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Desarrollo de un sistema de fitocontrol basado
en la respuesta fotosintética y de transpiracién
de la planta.

Por Carlos Duarte Galvan



RESUMEN

Entre la variedad de estrés bidticos y abidticos que las plantas padecen, la sequia es el
mas peligroso, en poco tiempo impacta el rendimiento y calidad de los cultivos y si no
se detecta oportunamente puede provocar la pérdida total del cultivo. Sin embargo, se
ha comprobado que para determinadas especies de plantas, un estrés moderado
mejora algunas caracteristicas de interés como el sabor y el contenido de sustancias
bioactivas. Es por eso que es deseable contar con equipos con la capacidad de
detectar y monitorear en tiempo real el estrés que sufre un cultivo. El presente trabajo
se enfoca en probar como el monitoreo de procesos fisiolégicos de la planta como
fotosintesis y transpiracion proporcionan la informacion suficiente para detectar y
cuantificar el dafio del estrés en las plantas. El experimento consistid en utilizar un
conjunto de sensores basados en la metodologia de intercambio de gases y vapor de
agua, para monitorear plantas bajo condiciones controladas de estrés por sequia. Los
objetivos principales fueron utilizar los equipos de monitoreo llamados en este trabajo
fitomonitores, bajo condiciones operativas reales asi como utilizar una metodologia de
indices de variables para compensar las variaciones espaciales dentro del invernadero

y lograr comparaciones entre tratamientos mas confiables.

Palabras clave: deteccion de sequia, sensor inteligente, dinamica de transpiracion,

estimacion de fotosintesis, monitoreo de estrés hidrico en plantas.



SUMMARY

Among the variety of biotic and abiotic stress plants suffer, soil drought represents the
most dangerous stress for plants. It impacts the yield and quality of crops, and if it
remains undetected for long time the entire crop could be lost. However, for determinate
plants a certain amount of drought stress improves specific characteristics. Then, a
device which opportunely detects and quantifies the impact of drought stress in plants is
desirable. The current work focuses in testing how the monitoring of physiological
process through a gas exchange methodology provides enough information to detect
drought stress conditions in plants. The experiment consisted in using a set of smart
sensors previously designed, for monitoring a stage of plants under controlled drought
conditions. The major goals are to use the monitoring devices under real operative
conditions and to apply an index-based methodology in the analysis to compensate the
spatial variation inside the greenhouse. In this way, differences between treatments will

be independent of longitudinal climate variations inside the greenhouse.

Keywords: drought detection, smart sensor, transpiration dynamic, photosynthesis

measurement, plant water stress monitoring.
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INTRODUCCION

| INTRODUCCION

.1  Antecedentes y justificaciéon

La agricultura (del latin agri, 'campo o tierra de labranza' y cultura, 'cultivo,
crianza') es el conjunto de técnicas y conocimientos para cultivar la tierra. En ella se
engloban los diferentes trabajos para tratamiento del suelo y manejo de cultivos, y
comprende el conjunto de acciones humanas que transforma el medio ambiente
natural. Este conjunto de conocimientos se formalizaron en la agronomia, ciencia que

estudia la practica de la agricultura.

Debido a la creciente necesidad de alimentos, es necesario tener una alta
productividad y calidad en los mismos. Estas demandas han vuelto indispensable el
uso de tecnologia de punta en la produccion alimentaria, buscando la optimizacion del
espacio de cultivo y consumo de agua a través del mejoramiento constante de las

practicas agricolas (Ton, 1997; Ton y Kopyt, 2003).

Existe también una gran necesidad de manipular los tiempos de produccion y de
poder cultivar en lugares con climas desfavorables y con escases de agua; atender
estos problemas requiere un nivel de tecnificacion muy alto en las practicas agricolas.
Surge entonces el esquema de agricultura de precision, es decir la aplicacion de alta
tecnologia mecatronica y biotecnolégica al campo. Un ejemplo claro de agricultura de
precision es el invernadero tecnificado. La agricultura protegida permite incrementar la
eficiencia en el manejo de recursos para reducir costos a largo plazo, aumentar
ganancias y tener mayor produccion. Ademas de reducir pérdidas por enfermedades,
insectos y maleza que ascienden al 36% de la produccion mundial, 6 550 mil millones
de ddlares, (Agrios, 2005; Baptista et al., 2010).

Por otro lado el problema de la sequia se complica cada vez mas. A nivel
mundial el 69% del agua dulce se emplea en agricultura, 10% se destina para consumo
domeéstico y 21% por la industria. Hablando de México estas cifras son mas alarmantes
ya que al ser un pais que basa su producto interno bruto (PIB) en actividades primarias

como la agricultura, la distribucion del consumo de agua es de 77-14-9



INTRODUCCION

respectivamente (CONAGUA, 2013; FAOstat, 2013). Este problema ha forzado la
tecnificacion del campo, pasando de agricultura convencional a protegida y de precisidon
donde, el consumo de agua es manejado de manera eficiente a través de sistemas de
riego automatizados que proporcionan la cantidad justa de agua que requieren los

cultivos.

