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SUMMARY

Current plant monitoring practices are quite destructive and wasteful, requiring harvest

to measure basic attributes such as weight, nutrient concentrate, etc. With this work, we

attempt to develop and evaluate a precise model of the crop, allowing attribute measurement

and visual monitoring, all in a non-destructive manner.
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CHAPTER 1

INTRODUCTION

1.1 Overview

Hydroponic robotics introduces an ef�cient and accurate method for automating and mon-

itoring the produce for quality consistency across farms. Traditional agricultural methods

are facing challenges in increasing productivity to keep pace with the growing population,

while dealing with a decrease in available farming resources such as water, fuel, and arable

land [1], [2]. On the other hand, closed-�eld agriculture is growing due to advances in pre-

cision technology, sensor networks and data analysis [3]. These Controlled Environment

Agriculture (CEA) systems utilize optimum growth conditions and controlled parameters

for higher crop yields with increased predictability and lower costs. Hydroponic systems,

such as the one described in [4] have been in research extensively to develop production

systems for various high-quality, fresh crops. Another factor behind the exponential growth

of hydroponics systems over traditional farming is the ability to have sustainable inventory

transport and management models, with the current models and technologies expected to

fail in meeting the food demands in the future [2]. However, even closed-�eld farming

requires tools and methods to monitor and predict plant growth with minimal human inter-

vention.

1.2 Research Goals

This research is part of a larger project by the Environmental Engineering Department at

Georgia Tech, led by Dr. Yongsheng Chen, to study the possibility of hydroponic plant

growth using treated sewage water. Modeling the plant nutrient uptake requires the inclu-

sion of biochemical factors within the growth medium, and bioaccumulation [5]. Empir-
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ical formulas such as the Michaelis-Menten equation, or ones developed in [6], describe

the plant uptake and growth given nutrient uptake, modeling the relation between nutrient

concentration and growth rate. While biomass is an important indicator of nutrient uptake,

other phenotypes such as leaf color, age, size of plant are also crucial indicators of plant

health. The study led by Dr. Chen will focus on methods to optimize growth conditions to

yield desired outputs, in terms of optimizing �avor, size, nutrition content, etc.

Our objective is to model the growth of lettuce crops using a robot arm with an attached

camera in a hydroponic setup, in order to inform decisions and strategies on effective plant

growth. The volume estimated from the growth model will be used to predict the mass of

the plant; an indicator of the nutrient uptake. We augment this with temporal association to

provide the state of a plant at any point in time, enabling monitoring and studying growth

pattern for different nutrient solutions. In order to �nd custom reconstruction strategies

informed by targets for plant outputs, we evaluate three different approaches towards plant

reconstruction and volume estimation. A long term goal for the project envisions the de-

velopment of an automatic harvesting system, including automating the decision platform

used to evaluate the readiness of the plant for harvesting.

Research into noninvasive techniques for plant phenotyping is a relatively nascent �eld;

however, multiple approaches exist to analyze plant parameters without extensive human

effort. In this thesis, we review available research and its applicability to our use case,

and propose and evaluate three different approaches to model plant growth and estimate

volume.

The thesis is arranged as follows: We describe the hydroponic setup we use in Chap-

ter 2. The subsequent three chapters are self-contained modules of each of the three ap-

proaches we used during the thesis to estimate the volume, and the �nal chapter discusses

the results, tradeoffs and evaluates the accuracy of the approaches used, along with a dis-

cussion of best practices for capturing images for each approach.
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CHAPTER 2

EXPERIMENTAL SETUP

2.1 Growth Chamber setup

This section details the setup of the growth area and the process used to collect and store the

imaging data. The hydroponic growth chamber used in our research is located in the Daniel

Lab at the Georgia Institute of Technology, Atlanta campus. It is a roughly 2.43x2.43x2.43

m3 chamber, and there are 6 “grow towers” on each side of the room. The temperature

is maintained at approx 24� C and 55% RH. Each grow tower was initially planted with 8

saplings, which were then periodically harvested for mass measurement. Each side of the

room is lit by around 6 tubelights, arranged in 3 equally spaced rows. The distance between

the lamps and the towers was around 38.1cm initially, with the distance progressively de-

creasing as the plants grew. The lighting structure was a soft limit for the movement of the

robot in the Z-direction(considering Z to be the direction moving directly towards or away

from the plant). While the lights could be temporarily moved further back to accommodate

the robot, it was not very easy to move around and hence was moved only when required.

This setup is shown in Fig Figure 2.1.

Figure 2.1: Hydroponic Chamber setup

The 4 DOF robot arm is mounted on a base connected to a vertical struct wherein it can
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be slid upwards and downwards, as shown in Figure 2.2. The vertical metal struct on which

the arm has been placed is in fact a placeholder for a cable robot under development. The

movement of the robot base in the vertical and horizontal directions was done manually,

with any horizontal movement requiring the entire struct to be moved to the desired posi-

tion. A Raspberry Pi v2 camera with a Sony IMX219 8-megapixel sensor capable of HD

imaging is attached to the end-effector of the robot arm.

Figure 2.2: Robotic arm mounted on a struct

2.2 Data Collection Process

The robot is placed between the lamp and the plant, maintaining a distance of around 5-10

cms from the plant, in order to get the leaves in focus. The trajectory followed was that of

concentric planar circular motion, with the number of circles increasing with the growth of

the plant. The center of the image was set towards the base of the plant. The initial growth

stages required only one traversal of this trajectory to capture the entire plant, while the �nal

growth stages needed around 4 circles to completely capture the plant. The issue with this

trajectory was that the leaves at the bottom of the plant did not grow into a �at structure,

but were near perpendicular to the plant due to heliotropism. This resulted in multiple

frames from the image capture being occluded by the underside of these leaves during the

circular motion of the arm. To correct this, we then modi�ed the trajectory to follow a

more elliptical, non-planar trajectory, with the center of the image corresponding to the
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