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Abstract

This thesis contains the description of the design and implementation
of a basic framework for research on how plants behave in controlled
environments. The framework is capable of controlling lighting with a
pair of 3-channel LED arrays, and of estimating photosynthetic action
of incubated plants. These features are used in an experiment to rate a
selection of light settings by how well they stimulate photosynthetic action.
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Chapter 1

Introduction

Figure 1.1: The inside of the enclosure, with the internal sensor (/w fan
attached) in the middle.

1.1 Goal and Motivation

With humanity starting to send cars into space[15], and the public
imagination already dreaming of the red planet, the question of how to
feed interplanetary travellers is unavoidable.

Back on Earth, the domain of indoor horticulture intersects with home
gardening, and even larger scale production. The efficient use of space
in vertical farming has the potential to alter food distribution networks,
especially in dense urban centers, and dreams of such a fundamental
change in an essential industry can send the imagination of an idealist
spinning.

Reducing energy consumption is another way to improve production
efficiency, and grow lights naturally consume a large portion of the energy
in these systems.

The goal of this project is to provide a basic framework for further
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research on how plants behave in controlled environments. Additionaly it
examines the possibility for that framework to estimate the photosynthetic
action of incubated plants through the measurement of only CO2.

These estimations are used to rate different settings on a pair of ad-
justable 3-channel LED arrays. The framework uses an energy allowance
to keep the consumption equal between all settings, so that the photosyn-
thetic rate becomes a measurement of energy efficiency.

1.2 Project Description

This thesis describes the design and implementation of a framework with
which to control and measure an enclosure (figure 1.1) with plants in. The
plexiglass enclosure has dampers, fans and a pair of LED arrays for climate
control, and sensors for monitoring. All of these components are controlled
by an Arduino, which runs part of the framework code.

The rest of the software is on a Raspberry Pi (RPi), which controls the
Aruduino through a protocol that was written for this framework. The RPi
takes care of higher level routines (e.g. experiment procedures, day-night
cycles), and is designed to be expanded and used in other applications.

It is already established that plants have different reactions to the
various spetra of light, and those reactions may depend on myriad factors
(eg. plant species, temperature, time of day). The thesis asks whether
it is possible to estimate those reactions by only measuring the CO2
concentrations within the enclosure. The method to be tested is outlined
in figure 1.2.

2



Get initial CO2 

Normalize
air

Test new LED
setting

Photosynthesis
consumes CO2 

Rate LED setting
based on CO2 
consumption  

Read

Wait

Adjust

Rate

Initialize

Figure 1.2: The main loop of a framework designed to adapt its behaviour
to the response of a plant

1.3 Hypothesis

The following main and sub hypotheses were arrived at:

1. What is required to be able to tune a 3-channel LED array to optimize
photosynthetic action within a given energy allowance?

(a) Is it possible to estimate photosynthetic action reliably by only
measuring CO2 concentration over time?

(b) How long does an interval need to be in order to measure the
fitness of an LED setting?

(c) What sources of disturbance are there in the experiments?

1.4 Outline

The following thesis will describe the background that needed to be
understood in order to carry out the theoretical and practical parts of this
project.

Following that is a chapter describing the design and implementation
of a framework with hardware and software elements. The hardware is
designed around an enclosure for growing plants, and the components that
control and measure that enclosure. The software portion delves into the

3



control routines and interfaces that are involved, along with data flow from
sensor data to visual presentation.

The next chapter describes the methodology of the experiments that
were carried out in order to answer the hypotheses laid out above.

Then the results of the experiments are presented, and in the concluding
chapter, they are discussed, and the hypotheses revisited. Finally, some
potential avenues for future work are mentioned.
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Chapter 2

Technical Background

2.1 The Potential of Artificial Lighting

Massa et al. carried out research into the effects of different narrow
wavebands of light on plant physiology[21]. In the paper they point to the
various and complex effects of light on plant physiology: Flowering[12]
and internode elongation[23] can be stimulated by far-red light(710-
850nm); blue light affects a different range of properties[25], [28], [33].

Heo et al. found similar effects when exploring LED as an alternative
to fluorescent lamps as grow lights. Both studies mention space-based
horticulture[17].

2.2 Plant Physiology

The biochemical processes of plant physiology are as intricate as they are
ancient. A complete understanding of the finesse of photosynthesis is
outside the scope of this thesis, rather the goal of this section is to map
out some potentially important factors to consider in order to conduct
meaningful experiments.

2.2.1 Photosynthesis

Light
6

CO2

6
H2O+

1
C6H12O6

6
O2+

Figure 2.1: Illustration of the reactants and products of photosynthesis. It
takes 6 CO2 molecules and 6 H2O molecules to synthesize one molecule of
carbohydrates and 6 O2 molecules

Photosynthesis(table 2.1) can be divided into two main phases: Light-
dependent reactions, and light-independent reactions (Calvin cycle[7]). Each
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phase provides necessary chemicals for the other phase, and they do occur
simultaneously, despite their names suggesting otherwise. These chemical
reactions are quite complex, but they will be simplified profusely to get
across the main points relevant to this thesis.

Light-Dependent Reactions

The goal of the light-dependent reactions[5] is to store the energy that
erupts when light is absorbed by the leaf. These energy stores (called ATP)
are synthesized from (among other compounds) the hydrogen in water,
and oxygen (O2) is a byproduct of this reaction. The ATP molecules are
later used by the Calvin cycle, but its purpose beyond that is not within
our scope here.

The Calvin Cycle

Also aptly called the light-independent reactions[7], part of the Calvin
cycle’s role in photosynthesis is to fixate (bind to a new molecule) carbon
into an intermediary compound which eventually becomes glucose. The
carbon is harvested from CO2 in the air. By measuring the rate of this
carbon fixation, it is possible to measure the rate of the photosynthetic
cycle.

Photosystems and the Emerson Enhancement Effect

There are two structures within plant cells which have the task of turning
light into energy and transporting that energy to the various reaction
centers[24]. These structures are named photosystem II (PS-II) and
photosystem I (PS-I). This pair is key in an electron transport chain that
powers the light-dependent ractions2.2.

PS-II is able to tear electrons from water molecules (H2O) and energize
them with the energy from captured photons (light). Energized electrons
are sent along a transport chain to PS-I, where they are re-energized and
forwarded to the next recipient. The energy that is taken from the electron
as it hops through the chain is used for many different purposes that will
not be detailed here.

Each of the photosystems contains pigments that are tuned to a different
wavelength of light, and their names leave no doubt as to their attunemnet.
P680 is the pigment that resides in PS-II, and P700 is the one in PS-
II. Whenever both of these wavelengths (680 nm and 700 nm) of light
are present at the same time a synergy effect(Emerson Enhancement[14])
occurs that is greater than the sum of the effect of stimulating PS-II and
PS-I separately.

2.2.2 Photosynthetically Active Radiation

The light that is utilized by a plant for photosynthetic action is called pho-
tosynthetically active radiation (PAR)[22]. The range can vary depending
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Chloroplast Thylakoid

Thylakoid Membrane

III
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Electron 
transport chain

Figure 2.2: The photosystems[24] are complex structures within the
thylakoid membrane specialized in absorbing certain wavelengths of light.
The reaction center of photosystem II (PS-II) is named P680 because 680
nm light is essential to its function, which is (partly) as an entry point
for electrons (and by extension, energy) into the light-dependent reactions.
Electrons caught and released by PS-II eventually reach PS-I where they
are re-energized with energy from the P700 reaction center in PS-I. As the
reader might have guessed, P700 is tuned to absorb 700nm light.

on many factors (species of plant, time of day, time of year etc.), but it is
usually within the 400-700 nm waveband.

Action Spectrum

The photosynthetic action ocurring in a leaf can be found by measuring the
rate by which CO2 is consumed compared to the amount of light the leaf
is exposed to[22]. The action spectrum shows the rate of photosynthetic
activity at each wavelength of light within the spectrum (figure 2.3).

Absorptance and Quantum Yield

Absorptance (figure 2.4a) measures a surface’s effectiveness in absorbing
light, while quantum yield (figure 2.4b) measures the conversion rate of a
light-dependent process (usually underneath the aforementioned surface)
between the absorbed light and a desired product. The nuance between
action and quantum yield is that the quantum yield measures production
only against the radiance that was actually absorbed by that interface,
while action does not take absorption into account.
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Figure 2.3: Mean of the relative action of 21 different species of plants[22].

2.2.3 Limiting Factors on the Rate of Photosynthesis

Emil L. Smith has shown that there are upper limits to the amount of light
and carbon dioxide that can contribute to the rate of photosynthesis[29].
The effects of Temperature on photosynthetic reactions are convoluted as
pointed out by Robarts et al.[27], but they explain that optimal temperature
seems to be around 25°C.
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Figure 2.4: Absorptance (a) and quantum yield (b)

2.3 Optimization Algorithms

2.3.1 Solution Space

F
itn

es
s

       Solutions

Local Maxima Local Minima

Figure 2.5: Solution Space: Solution spaces may have multiple local minima
and maxima. The ultimate goal of a search algorithm should be to find the
global maximum (or minimum), of which there can be only one.

In order to make a useful optimization algorithm, it is necessary to
understand the parameters of the search, its solution space(figure 2.5) and
how the two are connected. Solution spaces have as many dimensions as
the search has parameters, along with one axis to evaluate the solution.
Visualization gets tougher as dimensionality increases, but in essence, the
solution space looks like peaks and valleys formed by solutions of different
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viablility. These peaks and valleys are known as local maxima and local
minima, respectively, but for simplicity, only local maxima will be used from
here on.