Otras estadisticas muestran que hay un notable crecimiento en la superficie que
se cultiva bajo invernaderos en México, como ejemplo puede mencionarse que en 2004
habia en el pais 2,306 hectareas sembradas en invernadero, mientras que en 2007 hay
aproximadamente 12,530 hectareas, y se estima que desde entonces la tasa de
crecimiento fue de 2500 hectareas por afio (INEGI, 2013). De acuerdo con la Tabla 1.1,
a pesar del incremento en el uso de invernaderos para produccidon agricola, los
rendimientos reportados al afio 2011 estan muy por debajo de los reportados por

paises como Espafa y Holanda (FAOstat, 2013).

Tabla 1.1 — Produccion de tomate en invernadero

Pais Produccién
México 20 kg/m*
Espafia 40 kg/m?
Holanda 90 kg/m?

Anteriormente las plataformas tecnoldgicas aplicadas en agricultura se limitaban
al uso de instrumentacién para el monitoreo de variables climaticas. Sin embargo, para
adquirir informacién relacionada con el estado del cultivo es necesario complementar el
monitoreo con la medicion de aspectos morfolégicos y fisiolégicos de las plantas
(Hashimoto, 1989; Mazanti Hansen y Ehler, 1995).

El fitomonitoreo es la primera tecnologia computarizada aplicable para la
observaciéon en tiempo real del estado de salud de la planta asi como del desarrollo a
largo plazo de los cultivos bajo invernadero. El fitomonitoreo proporciona informacion
esencial acerca de la condicion fisiolégica del cultivo. Esta tecnologia combina

sistemas de adquisicion de datos basados con sensores muy especificos y software

10



INTRODUCCION

para el procesamiento de sefales, el cual presenta informacion cuantitativa en términos
agronomicos. El objetivo principal del fitomonitoreo es alertar oportunamente al
agricultor sobre fallas en los equipos asi como errores humanos en el manejo del
cultivo. A su vez, el sistema ayuda al agricultor a reducir el dafio o pérdidas en el cultivo
bajo condiciones climaticas severas. También es una buena herramienta para examinar

los efectos ocasionados por diferentes tratamientos o materiales (Ton et al., 2001).

La mayoria de los controladores climaticos modernos para invernadero
funcionan solo con los parametros del clima. Una retroalimentacion relacionada con el
estado real del cultivo solo es proporcionada por el agricultor con base en su
experiencia y en algunos analisis de laboratorio. Hace mas de 30 afios surgi6 el
paradigma llamado la “planta parlante” (“the speaking plant”), donde los sistemas
automaticos de control consideraban aspectos fisioldgicos del cultivo para programar
decisiones. Esto se basa en la suposicion de que el conocimiento de factores externos
por si solos es insuficiente para trazar con precision conclusiones acerca del cultivo.
Solo la planta en si puede proporcionar informacién de su estado fisioldgico; sin
embargo, a pesar de los esfuerzos realizados, su aplicacién fue viable hasta principios
del siglo XXI (Van Leeuwen et al., 2009).

A pesar de todos los esfuerzos por controlar el sistema con la retroalimentacion
directa de la planta, la mayoria de las mediciones provenientes del fitomonitoreo han
sido utilizadas unicamente como informacion adicional para la toma de decisiones. Una
aplicacion tan ambiciosa requiere de un protocolo completo que estandarice todo el
proceso de medicion (muestreo, colocacion y posicionamiento de sensores), técnicas
para la interpretacion de datos y procedimientos para la toma de decisiones (Ton y
Kopyt, 2003).

Dado que la fotosintesis es la funcion fisiolégica que produce el 90% de la
materia seca, ésta es la variable de mayor importancia en todo sistema de
fitomonitoreo (Biswas et al., 2001; Tian et al., 2005). Sin embargo, existen variables
fisiolégicas de gran interés como son transpiracion, diametro de tallos, tamano de

frutos, flujo de savia, temperatura de hoja, clorofila y area foliar por mencionar algunas.

11



INTRODUCCION

.2 Planteamiento del problema

Hoy como nunca afrontamos grandes retos que no terminan con producir
alimentos para mas de 7 mil millones de personas. Ademas, se deben de combatir
plagas y enfermedades que son cada vez mas adaptables y resistentes a los actuales
métodos agronémicos de control. Aunado a esto, el cambio climatico presenta
condiciones cada vez mas adversas (veranos mas calientes, inviernos mas frios y una
acentuada escases de agua) que impactan directamente a la produccion y en algunos

casos provocan pérdidas totales (Aroca, 2012a).

