 5 CONCIUSION ... bbb ettt b et et et nb e 91
=T ] =1 T SRS 94



List of Figures

Figure 3.1.6.1: Diagram of the hydroponic system configuration, illustrating the integration of the control

unit, dosing unit, SENSOIS, ANT FESEIVOIIS.......ccuieiieeieeie et ee e e ste e e e te e e te e ee e te e sre e sbeebe e teenteeneeenteeneeenees 36
Figure 3.3.1.1 - Gravity ANAlOg PH SENSOT........c.ciiiiiiiiiieieeeees e 38
Figure 3.3.1.2 - Gravity: Analog Electrical ConducCtiVity SENSOX .........ccccerveiriniiiinisisese e 39
Figure 3.3.1.3 DHT11 Temperature & HUMIAItY SENSOF........cccoiiiiiciiie e 40
Figure 3.3.3.1 - Angular Dashboard t0 ViSUalize data ..........c.ceoriiiiieiiiie e 43
Figure 3.3.4.1: Data collection workflow depicting the integration of sensors, Arduino, Raspberry Pi, and
(o] (o0 To I T Taq] 010 ] T=T 01 £SO 46
Figure 3.4.3.1: Sample real-time sensor data collected for analysis and nutrient optimization.................. 48
Figure 3.5.2.1: Histograms of Key Sensor Data FEAtUIES ...........cccooviiierieiiiiinine e 57
Figure 3.5.2.2: BoXplots fOr OULHEr DEteCLION.........c.civiiiiriiieieisese e 59
Figure 3.5.2.3: Combined Time Series of pH, EC, Ambient Temperature, Water Temperature, and

o 10T 0T L1 PSR 60
Figure 3.5.5.1: Bar chart showing the feature importance scores for the pH adjustment model, where the
PH value is the dOmMINANT FACION. ........ccviieiece et sre e e sne e 68
Figure 3.5.5.2: Bar chart showing the feature importance scores for the EC adjustment model, highlighting
that EC iS the 18801ING TACTON. ..ot 69
Figure 3.5.5.3: presents a scatter plot of Predicted vs Actual pH Adjustment.............ccocvvenerviniiiinenienns 70
Figure 3.5.5.4: Predicted vs Actual EC AdJUSIMENT...........cociiiiiiie ettt 71
Figure 3.6.2.1: Automated dOSING SYSTEM ..ottt sttt sre e e nee e 75
Figure 4.2.1.1: Time-Series Plot fOr PH LEVEIS..........coviiiiiicee e 78
Figure 4.2.1.2: Time-Series PIot fOr EC LEVEIS .......ccov vt 79
Figure 4.2.1.3:Figure 4.3 & Figure 4.4: Scatter Plots for Predicted vs. Actual Adjustments pH................ 80
Figure 4.2.1.4: Figure 4.3 & Figure 4.4: Scatter Plots for Predicted vs. Actual Adjustments EC .............. 80



List of Tables

Table 1: Comparison of Plant Growth Metrics

10