Neighborhood

Navigating the solution space efficiently requires a good definition of
neighborhood. One definition of the neighborhood of a solution could
include all the other solutions that are reachable by changing only a single
parameter in the search (figure 2.6). If the search always follows the strictly
best path through each successive neighborhood in its path, the same peak
will be reached every time from that neighborhood.

/home/bjornar/master-thesis/master-thesis/fig/technical-neighborhood.pdf

Figure 2.6: Neighborhoods: This example search has two parameters A and
B, and the neighbors of the current solution is the set of solutions which
can be reached by only changing either A or B. The ways that algorithms
define neighborhoods can vary greatly, and in the most general terms, a
neighborhood is the set of solutions that the algorithm considers close to
one another.
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Solution Evaluation

The evaluation process depends wholly on the specific problem being
tackled, but solutions are usually ranked by their fitness or cost function.
Searches will either strive for the solution with highest fitness (global
maximum), or lowest cost (global minimum).

Search Policies

There are two main policies that a search can use when it navigates the
solution space - exploitation and exploration (figure 2.7). A strategy which
favors exploitation will tend to favor the best solution in its neigbourhood,
while more explorative strategies will sometimes take a chance that
an inferior solution may eventually lead to a higher peak. Neither
fully explorative, nor fully exploitative strategies are very effective, and
algorithms land somewhere in between the two by stochastically choosing
either exploration or exploitation at each step.

F
itn

es
s

Solutions

Exploit Explore
Initial
solution

Figure 2.7: Exploitation versus Exploration: An exploitative policy will
trawl the solution space, always choosing the best of its neighbors at each
step. To avoid getting stuck on local peaks, some policies will make a jump
(explore) across the solution space, though there’s no guarantee that the
jump will lead to a higher peak.

2.3.2 Hill Climber

Hill Climber (also called local search) is a naive search algorithm that uses a
purely exploitative policy. Its inability explore new neighborhoods without
the assurance of a better solution is what prohibits hill climbers to escape
these local maxima. It is the most basic of optimization techniques, but its
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simplicity lends iself to modification and adjustment to the requirements of
the application in which it is being used. For this application, Hill Climber
will serve as a baseline to compare other approaches to.

2.3.3 Simulated Annealing

Simulated annealing (SA) is a probabilistic method to reach a close-to-
desired heuristic for a given search problem. It uses a metaphor of cooling
hot metal to gradually push the behavior of the search from exploration
(flexible metal) towards exploitation (material solidifies) (figure 2.8).

The four ingredients needed for a successful SA algorithm are described
by Kirkpatrick et al. [19]. The ingredients they talk are (1) the parameters,
or dimensions of the search; (2) a function which generates new solution s
by changing one parameter of the "parent solution" randomly; (3) a fitness
(or cost) function that evaluates the search parameters of a given solution;
and (4) the parameters that define an annealing schedule.

• Starting temperature

• Terminal temperature

• Relative change in temperature each time the "material" cools.

• Iterations per temperature change

These are the parameters which inform the annealing on how fast to
cool the metaphorical metal, and when to stop doing so. The algorithm
uses an acceptance probability (AP) function to decide whether it should
choose a given solution or not. The AP compares a new solution to
the current solution and decides how likely it is to choose the new one.
Solutions with a higher fitness have a higher probability of being accepted,
but this is also where the strength of SA lies. When temperature is high, the
AP increases for all solutions, and the fitness is not as heavily weighed in
the AP function. As temperature decreases, the emphasis on fitter solutions
increase.

This dynamic leads SA to start by exploring the solution space in
experimental leaps with the goal of discovering the best avenues to exploit
later. This inevitably happens when the temperature approaches its
terminal threshold. The speed at which the material cools is percentage
based, which means it starts out high, but tapers off gradually, giving SA
time to exploit the chosen avenue.
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Figure 2.8: Illustration of how the policy of simulated annealing changes
gradually from exploration to exploitation over time.

2.4 Components for and Consideration in Indoor Gar-
dening

2.4.1 Microcontroller

A microcontroller is a small integrated circuit containing a CPU, memory
and a set of pins that can interface with various types of peripheral
components. The input and output across these interfaces can be
programmed, and this makes microcontrollers well suited as prototyping
hardware, and serving as controllers in larger systems. Arduino is a
developer that focuses on open source entry level microcontrollers.

Arduino

Arduino boards are programmed in a dialect of C++, and the official code
libraries are extensively documented with tutorials and examples which
teach the relation between software and hardware. Their code base is open
source so anyone can contribute as long as their code meets the criteria [3],
which are themselves regulated by the community.

Code may be uploaded to the microcontroller using the Arduino IDE.
The structure of Arduino programs revolve around two functions: setup

and loop. The former is used for initialization and it runs immediately
after uploading code or rebooting the Arduino. The loop function runs
continually, and is where the work gets done.

The digital pins can function as either input or output. When the mode
is set, digitalWrite or digitalRead can be called to communicate with the
peripheral connected to that pin. Most of the analog pins are only for input,
which is accessed by analogRead. Unless the board has special analog
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output pins, digital pins have to serve as proxies instead(figure 2.9). The
analogWrite function initiates a steady generation of the specified duty
cycle which continues until it is explicitly stopped.

Duty cycle

0

1

75%

Pulse width

Figure 2.9: Pulse Width Modulation is a method that allows digital signals
to emulate analog behavior. The pulse width is the portion of each duty
cycle that the signal is 1. The signal is set to 0 for the rest of the cycle. The
average voltage over the duty cycle can be used to adjust the brightness of
an LED for instance.

Some boards also come equipped with a pair of SCL and SDA
pins to interface with I2C (explained later) and TWI (two-wire interface)
devices. The Wire library contains abstractions like beginTransmission

and endTransmission, read and write to enable implementation of a
communication protocol.

The Arduino models Mega 2560, Uno and Due were compared (table
2.1)

2.4.2 Single-Board Computers

Single-board computers (SBC) are so named to differentiate them from
multi-board computers, which are ubiquitous. These tiny computers can
be found implemented as control units or communication interfaces in
embedded systems, or on the workbench of a hobbyist in the maker
community.

The applications of SBCs intersect with those of microcontrollers
somewhat, and it is common to include a set of GPIO pins in their design.
However, the strengths of an SBC lies in the higher layers of abstraction
such as visual and network interfaces (e.g. HDMI and WiFi).

Three different SBC models were compared: Raspberry Pi model 3 B,
Tinker Board and C.H.I.P. (table 2.2)
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Board Name Mega 2560 Uno Due
GPIO 54 14 54
PWM 15 6 12

Analog I/O 16/0 6/0 12/2
Rx/Tx 4/41 1/11 4/41

I2C SDA/SCL n/a SDA/SCL
Operating Voltage 5V 5V 3.3V

Clock Speed 16 MHz 16 MHz 84 MHz

Table 2.1: The distribution of analog pins and general purpose input output
pins (GPIO), some of which can use pulse width modulation. The Rx/Tx
pins are also included in the GPIO count, and they are connected pairwise
to UARTs.1One Rx/Tx pair is connected to the same UART as the USB
cable, and should be only be used with this in mind.

Model Name Raspberry Pi 3 B Tinker Board C.H.I.P.
Visual Interface HDMI HDMI HDMI

Networking WiFi/Ethernet WiFi/Ethernet WiFi
Storage microSD only microSD only 4GB on-board

USB ports 4 4 2
GPIO 17 28 8

Table 2.2: A comparison of the features of the Raspberry Pi 3 model B, Asus
Tinker Board and C.H.I.P.[9]

2.4.3 CO2 sensing

Diffusion and Sampling

The use cases for a CO2 sensor depends on the application, but there
are two main ways to approach measurement: diffusion and sampling.
Diffusion measurement depends on the principle that gasses spread evenly
in ambient air over time. The diffusion sensor can be placed anywhere
in an open space (e.g. office space) and assume that its surroundings are
representative of the space at large. Sampling sensors take samples the
air continually via vacuum pumps and generally have quicker response
times. This makes them more fit for applications where concentrations are
expected to spike, such as experimentation or leak detection.

Measurement Methods

A common (based on impression of sensor market) method for measur-
ing CO2 concentrations is called non-dispersive infrared (NDIR, figure 2.10).
Dispersive sensors segregate the light within the needed waveband with a
prism before shining it through the gas rather than filtering it afterward.
Infrared sensing methods are susceptible to dust disturbing the measure-
ment[34].

15



 CO2

  
  

  
 O

pt
ic

al
 f

ilt
er

  
  

  
 

D
et

ec
to

r

4,26µm

IR radiationOther gas  

4,26µm

4,26µm

Flow through

Figure 2.10: Non-dispersive infrared(NDIR) flow through sampling: At
one end of the sampling chamber there is an infrared lamp. In the opposite
end, there’s an infrared detector covered by an optical filter. Air flows freely
through the intermediary chamber and the molecules in the flowing gas
will absorb certain wavelengths of light. The optical filter eliminates the
light outside the absorbtion spectrum of carbon dioxide (~4.26µm[32]). The
amount of radiation that reaches the detector can be used to approximate
the concentration of CO2 molecules in the air.

Comparing Models

Here are three CO2 models compared against each other: SEN0219, CozIR
AMB and Telaire 6613 (table 2.3).