Ante este panorama desalentador solo dos alternativas prometen ser soluciones
contundentes: La generalizacién del uso de agricultura protegida y el mejoramiento de
variedades de cultivos. La primera va enfocada a incrementar el uso de invernaderos
tecnificados que controlen variables importantes para la planta (temperatura, humedad,
CO,, etc.), la protejan del clima y propicien un ambiente libre de patdégenos, plagas y
malezas; ademas de proporcionar la cantidad justa de agua para garantizar el éptimo
desarrollo del cultivo (van Straten et al., 2010). La segunda opcién implica el
mejoramiento a través de cruzas selectivas, generando hibridos con mayor resistencia
a plagas, enfermedades, sequia, etc. También se pueden mejorar las variedades
mediante la manipulacion especifica de determinadas caracteristicas de la planta,
obteniendo organismos genéticamente modificados (OGM), y finalmente la aplicaciéon
exdégena de reguladores de crecimiento (PGR), la cual ha demostrado mejorar la

tolerancia de las plantas a ciertas condiciones de estrés (Garcia-Mier et al., 2013).

Ambas alternativas necesitan apoyarse en herramientas tecnologicas cada vez
mas sofisticadas, como los equipos para monitoreo fisiolégico que permiten medir y
estimar variables y procesos vitales en las plantas. Con estos equipos es posible
diagnosticar la salud de la planta bajo condiciones de invernadero, predecir la
produccion al final del ciclo y caracterizar las nuevas variedades de plantas (Schmidt,
1998; Millan-Almaraz et al., 2013).

En sistemas automatizados para invernaderos, tanto control de clima como de
riego; los sistemas de control actuales no garantizan el uso apropiado de los recursos

necesarios para la produccién. Su principio de operacién consiste en tratar de

12



INTRODUCCION

mantener con una desviacidn minima, las condiciones 6ptimas para el desarrollo de los
cultivos (Bennis et al., 2008). Finalmente, los sistemas de monitoreo y control climatico
para invernaderos no proporcionan ningun diagnostico del estado de estrés o confort

que experimenta el cultivo (Millan-Almaraz et al., 2013).

.3 Hipétesis y objetivos

1.3.1 Hipoétesis general
Un sistema de fitocontrol con capacidad de monitoreo en tiempo real de
fotosintesis y transpiracion, permite detectar y corregir oportunamente condiciones de

estrés en las plantas.

1.3.2 Objetivo general
Desarrollar un sistema que emplee fitomonitoreo en tiempo real para detectar,

monitorear y corregir condiciones de estrés en las plantas.

1.3.3 Objetivos especificos
1. Disefiar y validar una red inalambrica de sensores con capacidad para

estimar procesos fisioldgicos en plantas.

2. Detectar y monitorear un tipo de estrés en plantas (caso de estudio:

Solanum lycopersicum L.).
3. Proponer un indice para cuantificar el impacto de un estrés en plantas.

4. Implementar un sistema de fitomonitoreo que emplee datos del estado

fisiolégico de la planta para controlar la calendarizacién de riego.

13



REVISION DE LITERATURA

Il REVISION DE LITERATURA

.1 Estrés en plantas

Los cultivos vegetales estan expuestos a condiciones de estrés bidticos y
abidticos que afectan el crecimiento y desarrollo de la planta e impactan la calidad y
produccion de los cultivos. Los causantes de estrés bidtico son plagas y patdgenos
(virus, bacterias, hongos, etc.) mientras que una condicion de estrés abiotico puede ser
causada por deficiencia o exceso de nutrientes (lo cual produce toxicidad en la planta),
un alto indice de metales pesados en el suelo, temperaturas extremas, contaminacion
del aire y lluvia acida, radiacion solar excesiva o insuficiente y finalmente condiciones
inadecuadas de humedad en el suelo. La sequia esta considerada como el estrés
ambiental mas devastador para las plantas, ya que afecta la produccion mas

rapidamente y con mayor magnitud que cualquier otro tipo de estrés (Aroca, 2012a).

1.2 Estrés hidrico

Un continuo déficit de precipitaciones (sequia meteorolégica) acoplado a altos
indices de evapotranspiracion provoca sequia del suelo. En términos agricolas, se
considera sequia a la ausencia de la humedad necesaria en el suelo para el
crecimiento y desarrollo de la planta a lo largo de su ciclo. Las principales
consecuencias de la sequia en plantas son: reduccion de la tasa de divisién celular y
tamano de la hoja, elongacién del tallo y proliferacion de raices, oscilacion anormal de
la actividad estomatica y déficit de nutrientes. No obstante el panorama desalentador
que atraviesa la agricultura debido a la sequia, los modelos climaticos actuales
predicen un incremento en su frecuencia y severidad como respuesta al cambio
climatico (Walter et al., 2011).

El déficit hidrico acelera la biosintesis del acido absicisico, o que disminuye la
conductancia estomatica para minimizar las perdidas por transpiracion (Yamaguchi-
Shinozaki y Shinozaki, 2006; Yamaguchi et al., 2007). El déficit en el suministro de
agua en cualquier etapa de crecimiento de la planta tiene efectos perjudiciales sobre el

crecimiento y desarrollo del cultivo, pero varia dependiendo de la gravedad del estrés

14



REVISION DE LITERATURA

(magnitud y frecuencia) y la etapa de crecimiento del cultivo. Los efectos se presentan

a niveles morfolégicos, fisioldgicos y bioquimicos (Aroca, 2012a).