2.4.4 Climate Monitor

The temperature and humidity can be important to monitor, especially for
outdoor greenhouses, where conditions are more volatile.

HYT 271 Digital Humidity and Temperature Module

This sensor is manufactured by Innovative Sensor Technology, and it
can interface with an I2C (explained below) bus through SDA and SCL
pins. It measures temperature and relative humidity only after an MR
(measurement request) command. When the internal processes are done, it
stores the measurement as 4 bytes in the output register.

The master may invoke the DF (data fetch) command to read the
output register. The first two bytes of the response containa a 14-bit value
representing relative humidity (0-100%). The remaining two bits (bits 14
and 15) contain metadata. The second pair of bytes contains another 14 bits
representing temperature (-40-125 degrees Celcius). The remaining two bits
(bits 0 and 1) are not used.

2.4.5 Lighting

The considerations to take when choosing which type of lights to use in
an indoor garden boil down to cost versus efficiency. The cost can be
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Module Name SEN0219 CozIR AMB Telaire T6613
Sensing Method NDIR NDIR NDIR

Sampling Method Diffusion Diffusion Diffusion
Range(ppm) 0-5000 0-2000 0-2000

Accuracy ±(50 + 3%) ±(50 + 3%)
400-1250: max(±30, 3%)

1250+: ±(30 + 5%)
Warm-up 3 min <10 sec 10 min
Interfaces Analog Serial, Analog Serial, Analog, I2C

Calibration Manual zero point Automatic1 Automatic1

Conditions 0-50°C, 0-95 RH 0-50°C, 0-95 RH 0-50°C, 0-95 RH

Table 2.3: Viable CO2 modules. 1 The automatic calibration routines in
the CozIR and TelAire sensors calibrate to the lowest CO2 concentrations
they are exposed to within a given period of time and adjusts on the
assumption that those concentrations are 400 ppm. In both cases, the
automatic calibration can be disabled.

the power consumption (kWh) and/or the cost to purchase and install
the lights. Efficiency should take into account the rate at which energy
dissipates into heat instead of light, and also the portion of the light that
falls outside the range of PAR. Even within PAR, some wavelengths of light
are more efficient than others (as evident from the action spectrum): ‘Red
lamps are recommended for flower production and the blue for vegetative
growing, whereas the mixed spectrum is for plants from start to finish.’
(Hobby Hydroponics, Second Edition By Howard Resh)

Light Emitting Diodes (LED) are small individually, but make fully
viable grow lights when fitted onto arrays. They are very flexible in
how they are installed and this granularity is one of the advantages LED
technology has over its alternatives. The user can design light fixtures
with high precision in terms of focusing light output on those wavelengths
with highest photosynthetic action. ‘Estimations of the electrical energy
conversion efficiency of a LED system for plant irradiation suggest that it
may be as much as twice that published for fluorescent systems.’ (Light-
emitting Diodes as Radiation Source for Plants by R.J. Bula et. al.)

There are other alternatives, such as high intensity discharge (HID)
and fluorescent lights, but none of them offer the same flexibility in
configuration as LEDs.

Petunia LED board

This table shows the relevant points in the Petunia LED board specification
(table 2.4).
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Colour Temp
Typical Wattage

@700mA
LEDs

Forward
Voltage

Radiance
Angle

Hyper Red 656nm 7.35 watts 5 10-13V 80(±40)°
Warm White 3000K 13.02 watts 6 16.2-21V 150(±75)°
Deep Blue 455nm 2.17 watts 1 2.7-3.5V 80(±40)°

Table 2.4: Each Petunia board has 12 LEDs, 6 white, 5 red and 1 blue,
distributed evenly around the board. LEDs of the same color are connected
in series, creating distinct channels. The radiance angle can be sharpened
by attaching a lens to the Petunia board[1].

2.4.6 Mechanical Components

Damper Control

Dampers are mechanical doors that can regulate the flow of air in ducts,
containers or the like. The actuator that changes the state of a damper can
be a servo. Dynamixel AX-12 is a servo model with a well documented
instruction set, and can be programmed to many different behaviors (e.g.
wheel mode allows for a continuous turn).

The AX-12 servos use UART (explained below) for communication, but
they are designed to receive and respond on a single line. Signals from the
master are typically carried through a daisy chain of servos. They can be
addressed individually (if given an address), or a general broadcast address
can be used. In order to give the servos unique addresses, they need to be
isolated from the daisy chain one by one so their address can be stored in
an internal register.

Airflow

The 8412 N model of fan was made by Ebm papst. The fan speed is
controlled via PWM, and it has a tachometer which outputs the RPM of
the fan[10].

2.5 Communication Interfaces

2.5.1 Universal Asynchronous Receiver-Transmitter

The UART is a hardware component that handles communication between
one device and the UART on another device. Data is transmitted(Tx)
serially (bit by bit) to the receiver (Rx) at the other end, which reassembles
and stores the data in a receive buffer for that device to read whenever
convenient.

Communication (figure 2.11) is asynchronous, so there is no need for
a clock signal, but the baud rate (bits per second, usually) has to be agreed
upon beforehand by both devices. The start and stop bits make up the frame
of a byte. The parity bit tells the receiver whether that byte has an odd or
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Figure 2.11: UART communication protocol: UART #1 frames the data
coming across the data bus from its device and transmits it to UART #2
(LSB first), which unpacks the data and sends it to Device #2 via the bus.
The default setting for UART packets is 8-bit frame, no parity bit and 1
stop bit (8-N-1 is a common shorthand). The clock cycle is defined by the
baud rate, which has to be agreed upon before communication can take
place. For two-way communication to be possible, an Rx/Tx line going the
opposite direction is needed (omitted here for clarity).[6]

even number of 1s. This is used for error detection, akin to checksums in
higher level communication. The stop bit is logical 1 and can be configured
to transmit for 1, 1.5 or 2 times the normal cycle duration (determined by
the baud rate). Extending the stop bit to more than 1 cycle increases the
chance that a framing error will get caught, but increases the word length
(bits per packet) [6].

2.5.2 I2C

I2C(Inter-Integrated Circuit) is a communication bus developed in 1982 by
Philips Semiconductor that enables synchronized communication between
multiple devices. While an I2C bus may be configured in a variety of
ways, this project uses the bare minimum of two lines; data (SDA) and
clock (SCL). The SCL line is controlled by the master, and it dictates the bit
frequency on the bus. Each time the SCL is low, SDA is ready to transmit a
bit.

Because devices are open collector, both lines need pull-up resistors
(lines rest high). The master initiates communication by pulling the SDA
down while the SCL is high. Communication concludes when the master
lets go (pulled up by resistor) of the SDA during clock high. These are the
start and stop sequences, respectively (figure 2.11).
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0 1 1 0 1 0
SDA

R/W ACK

7-bit Device Address

1

SCL

0 1 1 0 1 0SDA
ACK

Data Byte

1
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Figure 2.12: The master initiates communication with a special start bit
(pulling SDA low while SCL is high), followed by a 7-bit address. The
address should be unique to a specific device on the bus, and the 8th bit
is used to signify whether the master intends to read from or write to that
device. If the recipient device received the signal, then it pulls the SDA line
low in acknowledgment. Data is read/written in much the same manner; 8
bits followed by an ack from the recipient. When a transaction is over, the
master sends a stop bit (letting SDA go high while SCL is high).

• Write

1. Send a start sequence

2. Send the I2C write address of the slave (7 bits + R/W bit low)

3. Send the address of the internal register to write to

4. Send data byte(s)

5. Send the stop sequence

• Read

1. Send a start sequence

2. Send the I2C write address of the slave (7 bits + R/W bit low)

3. Send the address of the internal register to write to

4. Send another start sequence

5. Send the I2C read address of the slave (7 bits + R/W bit high)

20



6. Slave holds the SCL low (clock stretching) until it’s ready to
serve the master

7. Read the data byte from the slave

8. Send a stop sequence

After a bit is transmitted on the SDA, the SCL is let go (high), then
pulled down, ready for the next bit. Following every 8th bit received by
the addressed slave, that slave pulls the SDA down to acknowledge (ACK)
that a byte was received. A lack of acknowledgment from the slave raises
an error, and the master must act accordingly. Devices that share the same
I2C bus are limited to 7-bit addresses because the 8th bit (LSB) is used to
indicate a read or a write from the master.

2.6 Data Storage and Presentation

2.6.1 Relational Model

The relational model for databases structures its data by describing the
relations they have to one another. Each record is a row in a table with
columns. Each column represents either a characteristic of the record, a
link to another record (foreign key), or a unique identifier (primary key). The
schema of a relational database describes the inter-relationships of the tables
(and its records, by extension)[26].

Structured Query Language

SQL is a language for interfacing with relational databases. Queries are
written by filtering records based on the values in their columns, or their
relations to other tables and records[30]. Sqlite3 is a Python module that
gives the ability to write wrappers for SQL queries in Python[2].

2.6.2 JavaScript Object Notation

JSON is a language-independent, human-readable format designed for
data-interchange. It structures the data in familiar abstractions like
dictionaries and lists, and the data is encoded in UTF-8 [18].

2.6.3 FrappeCharts

FrappeCharts is a module for JavaScript which is used to display dynamic
charts in a web interface. It plots the data points from a JSON file and
creates interactive and responsive models[13].