La resistencia de las plantas a la sequia se basa en estrategias de adaptacién a
niveles morfolégico, fisioldgico, bioquimico y molecular. Por ejemplo; la modificacion de
los tiempos de las fenofases y alteracion de rasgos estructurales principalmente
relacionados con el aumento de captacion y almacenamiento de agua, la disminucion
de la pérdida de agua durante periodos de sequia, el reforzamiento mecanico de los
tejidos para evitar marchitamiento que conlleva a un colapso y dafo irreversible de las
células, la regulacion del crecimiento de la planta incrementando el desarrollo de raices
para explorar volumenes mas grandes de suelo en busqueda de agua (limitando a su
vez el desarrollo de la canopia), la reduccién de la conductancia estomatica para evitar
perder agua por transpiracion e incluso la reprogramacién de la expresiéon de genes
relacionados con el balance del crecimiento de la planta de acuerdo a la disponibilidad

de agua (Faraloni et al., 2011).

Debido a los problemas que genera el estrés hidrico en plantas es necesario
desarrollar tecnologia para monitorear y detectar oportunamente la respuesta de la
planta ante una condicion de estrés. Los métodos tradicionales se basan en el
monitoreo de variables primarias que impactan el desarrollo del cultivo, tales como:
temperatura y humedad del aire, radiacion solar, contenido de agua en el suelo, y
concentracion de CO; en la atmosfera. Con base en la medicion de estas variables y
conociendo los rangos que favorecen en éptimo desarrollo del cultivo (ver Tabla 2.1) se

determina si la planta esta sometida a estrés hidrico (Baert et al., 2013) .

Tabla 2.1— Rangos 6ptimos para el desarrollo de los cultivos (Baert et al., 2013).

Variable Rango
Temperatura 22 -28°C
Humedad relativa 60 — 80 %
Radiacién Solar 30mil - 100mil Luxes

Concentraciéon de CO; 300 - 1300 ppm

15



REVISION DE LITERATURA

Humedad en el suelo 10 - 30 kPa

Sin embargo, los modelos que utilizan informacién de estas variables para
detectar estrés hidrico presentan limitaciones como: dificultad para utilizarse con
diferentes especies de plantas, baja resolucion en la deteccion del estrés y limitacion
para operar en tiempo real (Baert et al., 2013). Debido a estos problemas en la
deteccion de estrés fue necesario cambiar el esquema de monitoreo, pasando de medir
las variables antes mencionadas a medir variables y estimar procesos fisiolégicos de la
planta. A este nuevo esquema se le conoce como fitomonitoreo o monitoreo fisiolégico
del cultivo; busca estudiar como responde la planta a determinada condicién de estrés,
detectar diferentes tipos de estrés de manera oportuna y predecir la calidad y
rendimiento de un cultivo sometido a determinadas condiciones de crecimiento (Ton,
1997).

El monitoreo fisiologico del cultivo es posible gracias al incremento en las
capacidades computacionales y al desarrollo y/o reduccion en los costos de nuevas
tecnologias y sensores. Permite monitorear de manera continua variables morfolégicas
del cultivo como: diametro de tallos y frutos, rugosidad, turgencia, coloracion, flujo de
savia y temperatura foliar. También se pueden estimar con alta resoluciéon procesos
fisiolégicos importantes como fotosintesis, respiracion, transpiracion y conductancia
estomatica entre otros (Schmidt, 2005). Finalmente, anomalias en las mediciones se
logran asociar a diferentes tipos de estrés logrando cuantificar in-situ el tipo de estrés y

la severidad del mismo en tiempo real (Millan-Almaraz et al., 2013).

Las tecnologias que se usan para fitomonitoreo comprenden el uso de
dendrémetros, galgas extensiométricas, encoders lineales o transductores LVDT (por
sus siglas en inglés "linear variable distance transducer") para monitorear el diametro
de tallos o frutos hasta procesamiento de imagenes térmicas de alta resolucion
adquiridas por satélites o por vehiculos aéreos no tripulados (drones). Técnicas muy
finas como espectroscopia y electroacustica, limitadas a aplicaciones industriales o
para medicién de sustancias quimicas son aplicadas para estimar procesos fisioldgicos

(transpiracion, fotosintesis, etc.) y su variacion ante determinado tipo de estrés.
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En la siguiente seccidn se presenta un analisis de las ventajas y desventajas de
los sistemas de fitomonitoreo actuales y se discuten las tendencias con base en dichos

resultados.

1.3 Fitomonitoreo

Solo las plantas pueden proporcionar un indicador de su estado de confort o
estrés. Este indice se obtiene monitoreando variables como temperatura foliar o
estimando procesos fisiologicos como transpiracion o fotosintesis. El esquema
conocido como “planta parlante” trata de solucionar esta problematica (Ton, 1997). Sin
embargo, la medicién del desempefio de la planta presenta diversos problemas
técnicos porque requiere el uso de un numero prohibitivo de sensores y la relacion
sefal-ruido podria ser insuficiente debido a la naturaleza del fenbmeno. Ademas,
monitorear un pequefio grupo de plantas permite estudiar la respuesta de cada una de
manera precisa, pero podria no ser representativo para todo el cultivo, y realizar
mediciones generalizadas reduce la resolucién de las mismas vy dificulta distinguir entre

diversos tipos de estrés (Linker y Seginer, 2003).

Partiendo de estas limitaciones, diversas técnicas han sido implementadas con
el objetivo de diagnosticar el estado de salud de la planta. Apoyandose de dispositivos
de bajo costo para la medicion de micro variaciones en diametros de tallos y frutos,
Song et al. (2004) lograron monitorear un conjunto grande de plantas de lichi (Litchi
chinensis) encontrando que las variaciones en el crecimiento de los tallos se relacionan
inversamente con el déficit de presion de vapor (VPD) y con el contenido de agua en el
suelo, permitiendo de esta manera proponer un indicador de estrés hidrico en la planta.
Posteriormente se determind que este comportamiento es comun sin importar el modo
fotosintético de las plantas (C3, C4 o CAM), y se ha utilizado para predecir la
produccion del cultivo mediante la correlacion con la fotosintesis y para manejar el
sistema de irrigacién (Simpraga et al., 2011; Matimati et al., 2012). Sin embargo no se
ha logrado asociar las variaciones en el diametro del tallo con otros tipos de estrés, por
lo cual se han explorado técnicas que faciliten la adquisicion de los datos y

proporcionen mas informacion del estado de la planta.
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Otro método para monitorear el contenido de agua en las plantas y su
correspondiente estrés hidrico es utilizando basculas o lisimetros. El método consiste
en colocar celdas de carga debajo y sobre la planta para determinar los cambios de
peso asociados a la transpiracion de la misma. El hardware y los dispositivos para su
instalacion presentan muchas ventajas contra otros sistemas utilizados para estimar
transpiracion, permiten ademas estimar facilmente parametros como el desarrollo de
cultivo, uso de agua y predecir la produccion final (Helmer et al., 2005; Ben-Gal et al.,
2010). La combinacion de las lecturas de estos sensores con técnicas de
procesamiento de datos mas sofisticadas permite la estimacion de variables como
fotosintesis y conductancia estomatica (Dayan et al., 2004). Ehret et al. (2011)
utilizaron datos del sistema CropAssist que combina mediciones de lisimetros con
monitoreo de variables climaticas y mediante el uso de una red neuronal encontraron
una correlacion multiple que puede estimar la fotosintesis y la produccion del cultivo. La
desventaja de este método es que otro tipo de efectos negativos sobre el cultivo (como
plagas que limitan el desarrollo) podrian ser confundidos con estrés hidrico al crear

fluctuaciones en el peso registrado por los lisimetros.

Un problema comun de los métodos descritos anteriormente es considerar que
monitorear el comportamiento de una planta o conjunto de plantas sea significativo
para extrapolarse a toda la canopia. El uso del procesamiento de imagenes es una
técnica que permite solucionar este problema ya que puede analizar todo el cultivo con
imagenes de muy alta resolucion. Se han realizado trabajos para detectar estrés hidrico
en arbustos caducifolios como la Forsythia mediante analisis morfolégico de toda la
planta utilizando visién artificial y geometria fractal, encontrando que esta ultima técnica
es muy apropiada para realizar discriminaciones de forma asociadas a estrés por
sequia (Foucher et al.,, 2004). A la par del experimento, se realizaron mediciones
fisioloégicas del contenido de agua en las plantas para validar los resultados obtenidos
por vision artificial, encontrando correlaciones de 0.8 para los primeros dias de estrés,
pero estas correlaciones bajan drasticamente conforme incrementa el periodo de
medicion. Finalmente se concluye que para generalizar el método se requiere mas

experimentacion bajo diferentes condiciones de estrés, tamafio de planta y especie.
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Se han llevado a cabo analisis morfolégicos a gran escala, basados en vision
artificial utilizando aviones no tripulados, adquiriendo imagenes y relacionando el indice
de reflexion fotoquimica y caracteristicas morfoldgicas con el contenido de agua en la
planta. Suarez et al. (2008) incluyeron indices de la relacién vegetacion-suelo y
diferencia longitudinal de vegetacién, encontrando que la correlacion con el contenido
de agua mejoraba (? = 0.7) incrementando asi la capacidad de detectar estrés en el
cultivo. Por su parte, Hilker et al. (2013) lograron correlaciones mas altas (r* = 0.85) al
estimar la transpiracion y el contenido de agua en cultivos utilizando imagenes de
reflexion fotoquimica captadas en diferentes angulos (no solamente imagenes aéreas
como en los estudios anteriores). Zhao et al. (2012) utilizaron imagenes en 3D y
analisis fractal sobre una sola planta para identificar mas rapidamente sintomas de
marchitamiento, que los métodos mencionados anteriormente. La desventaja de este
método es la infraestructura para instalar y alinear el laser sobre el cultivo, razén que lo

hace impractico para aplicaciones en campo.