21



22



Chapter 3

The Framework

At the center of this project, there is a plant and a LED array, and the goal is
to determine which wavelengths of light lead to the highest photosynthetic
action, and to adjust the channels of the LEDs to approximate those
wavelengths within a given power limitation. In order to achieve said goal,
a framework was designed that consist of both hardware and software.
This chapter will describe and justify the choices that were made during its
implementation.

A link to the framework source code1. More detailed description
appendix A.

3.1 Framework Requirements

3.1.1 Hardware

1. The framework should include a microcontroller to take care of low-
level protocols

2. The framework should be headed by a single-board computer.

3. The single-board computer should issue all commands through the
microcontroller.

4. The framework should include an enclosed space for plants to grow
in.

5. The enclosure should be lighted by a pair of LED arrays.

6. The LED arrays should have channels with individually adjustable
intensity.

7. The effect of LED heat production on the enclosure climate should be
minimized.

8. Circuitry should be easy to trace from control/power source to
individual components.

1https://github.com/bjornarprytz/led-action-framework/tree/master/source

23



9. There should be screw terminals to make it easy to switch out faulty
wiring, and/or troubleshoot in the case of malfunctioning hardware
without necessarily affecting the whole system.

3.1.2 Software

1. The framework should be able to control the spectrum and intensity
of light inside the enclosure.

2. The framework should be able to visualize sensor data dynamically.

3. The framework should keep a database of sensor readings

4. The readings should be categorized by intervals and experiments in
order to make data collection and analysis independent procedures.

5. The hardware components should communicate under well-defined
protocols, to facilitate modular development.

6. The single-board computer should be able to execute high-level
routines which parameterize experiments and intervals.

3.2 Hardware

3.2.1 Overview

The enclosure (figures 3.1, 3.2) is a 46x46x34cm3 aluminium-edged box
encased in plexiglass walls with a removable lid. 40 cm above the lid,
the aluminium edges continue to create a fixture on which to mount the
LED arrays. In order to allow heat to escape this fixture is not encased in
plexiglass. The base inside the enclosure is covered by a metal grid which
will be covered by soil. A thin space (~1 cm) between this grid and the
plexiglass bottom collects excess water.

The components can be divided into two categories: central and
peripheral. The peripheral components are specialized modules with a
singular purpose in the framework, while central components are fewer,
but have more complex functions. Most of the peripherals are either inside
or attached to the plexiglass enclosure, which houses the plants themselves.

Figure 3.3 is an overview of all the circuits and components in this
framework. It shows the connections from power to ground (with some
simplification), and all communication lines between the microcontroller
and the peripherals. The Raspberry Pi is not depicted, but it is connected to
the Arduino with USB, which transmits communication as well as power.

3.2.2 Peripheral Components

There are two Telaire T6613 CO2 sensors in this framework. One of them
is positioned amid the growing plants for maximum exposure to their
environment. The other CO2 sensor is outside the enclosure to allow
control for variance in the climate of the lab. There is a fan on top of the
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Figure 3.1: Top-down view of the enclosure: The internal CO2 sensor is
placed amid the plants, while the external one is between the dampers.
Each sensor has a fan attached to keep the air surrounding it from going
stale. Additional air flow is induced by the external fan mounted on the
side of the enclosure, and they are opened and closed by servo driven
dampers. The LED arrays are mounted above the enclosure, and their
placements are indicated in the figure.

internal sensor to induce air-flow. The humidity and temperature sensor
hangs mid-air above the plants.

Two holes in one of the plexiglass walls can be opened and closed by
a pair of servo-driven dampers. A fan is attached to each of them. One of
the fans is mounted to suck air out of the enclosure, while the other one
blows air in. A pair of LED arrays are mounted onto the aluminum fixture
40 cm above the lid of the enclosure (figure 3.2) in order to minimize the
heat generation in the enclosure. Each of the two LED arrays consists of six
Petunia boards screwed onto an aluminium heat sink.

Assembling the Petunia LED arrays

The lighting technology that was chosen for this framework was LED, and
the main reason for that is to be able to fulfill software requirement 1, which
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Figure 3.2: Sideways view of the enclosure: Each LED array is fastened
to a heat sink which rests 40 cm above the enclosure on fixtures (no walls
between them, so heat doesn’t build up). The lid is made of plexiglass,
just like the walls in the enclosure. The fans are shown here as a point of
reference to Fig3.1

behooves the framework to control lighting. Petunia LED boards were
chosen because they are designed for indoor gardening, and the boards
are already organized with different color channels in mind. The three
channels are hyper red, warm white and deep blue, but because the channels
don’t require equal amounts of power, they need different power supplies
(table 3.1). The amount of current on each circuit is controlled by resistors.

The wire configuration of each LED array and its channels is illustrated
in figure 3.4, and the power and control configuration is illustrated in figure
3.5.

Each Petunia board was fitted with a lens in order to avoid too much
dispersal in the light. The LED arrays are mounted 40 cm above the
enclosure in order to minimize the heat production inside it.
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Channel PSU Current LEDs FV Resistors
RED 36V 500mA 15 ~34.5V 2x2Ω
WHITE 43.5V 500mA 12 ~37.2V 1x10Ω
BLUE 12V 500mA 3 ~9.3V 2x2Ω

Table 3.1: Using the forward voltage (FV) stated on the datasheet as starting
points, the needs of each circuit were found using a multimeter and a
secondary, adjustable power supply which throttled the current at 500mA.
Resistors were added to fine tune the circuits to fit our available power
supplies and to limit current.

Telaire 6613 CO2 Module

This module was chosen for CO2 because it had the highest stated
measurement accuracy (400-1250 ppm: ±30 ppm or 3% of reading,
whichever is greater) among the models that were considered. The
air inside the enclosure is expected to fall below 400 ppm because of
photosynthesis, and the T6613 datasheet fails to mention what the accuracy
is below this concentration. The reason for this is likely that it has
an automatic calibration routine (ABC logic) which treats the lowest
measurement over a period of time as the new ambient concentration (400
ppm).

Because this model uses diffusion sampling (passive sensing), it was
necessary to attach a fan to the internal sensor. The reason for doing so
was to keep the air around the sensor from going stale, and to hopefully
gain some of the advantages of flow-through sampling (faster detection of
changes in the enclosure). The wires connect the T6613 sensors to power
and control are illustrated in figure 3.6.

HYT 271

Climate control is done by the HYT 271 temperature and humidity sensor
(figure 3.7). Its purpose is to be able to take climate into consideration
if need be. The climate in the room where the enclosure is placed is
quite stable, but this sensor could be very valuable in a more volatile
environment.

This sensor was chosen for its high precision measurements. The 14
for each of its measurement values (humidity and temperature) allows for
high resolution.

Mechanical Components

The dampers are controlled by a pair of Dynamixel AX-12 servos (figure
3.9). Two of the fans are attached between the damper doors and the
enclosure wall, and they are mounted in order to blow air in opposite
directions (one blows air in, while the other one blows air out). Another
fan is attached to the internal CO2 sensor (figure 3.8). A fourth fan may be
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added, but it has not actually been used in this project. All of the fans and
servos are powered by the same 12V power supply.

Managing the Circuitry

To avoid long stretches of wiring, there are 5 break points where collections
of wires are organized by screw terminals. Terminal (1) is located above
the row of PSUs, and it routes power to all parts of the system, and
finds common ground for the PSUs as well(Appendix B.2). Terminal (2)
is located just below the PSUs and it routes LED ground via 3 MOSFETs,
and the servo control signal(Appendix B.1). Terminals (3, 4, 5) route all
sensor and fan communication wires along with power (5V and 12V) and
ground for those components(Appendix B.1, B.3, B.4). Terminals (6, 7)
route the channels as they exit the arrays, before they are led to the resistors
(Appendix B.5, B.6).

• Sensor communication wires were coded yellow/green for Rx/Tx
(UART) and SDA/SCL (I2C).

• Voltage sources - red (with some exceptions)

The 12V source for the fans was coded pink.

The source for each Petunia channel was colored to match it.

• Fan control - purple

• Servo control - dark blue

• Ground - black

3.2.3 Central Components

Arduino Mega 2560

All of the peripheral components are controlled directly by an Arduino
Mega 2560 via various communication interfaces (UART, I2C bus, PWM).
Out of the 54 GPIO pins, only 13 were used, but the high requirements for
UART interfaces made the Arduino Mega 2560 the choice over the more
lightweight Arduino Uno. The much higher clock speed of the Arduino
Due compared to the Mega was not needed for this project, and the 5V
operating power of the latter seemed more important when interfacing
with a wide range of devices.

Raspberry Pi 3 Model B

The Raspberry Pi 3 Model B is the head control unit for this framework. It
is connected via USB to the Arduino, which transmits communication as
well as providing power to the microcontroller. The RPi is also connected
to a screen via HDMI, which was useful for installation and debugging, but
most of the development was done through secure shell (SSH). This made
WiFi essential for the workflow. In addition to the aforementioned reasons,
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the RPi was chosen for its multitude of tutorials on installation and usage
with Arduino boards.
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Figure 3.3: A high-level overview of the circuits of all the peripheral
components in the framework. All control I/O to and from the Arduino
is summed up here. All the peripherals are connected to ground, but these
lines have been omitted in the figure to avoid clutter.