Hasta ahora solo se han discutido metodologias de vision artificial de imagenes
adquiridas por dispositivos de carga acoplada (CCD por sus siglas en inglés "charge-
coupled device"), sin embargo, diversos estudios han demostrado que las imagenes
térmicas proporcionan mas informacién sobre el fendmeno y son mas sensibles a los
cambios, permitiendo de esta manera una deteccibn mas temprana del estrés
(Contreras-Medina et al., 2012).

Lenthe et al. (2007) realizaron un experimento para determinar el contenido de
agua en trigo analizando imagenes infrarrojas de campos estresados y no estresados.
La termografia infrarroja arrojo resultados sensibles a la intensidad del estrés. En este
mismo estudio se buscé identificar los efectos de hongos (Septoria tritici y Pucina
triticina) en el cultivo, sin embargo, no se pudo detectar ninguna correlacién entre la
presencia de los hongos con los cambios de temperatura del cultivo. Los resultados
también demuestran que para poder interpretar correctamente las imagenes
termograficas, se necesita mayor experimentacion para entender el impacto del estrés
abiotico sobre la temperatura del cultivo. Una combinaciéon que permite realizar esta

distincién fue propuesta por Ondimu y Murase (2008), quienes combinaron analisis de
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imagenes infrarrojas y de espectro visible para cuantificar el estrés hidrico en un cultivo
bajo invernadero. Las imagenes infrarrojas se utilizaron para monitorear patrones de
transpiracion relacionados a indices de estrés hidrico, imagenes de espectro visible en
escala de grises sirvieron para detectar cambios en la textura y las imagenes en RGB
(por sus siglas en inglés “red, green and blue”) se utilizaron para detectar cambios en la
reflectividad de la luz sobre el cultivo. Sin embargo, antes de aplicar esta técnica es
necesario incorporar mediciones de fotosintesis para verificar las mediciones de
reflectividad de acuerdo al nivel de estrés. Wang et al. (2010) a través de la
combinacion imagenes visibles y térmicas, encontraron que la eficiencia de la técnica
se ve afectada si las camaras opticas e infrarrojas estan desalineadas, situacién usual

en aplicaciones de campo.

No obstante los problemas que presentan las técnicas de procesamiento de
imagenes —principalmente al intentar discriminar entre niveles o diferentes tipos estrés—
tienen la gran ventaja de estimar el estado de un cultivo a gran escala a cielo abierto o
bajo invernadero, sin embargo, adquirir las imagenes es complicado y costoso. Una
solucion presentara por diversos investigadores es usar vehiculos aéreos no tripulados
(UAV por sus siglas en inglés “Unmanned Aerial Vehicle”) para adquirir las imagenes
(Suarez et al., 2008; Suarez et al., 2009; Suarez et al., 2010; Zarco-Tejada et al., 2013).

.4 Fitocontrol

Los sistemas de fitocontrol explotan el conocimiento relacionado con los cultivos
y la relacion de estos con el invernadero y el clima para proponer modelos dinamicos
que maximicen las ganancias, a través de practicas que minimicen los costos de
produccion y garanticen el bienestar del cultivo (van Straten et al., 2000; van Straten et
al., 2010).

Un algoritmo en tiempo real fue presentado por Chalabi et al. (1996) para ajustar
la temperatura del invernadero sobre un determinado periodo de tiempo, logrando asi
obtener ahorros energéticos. Este método se basa en resultados de estudios
fisiolégicos que demuestran que para una gran cantidad de plantas es suficiente con
mantener una temperatura promedio a lo largo de su ciclo, que pueden tolerar

desviaciones temporales de temperatura y recuperarse sin impactar en la produccion.
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Los procesos fisiologicos de la planta varian con su estado fenologico y en
determinados momentos la planta no se desarrolla aunque las condiciones del
microclima sean 6ptimas. Por lo tanto no es necesario gastar energia en proporcionarle
todo el tiempo condiciones apropiadas para su crecimiento (Schmidt et al., 2008; van
Straten et al., 2010). Con base en este supuesto Korner y van Straten (2008)
implementaron un sistema de integracién de temperatura que considera los procesos
de la planta por su tiempo de respuesta (procesos lentos como desarrollo foliar y
rapidos como fotosintesis o estrés) y genera rangos dinamicos de temperatura, estos
limites son flexibles y se ajustan a la respuesta de la planta promoviendo el desarrollo

de la misma a través de practicas que ahorran energia.

El estudio del comportamiento de la temperatura foliar de la planta y su
correlacion con procesos como la fotosintesis, transpiracion y estrés hidrico (bajo
restricciones bidticas y del clima) ha facilitado la implementacion de sistemas que
obtengan de esta variable una retroalimentacion del estado de confort del cultivo. Sin
embargo, tomar una decision correctiva con base en una medicion es arriesgado, la
relacién senal-ruido de los sistemas de adquisicion en campo no es buena porque la
magnitud del ruido puede hacer que las mediciones sean ilegibles. El uso de algoritmos
de procesamiento digital de sefiales en tiempo real han ayudado a solucionar este
problema, algunos sistemas que utilizan wavelets para analizar las sefiales de la planta
son capaces de detectar los momentos en que la planta se estresa (Cheng et al.,
2011). Sistemas de filtrado digital por sobre-muestreo combinado con filtro adaptivos
discriminan el ruido de las sefales permitiendo tomar decisiones con base en

mediciones mas puras (Jiaxing et al., 2010; Peng et al., 2012).

A pesar de los avances en los sistemas de adquisicién, el control en tiempo real
del cultivo con base en la respuesta de la planta no se ha logrado, sin embargo,
sistemas que promedian las lecturas de la planta sobre un par de horas han permitido
detectar y corregir condiciones de estrés con retrasos aceptables y logran reajustar el
régimen climatico para la siguiente fase del cultivo (Schmidt et al., 2008). Sistemas
similares emplean estas técnicas de muestreo sobre un periodo de tiempo mas grande,

obteniendo una relacion de la diferencia entre los promedios de temperatura durante el
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dia y la noche, y han logrado anticipar el comportamiento del cultivo y modificar el

régimen de clima (Koérner y van Straten, 2008).

La informacion relacionada con el estado de salud de la planta no solo es util
para detectar y corregir condiciones de estrés, Candogan et al. (2013) utilizaron indices
del desarrollo de cultivo para disefar estrategias de control que favorezcan la
rentabilidad econdmica del sistema de produccién. Esto se logré realizando un
monitoreo y control independiente de procesos en la planta; procesos como fotosintesis
y transpiracién son controlados por un sistema predictivo mientras que procesos no tan

criticos se dejan al agricultor.

Es facil observar la tendencia en los sistemas para administrar la produccion en
agricultura de precision, el fitocontrol es el nuevo esquema que propone el uso de la
respuestas fisioldgica de la planta para realizar ajustes en el control de clima, irrigacion,
etc. Sin embargo, los sistemas antes descritos solo correlacionan los procesos de la
planta con variables faciles de medir. Esta metodologia es util en condiciones
controladas, pero cuando se presenta mas de un estrés, es dificil detectarlos y las
predicciones se alejan de la realidad. Schmidt et al. (2007) utilizaron sistemas de bajo
costo para monitoreo fisioldgico logrando detectar condiciones de estrés y reajustar
variables del microclima del invernadero como humedad y temperatura. Por su parte,
Ballester et al. (2013) utilizaron equipos comerciales para estimacion de fotosintesis y
transpiracién para programar la irrigaciéon de las plantas con base en el estrés hidrico

que éstas presentan.

La tendencia en agricultura protegida es muy clara, monitorear la salud de la
planta es la mejor opcion si se busca alcanzar calidad y rentabilidad, pero es necesario
resolver problemas relacionados con la correcta estimacién de los procesos fisioldgicos
de la planta, la deteccion oportuna del estrés, el disefio de equipos robustos de
medicion de bajo costo que puedan operar de manera continua en condiciones de
campo, Y la investigacion dirigida a determinar la teoria de control que mejor se ajusta a

un esquema donde Ila planta es el eje central del lazo de control.
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Il METODOLOGIA

Los dos pasos generales del proyecto son monitorear variables primarias y
procesos fisiolégicos que sean utiles para determinar el momento en que la planta
comienza a sufrir algun tipo de estrés; y con esta informacion ajustar procesos
agricolas como el riego o el control de clima para corregir oportunamente dicho estrés.
Para lograrlo es necesario contar con dispositivos capaces de medir variables como
temperatura, humedad relativa, radiacién y concentracion de CO,; y con base en estas

mediciones estimar procesos fisiolégicos como transpiracion y fotosintesis.

Los equipos de medicion (fitomonitores) deben de tener la capacidad de operar
en condiciones de invernadero, realizar los calculos en tiempo real y tener capacidades
de comunicacién inalambrica para transmitir los datos a un coordinador (computadora
personal) que se encuentra fuera del invernadero. Posteriormente es necesario analizar
los datos off-line y utilizar métodos de procesamiento digital de senales (DSP, por sus
siglas en inglés “digital signal processing”) para filtrar y extraer informacion de las
sefales monitoreadas. Una vez determinada la sefial que es mas sensible al estrés
inducido en las plantas, se procedidé a realizar modificaciones en el firmware de los
fitomonitores para incluir el método DSP que funcioné mejor y poder detectar el estrés

pero en esta ocasion on-line.

Finalmente se formuldé una metodologia para modificar el suministro de agua a

las plantas utilizando los indicadores de estrés encontrados.

lll.1 Estimacion de procesos fisiolégicos

Los fitomonitores tienen la capacidad de estimar procesos fisioldgicos como
fotosintesis, transpiracion, diferencia de temperatura aire-hoja, conductancia y
resistencia estomatica, déficit de presion de vapor, balance de carbono y las tasas de

cambio de estos procesos.
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I1.1.1 Estimacion de fotosintesis

El intercambio de CO, es el método mas utilizado a nivel comercial o
experimental para medir la fotosintesis neta de las plantas. Esta técnica emplea
analizadores infrarrojos de gas (IRGA, por sus siglas en inglés “Infrared Gas Analyzer”)
para medir la concentracion inicial de CO, en sistemas cerrados; que pueden
describirse como una camara de material transparente donde se aisla la planta y
después de un periodo de tiempo se mide la concentracién final de CO, (Phytech Ltd.,
2013). En este trabajo se utilizaron sistemas abiertos, los cuales cuentan con una
camara foliar (también de material transparente) en la que se aisla momentaneamente
una hoja de la planta, se mide la cantidad de CO, asimilado y se libera la hoja para
evitar estresarla. A diferencia de los sistemas cerrados necesitan menos tiempo para
llevar a cabo una medicion, permitiendo monitorear el proceso a frecuencias mas altas
y estudiar en detalle la dinamica del proceso. Ademas, de que nos permite utilizar
camaras foliares de diferentes formas y tamafios para adaptarnos a distintos tipos de

plantas (incluso cactaceas como nopales y cactus).