30



LED Array

W-
R+
R-
W+

B-
B+

0 2

3 54

1

x6x5 x1

     10Ω      10Ω      10Ω

4Ω

      Fixed Resistor

Blue Channel

Red Channel

White Channel

PETUNIA LED BOARD

W+         

 B+          

 R+       

  R-

B-

 W-

4Ω

4Ω

4Ω

Figure 3.4: LED Array circuit overview: The Petunia boards have 12 LEDs
on them; 6 white LEDs in series, 5 red LEDs in series and a single blue LED.
The red channel is spread across two parallel series: (0,1,2) and (3,4,5).
Each series consists of 15 LEDs and two 2Ω resistors. The blue channel is
spans the same boards ((0,1,2) and (3,4,5)), but each series only contains 3
blue LEDs and two 2Ω resistors. The white channel is arranged into three
parallel series: (3,0), (4,1) and (5,2). Each of them contains 12 LEDs and and
a 10Ω resistor.
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a MOSFET. An Arduino controls each channel with PWM on the MOSFET
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Figure 3.7: The temperature and humidity sensor is connected to an I2C
bus where the Arduino is master. The sensor has open collector output, so
there are pull-up resistors on both I2C lines.
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Figure 3.8: The Arduino uses PWM to control the fan speed. To limit
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by the sensor fans, while another pin controls the damper fans.
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Figure 3.9: The two dynamixel AX-12 servos are connected in a daisy chain,
and powered by a 12V power source. They are configured to not respond
to commands from the Arduino, so communication is a one-way affair.
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3.3 Software

3.3.1 Overview

Arduino

Sensor
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Raspberry Pi

Request→
←Response

Control
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Listen to RPi 
Read sensors

    Store 
        readings

 Log 
      records

 Command→

Figure 3.10: The Arduino periodically (every 10 seconds) stores readings
from its sensors in memory. When the RPi makes a request, the
microcontroller fulfills it with a stored value. The values are logged in a
local database, along with a timestamp. This timestamp is made when the
record is logged, so its relation to the reading is only an approximation
(within 10 seconds of error).

The software portions of the framework are located in the Raspberry Pi
(RPi) and the Arduino. The RPi acts as master of the Arduino, which in turn
is master of the peripheral components. There are interfaces between these
three groups, and in each case, its master initiates all transactions over that
interface(figure 3.10).

The RPi runs Raspbian Strech Lite, which is a desktop-less operating
system based on Debian [11].

There is a fourth layer, though it resides within the RPi itself, and this
is the presentation layer. Its purpose is to make development and general
troubleshooting quicker and less tedious. In addition to workflow, the
visual presentation makes it easier to show and discuss the framework with
outsiders.

3.3.2 Serial Communication Protocol between Arduino and
Raspberry Pi

Whenever the Arduino finds data in the receive buffer, it tries to validate
the data as a complete packet. If at any step the Arduino finds an error
in the data, it aborts validation and gives no response. Validation has two
steps: (1) Check magic number (1010) in the first 4 bits of the packet header,
and extract the message size from the remaining 4 bits and (2) Read the rest
of the packet and verify it with the checksum at the end of it.

Once the packet is validated, the payload can be handled. The first
byte of the payload contains the instruction, and this informs the Arduino
on how to proceed. Most commands require parameters to execute, while
requests don’t require any information beyond the instruction.
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The Arduino-RPi protocol is currently limited to 256 unique instruc-
tions, because only one byte in the payload is programmed to address the
instruction set. This set encompasses both requests(figure 3.12) and com-
mands(figure 3.11).

Arduino Raspberry Pi

1 1 s s0 0 s s
Command

t

payload

header

c c c cc c c cchecksum

USB

validate(command);
if(command is invalid){
return;
}

err_code=handle(payload);

if(value is invalid){
send(ERROR);
send(err_code);
return;
}
else {send(ACK);}

Command

   ACK | ERROR

if (ERROR) {

handle(err_code);
}

err_code

ttttttt

dddddddd

dddddddd

Figure 3.11: RPi sends a command for the Arduino to execute: After
packet validation, the command is handled by the Arduino, and if an error
is caught, then it is sent after an error signal. If no errors ocurred, an
acknowledgment is sent back to the RPi, and that concludes the command.

Dampers [open/close]

This instruction takes one parameter which can be either 1 or 0, command-
ing the Arduino to open or close the dampers. The specific values needed
for the servos to put the damper doors in an open or closed state have been
hard programmed into the Arduino function that sends the signal. The rea-
son for this is to remove some unneeded complexity from the RPi-Arduino
interface.

LED [red, white, blue]

The LED command takes three parameters, one byte for each channel (red,
white and blue, respectively). The Arduino adjusts the PWM frequency on
the three channels in accordance with the input.

Sensor/Damper fans [speed]

The commands for controlling fan speed adjusts the PWM frequency to the
internal fan PWM speed control. The commands for sensor and damper
fans are two separate instructions, and they require one parameter, which
is the desired fan speed.
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Calibrate CO2 [target_msb, target_lsb]

The calibration command takes the calibration target spread between two
bytes as parameters. The Arduino goes through the steps of single-point
calibration for both sensors: Turn ABC logic off; set target for calibration
(CO2 concentration around the sensor); verifies that the sensor got the
correct target; start calibration; wait for the sensor to finish its internal
calibration routine.

If any of the steps fail, the Arduino aborts the procedure and returns an
error to the RPi.

Warm-Up CO2 []

This command does not require any additional parameters because its only
task is to initiate a pre-programmed warm-up sequence in the CO2 sensors.
As long as a sensor is warming up, the Arduino will give an error instead
of the expected value from that sensor if it is requested by the RPi.

Requests

All the requests(figure 3.12) are similar in that they don’t require any
additional parameters. They prompt the Arduino to respond with the
internally stored value for that sensor. It does not directly forward requests
from the RPi to the sensors. There are four types of request instructions:
Internal CO2, external CO2, temperature and relative humidity.

Arduino Raspberry Pi

1 1 s s0 0 s s
Request

t t t tt t t tpayload

header

c c c cc c c cchecksum

USB

validate(request);
if(request is invalid){
return;
}

value=handle(payload);

if(value is invalid){
send(ERROR);
send(err_code);
return;
}
else {send(ACK);}

send(value);
value

Request

   ACK | ERROR

if (ERROR) {

handle(err_code);
resend_request(retries-1);
return;
}

database.log(value);

err_code

Figure 3.12: RPi requests a value from the Arduino: If the request packet is
valid, but there is an internal error Arduino-side, it responds with an error
signal, followed by an error code. If the requested value is found valid,
an acknowledgment is sent from the Arduino, followed by the value itself.
If the transaction is completed successfully, the RPi logs the value in its
internal database, otherwise, it will retry the request a number of times.
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Error Detection

The Arduino may encounter errors when communicating with its sensors,
and in most cases, it will just restart the communication, but sometimes it
is necessary to raise the error all the way up to the Raspberry Pi. The error
codes were implemented ad hoc to debug some of the more complicated
routines like warm-up and calibration of the CO2 sensors. During runtime,
they can indicate when a sensor is in warm-up for instance.

3.3.3 Arduino and Peripheral Communication

Petunia LED array

As has been explained above, the LED arrays are divided into 3 channels.
The channels are gated by MOSFETs, which lets the Arduino adjust
the brightness of each channel using the analogWrite function. Such
adjustments are initiated by the RPi and have a resolution of 8 bit.

CO2 Readings

The interface between the Arduino and the Telaire 6613 CO2 sensors
utilizes a library called SoftwareSerial[4], which enables a selection of
digital pins to behave like UARTs. The protocol that is implemented
transmits control signals via (virtual) UART, and retries transmissions until
a response is received from the sensor.

Humidity and Temperature Readings

The interface with the HYT 271 humidity and temperature sensor is
standard I2C. The sensor device address on the I2C bus is specific to the
model, and can be found on the data sheet (0x28 for the HYT271).

Servo Control

The Arduino uses a single Tx pin to transmit to the AX-12 servos (they
connected in a daisy chain). The servos are configured not to respond to
the Arduino control signals (there is no Rx line from the Arduino to the
servos). The Arduino uses the SoftwareSerial library to interface with the
protocol developed by Dynamixel.

3.3.4 Database Interface

A simple relational database(figure 3.13) has been implemented to store
readings that are taken in the enclosure. It is organized such that all
readings are part of an interval, which are part of an experiment. It was
designed to allow for cross-experiment analysis. For instance, a user could
query the database for all intervals with a particular setting and try to
determine the viability of that setting. The database runs on SQLite, and
the code is written with the Python module sqlite3.
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Experiment
id [PK] int
title str
description str
start time
interval_length int

Interval
id [PK] int
red_led int
white_led int
blue_led int
experiment_id int

Reading
id [PK] int
collect_time time
temperature float
humidity float
co2 float
co2_ext float
interval_id int 

    1     N    1     N
    

Figure 3.13: This schema describes a relational database that organizes the
readings made by the sensors. Each experiment can span any number
of intervals, and the length of those intervals is stored in interval_length
(seconds). The intervals may use different LED settings, and they are stored
in the database, along with a reference to the experiment that it belongs to.
Each reading has sensor data and a timestamp.

This framework has implemented a thin interface (most functions are
just wrappers for SQL queries) with the relational database. The basic
function execute_SQL needs an SQL string and parameters to return search
results. Using this as a base, more complex search queries can be written,
though it requires some knowledge of SQL.

3.3.5 Presentation

Figure 3.14: A screenshot of a graph showing the development of the CO2
during an hour. Made with FrappeCharts[13].

Code was written to dynamically present sensor readings in HTML. It
was written partly in JavaScript, partly in Python. The Python code queries
the database and formats readings into JSON. The JSON is stored on disk
and picked up by the JavaScript code (using FrappeCharts) on demand.
The RPi runs a local server which can be accessed via SSH. The visual
presentation displays readings every minute over the last six hours, as well
as hourly readings over the last week. Figure 3.14 is a screenshot of the
visual representation that was created with FrappeCharts.

3.4 Adding new components to the framework

One of the goals of this framework is to make the process of adding
components to it fairly smooth. The steps for adding a sensor are as
follows:

39



1. Determine which interfaces are available to the sensor, and connect it
to the appropriate pins on the Arduino.

2. Write code for reading from the sensor, and upload it to the Arduino,
preferably as a custom library (put the source and header files in a
folder with the same name in /arduino/libraries/).

3. Update the RPi-Arduino protocol to allow the RPi to request readings
from the new sensor. This is done by assigning the new instruction to
an unused 8-bit number (256 unique), and this instruction table has
to be consistent on both the Arduino and RPi.

4. Update the database schema and write the higher level functions
which extract the necessary values from it.
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Chapter 4

Methodology and Evaluation

4.1 Experiences While Developing the Framework

4.1.1 Assembling the Petunia LED arrays

After determining the which specific components were needed in each
circuit (table3.1), 12 Petunia boards were fit onto a couple of aluminium
heat sinks with, 6 boards on each (table3.4). A thin layer of thermal paste
was coated onto the back of the Petunia boards before screwing them onto
the heat sinks.

The resistors for each circuit were soldered together and fit onto a
separate heat sink. Molexes(pin-and-socket wire collectors) were made to
carry the circuits from the power supplies to the arrays and from the arrays
to the resistors. From the resistor rack, the circuits congregate back into
three channels and are led through one MOSFET each before connecting to
ground.

4.1.2 Installing the External CO2 Sensor

It was quite late in the development of the framework before the external
sensor was deployed. Even after the plants had grown to full size, the
CO2 levels steadily increased day by day. When troubleshooting the error,
another T6613 sensor was brought in to compare against, and it became
evident that the original sensor had built up a 135 ppm offset because of
the ABC logic. This routine was disabled (by writing to an internal register)
as soon as it was discovered, and both sensors were single point calibrated
using a third CO2 sensor (Testo 535[8]).

Once both sensors were up and running, we started seeing quite large
spikes in the sensor readings (sometimes above 3000 ppm, which is above
even the spec of the sensor). The diagnostic process took a few days,
but after testing for some potential causes (infrared interference, nearby
ventilation) and working around the problem, we found out that the
Arduino (which was supplying the power for the sensors at that time) was
not delivering enough current for the sensors. The issue was solved as soon
as we connected all the sensors (including the humidity and temperature
sensor) to a dedicated power supply.
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4.2 Measuring the Rate of Photosynthesis

Light
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C6H12O6
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Figure 4.1: Illustration of the reactants and products of photosynthesis. It
takes 6 CO2 molecules and 6 H2O molecules to synthesize one molecule of
carbohydrates and 6 O2 molecules

The definition of photosynthetic action is the rate at which carbon
dioxide is taken up divided by the rate at which energy received by
the leaf[22]. Energy received by the leaf will not be measured in these
experiments, but energy consumption will be used as an approximation.
The validity of this approximation remains to be seen.

4.2.1 What Sources of Disturbance are there in the Experiments?

To identify where static (fairly stable over time) and dynamic (unpre-
dictable) errors occur in the measurement process of an experiment, we’ll
consider the aspects of a perfect measurement of photosynthetic action:

• The enclosure is air-tight, and only the plant itself can alter the
contents of the internal air.

• The plant has access to ample (i.e. not limited by) nutrition and
hydration.

• The only sources of light affecting the plant are the LED arrays, and
all of their radiance is collected by reflective walls on the inside of the
enclosure.

• Air flow is good and constant inside the enclosure, and the internal
CO2 sensor is well placed in order to have a representative sample of
air.

• The CO2 sensor is well calibrated and is not disturbed by other
equipment.

Air Control

If there is a leakage in the enclosure then the CO2 concentration would
rise against the pressure put on it by photosynthesis. In the case of our
enclosure, the extent of the contamination would be unknown, as would
the composition of the contaminating air. This is likely a dynamic error
because of how unpredictable the air flow and climate inside the enclosure
is.
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Water and Nutrition

The effect that water and nutrition has on a plant’s ability to do photosyn-
thesis is not taken into consideration in these experiments. The plants were
not given any supplemental nutrition, save for what was in the soil they
were planted in. They were given about 1,5 liters of water each day, but
this was not measured with any particular accuracy. If malnutrition was
consistent and it started affecting the plant’s health an error in this area
would probably manifest as static.

Light Sources

The light source is placed about half a meter above the plants, and a
reflective surface was fastened around the support fixtures of the LED
arrays. Their purpose was mainly to protect the eyes of students working
in the room where the enclosure was placed, and no further effort was
made to trap the light inside with the plants. This leads to two different
sources of disturbance in the measurements of photosynthetic action: First,
the more light that is allowed to escape the enclosure, the worse the power
consumption of the LED arrays estimates energy received by the plants;
secondly, the lack of screening from the outside introduces unaccounted-
for rays of light which help drive photosynthesis.

The sum total of this disturbance is difficult to quantify. The room
where the enclosure is placed has motion sensors which control the
lighting, so this error should be considered dynamic, but because it is
somewhat controllable it could be treated as static if experiments were only
carried out while lights are on (or in the middle of the night).

Representative Sample

A representative sample is essential to a good measurement, and to
achieve this, it is important to keep stirring the air. A failure to do
this can lead to sensors stuck in pockets of stale air, unable to sense the
changes in the enclosure as a whole. A shortcoming in this aspect would
lead to our diffusion (passive) sensors having slow response times, and
unnecessarily lengthy experiments. This is a dynamic error, because of the
unpredictability of gas.

Sensor Handling

Calibration should be done with a reference gas with a known CO2
concentration. We did not have such a gas at hand, so the internal
and external T6613 sensors were put next to each other and single-point
calibrated using a separate sensor. Calibration errors are static errors
because it manifests as a persistent offset on measurements and don’t
change over time.

If sensors are operated badly, it can manifest as dynamic errors. In early
tests, the sensors had an insufficient supply of current, and this lead to
measurements spiking sporadically. Dirt building up on the sensor seals
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(or getting into the sampling chamber) could become an issue if it goes far
enough, though it would be likely to cause a static error, disturbing the
internal measurement.

4.2.2 Accounting for the Limiting Factors of Photosynthesis

Light being a limiting factor in photosynthesis means that the task of
finding the optimal brightness for a given plant requires more finesse
than simply turning all LEDs to maximum intensity. While the rate
of photosynthesis might not decrease (unless heat generation becomes a
factor) with excess lighting, energy will certainly be wasted.

External light has the potential to dampen the results of the experiments
described here as it would bring general light intensity closer to the plateau
where the plant stops benefitting from excess light. This effect would
essentially "raise the floor", and decrease the potential benefit of LED
lighting. The spectrum and intensity of the external light certainly matters,
but if the sum total of irradiance doesn’t saturate the plant, this "light
pollution" may not hamper the experiment (beyond being a source of static
error).

Ambient temperatures are controlled by the climate control in the
building where the enclosure is installed. This means that the temperatures
during experimentation should stay quite stable at 24°C (±1). A slight
temperature increase (~30°C) has been seen from the LED arrays when
they are at full effect and there is no active ventilation. With no particular
grounds to say so other than intuition, the 23-30°C range should be within
operating limits of the plant (Raphanus Sativus L.), and we have made no
observations that suggest otherwise.

4.3 Simulating the Enclosure

The goal of the simulation is to discover a set of good settings for the
physical experiments that are carried out in the enclosure. A setting is a
vector of three numbers between 0 and 1. Each of those numbers describes
the strength of the output of the respective channels. The energy cost of
each channel is different, and the reason for this will be explained further
on.

The meandering internal processes of photosynthesis means that time
would be a major constraint when doing a real-time search with plants. The
advantage of having a simulation step is that it can utilize the speed of a
CPU to try many settings. Even if the gap (reality gap) between simulation
and reality is large, the assumption is that it will be better than starting with
a random setting.

There are some aspects that the simulation does not take into consider-
ation

1. The action spectrum of a plant may change over time as it goes
through its life cycle (growing, flowering etc.)
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(a) The deep blue(peak ~450nm) and hy-
per red (peak ~660nm) power distribu-
tions were used estimate the output of
the blue and red channels of the LED ar-
rays.[16]

(b) The 3000K (peak ~645nm)
power distribution was used to
estimate the white channel out-
put of the LED arrays.[20]

Figure 4.2: The process of creating the data points to simulate LED output
required tracing the lines of the graphs and estimating their value at each
data point.

2. How the time of day affects the plant’s behavior

3. The possibility that plants may have a saturation point where it can
no longer utilize light of a particular wavelength. The only limiting
factor is energy consumption.

4. The Emerson Enhancement Effect - The synergy effect of stimulating
two photosystems at the same time.

We tried searching for the optimal setting with both simulated anneal-
ing and a hill climber with random restarts.

4.3.1 The Parameters of the Simulation

To simulate the cost and effect of the LED arrays, we had to take into
consideration the three different channels (red, white and blue), the output
light spectrum and power consumption (wattage) of each of them. The
PAR range treated as slightly wider than normal (from 350 to 750 nm). The
data is divided into 17 data points with 25 nm between each point, and the
reason is that the data we have on the action spectrum of Raphus sativus
was presented in this form (table 4.1).

Output Spectrum

The Power Distribution for each channel is a vector that was made by
manually tracing the graphs from the LED manufacturer (figure 4.2). For
each channel in the LED arrays, the output of that channel is calculated as
follows:

ChannelOutput = PowerDistribution ∗ ChannelStrength

A setting describes what the strength of each channel is (e.g. This
setting [1,1,1] would turn all channels up to maximum strength.), and the
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total output spectrum of the LED arrays as a whole can be found by adding
the output vector for each channel together:

LEDOutput = Outputred + Outputwhite + Outputblue

Plant Response

The process of estimating plant behavior is a bit more straightforward as
the data points were gathered from a paper([22], table "Relative Action of
Growth Chamber Plant Species") which have already examined the action
spectrum of the plant that we were using for our real-world experiments.
It is a species of radish called Raphanus sativus.

Wavelenght (nm) Mean Raphanus sativus
350 0.09 0.24
375 0.28 0.48
400 0.43 0.50
425 0.52 0.52
450 0.54 0.53
475 0.51 0.53
500 0.56 0.56
525 0.55 0.52
550 0.61 0.58
575 0.75 0.70
600 0.88 0.85
625 0.95 0.92
650 0.96 0.98
675 1.00 1.00
700 0.42 0.41
725 0.09 0.08
750 0.02 0.02

Table 4.1: The data points were taken directly from this table (Raphanus
sativus) and used as a measure of plant response in the simulation Source:
[22], table "Relative Action of Growth Chamber Plant Species".

Energy Consumption

The total energy cost of a given setting is based on the relative wattage of
each channel and it is calculated thus:

EnergyCostWatts = Strengthred ∗ 3.4 + Strengthwhite ∗ 6 + Strengthblue ∗ 1

The constants have been derived from the datasheet of the Petunia LED
board[1] based on typical wattage at 700 mA. The wattage is normalized to
blue, because it’s the channel with the lowest cost.
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The Reward Function

The function that evaluates each setting multiplies the LED output vector
with the action spectrum vector. The result is the plant response vector, and
it is an estimation of the yield of photosynthesis under the given setting
across the PAR spectrum. The fitness of the setting is arithmetic mean of
the 17 data points in the plant response vector. The reason for this last
simplification is that the search algorithms will compare the fitness of many
solutions, and having a scalar value makes the search more efficient.

PlantResponse = LEDOutput ∗ ActionSpectrum

Fitness = mean(PlantResponse)

Energy Allowance

In order to take energy into the equation, we set a static amount of energy
that settings were allowed to spend. This energy allowance was set to 50%
of maximum wattage.

Finding Hypothetically Viable Settings

In order to search the solution space created by our simulation, we
employed two different algorithms; a simple hill climber with random
restarts, and simulated annealing. The goal was not to compare the two,
but just to try different approaches to have more chance of success.

4.4 Experiments

Around 150 individual seeds of radish (Raphanus sativus L.) were planted
in 21.16 dm2, approximately 8 cm deep soil. The seeds were put into the soil
on January 5th, and most of them did not grow to to full size. The author
estimates that the fully grown individuals were around 50 in number by
harvest time, which was February 2nd. The experiments presented later in
this thesis were carried out between January 30th and February 2nd.

4.4.1 Parameters of the Experiments

The goal of the experiments was to answer the main hypothesis(1), and
hopefully some of the sub-hypotheses (1a, 1b).

How long does an interval need to be in order to measure the fitness of
an LED setting?

In order to estimate the viability of the experiment cycle(figure 4.3), this
sub-hypothesis seeks to find the time frame in which one can expect
meaningful results. Each cycle has two main phases where most of the
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Figure 4.3: The steps that were taken in each experiment cycle.

time is spent; normalization (interval (a, b) in Fig.4.4) and waiting (interval
(b, c) in Fig.4.4).

The goal of the normalization phase was to provide similar initial
conditions for each experiment cycle, so they would be comparable. This
was done by opening the dampers and turning on the external fans.
The external and internal air circulated until we could se that the CO2
concentrations had stabilized in both sensors. This was repeated a number
of times until it was clear how long it took until we could be sure that the
normalization was complete. The LED arrays were turned off during the
normalization phase, in order to limit photosynthesis (and consequently
speed up normalization).

Next was the waiting phase. The phase is commenced by switching the
LED arrays to a new setting, and storing the initial CO2 levels. Then the
dampers are closed and external fans switched off. The internal sensor fan
keeps going to stir the air around the sensor. Readings are carried out at
short intermissions (1 minute). In order to fully answer sub-hypothesis
1b we ran a number of experiments with the same normalization time
(determined from the previous observations). The minimal wait time
for photosynthesis to reach its peak production would be determined by
observing the stable low point (illustrated in fig 4.4) at which CO2 levels
bottomed out in all of the experiments.
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Figure 4.4: An illustration of one experiment cycle: (a) The normalization
phase starts. When external and internal air reach equilibrium (b) CO2 level
is recorded, LEDs are adjusted to a new setting and enclosure is isolated
from outside air. Compare concentration at the stable low point (c) to the
one at (b). The difference (d) is the fitness of the setting.

Is it possible to estimate photosynthetic action reliably by only measur-
ing CO2 concentration over time?

The way that we seek to answer this hypothesis is to examine whether
the results of these experiments are repeatable. The repeatability will
be measured by the similarities in fitness when intervals tesing the same
setting are repeated.

An interval will span exactly one measurement cycle, the parameters
of which depends on the answer to hypothesis 1b (length of interval). The
spread of the data may depend on many external factors such as ambient
air composition, lighting, unknowns in plant physiology, to name a few.
The key is to determine whether the Telaire 6613 CO2 sensor measurements
can shine a light through all these extra factors so that we may estimate
photosynthetic action reliably.

Four Approaches to Estimate the Fitness of a Setting

Once the stable low point of CO2 has been found (point (c) in fig 4.4), three
different approaches of estimation will be compared.

1. Derive the fitness from the simulation described above.

2. Compare stable low concentration to the concentration right after
normalization time ends (b in figure 4.4).

3. Compare the stable low point to external CO2 levels (which may
differ from levels at (b))
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4. Compare the stable low to a static point, which we’ll choose as 400
ppm because that approximates the ambient levels of atmospheric
air.
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Chapter 5

Data Collection

5.1 Simulation

Setting # Red White Blue Fitness
a 1 1 1 0.440
b 0.5 0.5 0.5 0.220
c 0.294 0.7 0 0.305
d 0 0.866 0 0.347
e 0.09 0.78 0.2 0.332
f 0.50 0.58 0 0.276
g 0.265 0.6 0.7 0.301

Table 5.1: Settings c through g were the results of searches on the
simulation. They were hand-picked to have a diverse set to test in the real
world. Settings a and b were included as base settings to compare against.
Note that setting a violates the energy allowance.

51



5.2 Enclosure Experiments

5.2.1 Testing Settings Derived from the Simulation

By analyzing the experiments (figure 5.1), the 9 minutes after a 7 minute
normalization looked like the earliest time stable low could be reached.

The box plots of settings 5.1a and 5.1b indicate that these data had few
outliers, which is evident by how close to the edge of the box the median
is. The data on settings 5.1d and 5.1f on the other hand have a big spread
in their readings. Setting 5.1f has an outlier around 750 ppm, which may
indicate that someone was standing close to the enclosure, or peering in.
The readings on settings 5.1c, 5.1e and 5.1g are indications that the sensors
are relatively stable if undisturbed.

As a whole, it looks like readings are heavily influenced by external
conditions - even the internal sensor - but external conditions (e.g. how
many students were in the room at the time etc.) weren’t noted for any of
the measurements.

Even to the naked eye, the biggest difference between two settings looks
like setting 5.1a (best) and setting 5.1c (worst), but we’ll compare them
more thoroughly below.

5.2.2 Comparison of Approaches to Estimation

The performances of each interval of the 7 settings are compared by looking
at fitness in 3 distinct ways (figures 5.2, 5.3, 5.4).

Figure 5.2 shows the fitnesses estimated as the difference between CO2
concentration right after normalization and at the stable low. The fitnesses of
most of the methods vary by ~50. Setting (g) is the notable exception to
this, and its outliers are also relatively close to the box.

Figure 5.3 shows the fitness estimated as the difference between a static
400 ppm (atmospheric) and CO2 concentration at the stable low. The settings
look a bit more equal in this figure compared to the other two, in terms of
median, but their differences in variance is exacerbated.

Figure 5.4 shows the fitness estimated as the difference between the
mean value of external CO2 throughout that interval and the stable low. This
approach seems to have dampened the variance compared to the other
approaches. Setting (f) is the only one with a very distant outlier.

Method Ordering (mean value)
Simulation (table 5.1) a d e c g f b
Equilibrium (figure 5.2) g a f c b e d
400 ppm (figure 5.3) g f a d e c b
External CO2 (figure 5.4) a g c f b e d

Table 5.2: Settings-wise comparison of the evaluation methods of fitness.
Ordering is based on fitness value of the setting when compared using the
different methods. Settings are ordered from best to worst (left to right)
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(f) Setting:[75,179,0] Readings from five
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(g) Setting:[128,148,0] Readings from
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Figure 5.1: The seven settings from table 5.1 tested in the enclosure. Each
setting was tested five times, with readings taken every minute for 25
minutes. Normalization time was 7 minutes. The comparison of intervals is
represented by a box spanning the lower and upper quartile (25%-75%) of
readings, and a red line at the median. The whiskers show the extremities
of the data range. The x-axis shows CO2 concentration (ppm) between 300
and 800. The y-axis indexes the minutes of the experiment intervals. The
blue line is the mean of external CO2 levels across intervals.
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Figure 5.2: Fitness treated as the difference between CO2 right after
normalization (at 7 minutes) and CO2 at the 16-minute mark.

Plots were generated using the Python module matplotlib.pyplot.
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Figure 5.3: Fitness treated as the difference between ambient CO2
concentration(400 ppm) and CO2 at the 16-minute mark.
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Figure 5.4: Fitness treated as the difference between the mean of external
CO2 concentration during that interval and CO2 at the 16-minute mark.
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Chapter 6

Conclusion

6.1 Discussion

6.1.1 Simulation

White Channel

When trying to investigate if there was any correlation between the fitness
derived from simulation and that from reality, the reality gap looked
quite chaotic. What can be gleaned from this investigation was that the
simulation definitely overvalued the white channel because setting d -
which was comprised completely out of warm white light - fared very
poorly when compared to reality(table 5.2).

Blue Channel

The blue channel also appeared to have been heavily undervalued in the
simulation as the setting with the most blue in it (g) had the best fitness
overall (even outperforming setting a, which didn’t adhere to the energy
allowance).

Red Channel

The red channel is difficult to evaluate because so much of it is overshad-
owed by white’s power distribution. Both power distributions(figure 4.2)
peak around the same wavelength (660 nm and 645 nm), and white fills the
whole spectrum from 400 to 700 nm, while hyper red has a very sharp peak
with shoulders around 600 and 700 nm.

Evaluating the Method

In retrospect, it becomes clear that the simulation should have taken into
consideration the intensity of light that was output at each waveband from
the channels. The power distributions were treated as if the peak of each
channel represented equal intensities of light.

The early assumption that the roof intensity of each channel was equal
has probably rendered the simulation useless, but the method could still be
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useful. If the data that the execution is founded on had been collected more
wisely, then it’s possible that the reality gap could be examined in a useful
way.

6.1.2 Enclosure experiments

The readings shown in figure 5.1 show that the readings are affected by
external CO2 concentration to a large degree. The external conditions for
5.1f were around 100 ppm higher than 5.1c, this appears to have a large
impact on the variance between intervals.

The some of the settings appear to yield very stable results (figures 5.1e,
5.1c and 5.1g).

The contour of the graphs seems to show that there are distinct
differences between some of the settings. It also looks like there’s some
predictable consistency in determining when the stable low CO2 levels is
reached (16 minutes).

Another consistent ocurrence is that it takes about 2 minutes for CO2
levels start declining after normalization ends and the LEDs are adjusted
to the new setting (at the 7-minute mark). This is likely the cause of either
sensor response times, or plant response times. Sensor response times are
documented as >2 minutes in the datasheet[31], though they have shown
almost immediate response when tested for it.

Estimation Approach: Stable low compared to external CO2 levels

It appears that measure of performance can be gleaned at the stable low
point, though the "true fitness" cannot be conclusively determined from
these data. Out of the three methods tested in the enclosure, the one
that took external CO2 into consideration (figure 5.4) looks closest to
the expected reality[21]: setting (a) (had all channels at 100%) yielded
most action, while setting (d) (omitted red and blue channels completely)
yielded the lowest action.

Among the settings that adhered to the energy allowance, this method
managed to yield the most distinct differences. The two best settings
(settings (c) and (g), table 5.2) of them had a fitness of around 50-60, which
is decidedly more than setting (d), scoring between 10-30.

Estimation Approach: Stable low compared to CO2 levels after normal-
ization

The method which used the CO2 levels at the end of the normalization
phase (figure 5.2) ranked the settings very similiarly. Its weakness is that
it uses a single data point for its comparison, whereas the previously
mentioned method uses the mean of the whole interval for comparison.

Estimation Approach: Stable low compared to atmospheric CO2 levels

The third method does not seem to work in the context of these experi-
ments. The goal was to measure the photosynthetic action against atmo-

58



spheric levels of CO2 to see whether the settings could be ranked that way.
The result ends up being nonsensical because all the uncertainty baked into
the measurements really shine through when standing by themselves. At
least it shows the effect of comparing one measurement to another mea-
surement (considering atmospheric CO2 is well measured) that isn’t ex-
posed to the same set of errors as itself.

6.2 Conclusion

6.2.1 Hypotheses

What sources of disturbance are there in the experiments?

Many potential sources of disturbance were mentioned in the Method
and Evaluation chapter, and the experiments did not yield any conclusive
information about their influence. The most notable source of disturbance
appeared to come from students working in the same room as the
enclosure, increasing the external CO2 levels. The external CO2 sensor was
the only instrument which uncovered the influence of any disturbance, but
the enclosure itself was obviously built to isolate the plant themselves from
the brunt of exposure.

How long does an interval need to be in order to measure the fitness of
an LED setting?

The minimal length of an interval that we could conclude is 16 minutes;
7 minutes for normalization and 9 minutes to reach a stable low. If the
2 minute delayed impact on CO2 after normalization was due to slow
sensors, this means that the wait time for the stable low could be shortened
to 7 minutes. Normalization time is clearly very dependant on the design
of the enclosure and its mechanical components. With more fans for
ventilation, normalization could probably be shortened to a minute, if not
less.

Is it possible to estimate photosynthetic action reliably by only measur-
ing CO2 concentration over time?

Even if the methods employed here couldn’t estimate photosynthetic action
reliably, they seem to suggest that it’s possible with the right equipment.

What is required to be able to tune a 3-channel LED array to optimize
photosynthetic action within a given energy allowance?

The framework that was described in this thesis fulfills the requirement
that it should be able to control the spectrum and intensity of light inside the
enclosure. The first half of this hypothesis is answered and fulfilled because
the setup is equipped with a pair of 3-channel LED arrays which the
framework has full control over.
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The second half of the main hypothesis - optimizing photosynthetic
action within a given energy allowance - depends on the sub-hypotheses.
Because they couldn’t be conclusively answered, neither can the main
hypothesis.

6.2.2 Final Thoughts

The methods that were applied didn’t yield conclusive results, but there
did appear to be clear differences between the settings when compared
against the mean of external CO2 across the whole interval.

If the sources of error can be controlled or taken into consideration it is
possible that this framework can be able to rank LED settings by the rate
at which they stimulate photosynthetic action, but it requires more work to
achieve that goal.

6.3 Future Work

The results shown are hinting at the possibility of measuring fitness using
just a couple of CO2 sensors and LED arrays, and the framework was
intended as a base for further research.

6.3.1 Improvements on the Framework and Enclosure

Isolation

There is a big potential for improvement in the enclosure, and particularly
the lid and the light screens should have a high effort-to-effect ratio. The
lid leaves cracks that let air through, and this can be remedied quickly by a
little planning and handiwork. The light screens were simply an oversight
that was discovered all too late in the project.

LED Arrays

Custom LED arrays with many more channels. It would increase the size
of the search space and the complexity of the search as a result, but the
potential to fit to the plant’s curve would be far greater. Maybe with an
initial phase where the lights trace the PAR range, one waveband at a time.
If this initial phase yielded good results, it could be possible to use that data
to make a better simulation.

Database

The database could have a separate table for LED settings which intervals
would point to. This could facilitate the evaluation of LED settings over
a long period of time in different conditions. Maybe, with time, the
framework database would become a catalog of settings with fitnesses
based on a history of experiments.
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Plant species could also get its own table so that the database could
keep track of a larger system of experiments. Relational databases are
very flexible by nature, and a lot of different tweaks can be made to fit
the application at hand.

New Applications

The framework is somewhat modular, so it would be interesting to see it
applied to more complex problems, such as running multiple experiments
in parallel.

6.3.2 Improvements on the Methodology

Simulation

It could be useful to map out the solution space in order to more wisely
choose an appropriate optimization technique, and also because it could
be interesting to see it visualized.

Infrared and Ultraviolet

Some species may be able to utilize light outside the conventional PAR
range, and there could be interesting research to be made with ultraviolet
and possibly infrared equipment (though this might interfere with NDIR
sensors).

CO2 Saturation

A CO2 delivery system could be installed, and it would be interesting to
see the effect of reaching the upper limit of the gas as well as light.
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Appendix A

Source Code

Full source code and more info in the README at1

A.1 Arduino

The code that runs on the microcontroller, with libraries for Telaire 6613,
HYT271 and Servo communication. Main code (protocol.ino) implements
the communication protocol between Arduino and Raspberry Pi that is
described in the thesis.

A.2 Raspberry Pi

Communcation protocol with Arduino. Database interface and schema.
Server code to host the presentation of sensor data. Numerous scripts that
run specific parameterized experiments in the enclosure.

A.3 Search

Contains the code used to run the optimization algorithms Hill Climber
and Simulated Annealing.

1https://github.com/bjornarprytz/led-action-framework/tree/master/source
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Appendix B

Pictures of the Setup
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