Para calcular la fotosintesis en un sistema abierto es necesario medir la
concentracion de CO; en la atmédsfera y en la camara foliar donde se aisla la muestra
después de un periodo de 60 segundos aproximadamente. También se debe convertir
el flujo volumétrico del sistema neumatico en flujo masico (expresado en mol/m?%s)

utilizando el factor W que se calcula con la Ecuacién 1 (Bittelli, 2010).
V)P
W= (2005.39)M (1)
T K

Donde P es la presion atmosférica en bares, V es el flujo volumétrico de aire en
litros por minuto (Ipm), T.K en la temperatura del aire en °K, A es el area de la hoja en
cm? y la constante 2005.39 es un coeficiente de ajuste para convertir unidades de

masa a moles, superficie de cm? a m? y tiempo de minutos a segundos.
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Una vez calculado el factor W la estimacion de fotosintesis se realiza con la
Ecuacion 2, donde C; corresponde a la medicién de CO; en la atmdsfera proxima a la
planta y C, la concentracion de CO; en la camara foliar tras el paso de unos segundos
de haber aislado a la muestra, obteniendo asi la cantidad de carbono asimilada por la

hoja. Pn es expresada en pmol/m?/s.

B =(W)(C,-C,) @

lll.1.2 Estimacioén de transpiracion

El calculo de la transpiracion es mas sencillo a nivel de hardware ya que solo
requiere sensores para medir humedad relativa, pero como se ve a continuacion;
requiere resolver ecuaciones mas complejas que las utilizadas para estimar
fotosintesis. La transpiracion E, expresada en mmol/m?/s es una funcion fisioldgica que
depende de la diferencia entre el contenido de vapor de agua en la atmdsfera (g)) y el
contenido de vapor de agua de salida del sistema neumatico e,, este ultimo se mide en
el aire que quedo confinado junto con la hoja dentro de la camara foliar unos segundos
después del cierre de la camara, permitiendo a la hoja modificar el contenido de
humedad en el aire mediante transpiracién o absorcién de agua. Sin embargo, los
sensores comerciales normalmente proporcionan valores de humedad relativa que
necesitan convertirse en valores de humedad absoluta e; y e,. Para esto es necesario
calcular la maxima cantidad de vapor de agua es que el aire puede contener a una
temperatura T, usando curvas del diagrama de Mollier o utilizando la Ecuacion 3 como
ha sido previamente reportado por Wu et al. (2013). De esta manera e;y e, pueden ser
obtenidas facilmente con las Ecuaciones 4 y 5, donde RH; es la humedad relativa del
aire de entrada al sistema neumatico (humedad relativa de la atmodsfera) y RH, es la

humedad relativa de salida de la camara de intercambio de gases.
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18.564 - 57;1 ;

=6.13753x10"° T :
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Una vez calculados los valores de e, e, y W, la transpiracion E puede calcularse
con la Ecuacion 6, donde P es la presion atmosférica y 18.02 es una constante para

convertir de mmol/m?/s a mg/m?/s.

N—

e —e,

P—e

o

E= (W)(IOOO)(18.02)( (6)

—_
~

I1.1.3 Estimacion de conductancia estomatica

La conductancia estomatica es una variable relacionada con la dinamica de
transpiracién de la planta que representa la conductividad de vapor de agua de las
células guardianas. Esta puede ser estimada a partir de sensores primarios de
temperatura y humedad relativa. Primero es necesario calcular la presion de saturacion
de vapor eear a la temperatura de la hoja Ti,r. Para esto se puede utilizar la misma
Ecuacion de es pero sustituyendo T, por T (ver Ecuacion 7). Calculando ejqr, la
conductancia estomatica Ci.r expresada en mmol/m?/s puede ser obtenida con la

Ecuacion 8, donde ry, es considerada una constante de 0.3 m2s/mol.
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lll.1.4 Estimacién del déficit de presién de vapor

El déficit de presion de vapor (VPD) es la cantidad de vapor de agua que se
necesita en un determinado momento para saturar la atmoésfera, es decir, es la
diferencia entre la cantidad de vapor de agua que puede retener la atmodsfera
dependiendo de la temperatura, y la cantidad de vapor de agua que contiene la
atmésfera en ese momento. ElI VPD es de suma importancia para la transpiracion de
las plantas, porque un VPD elevado hace que las plantas transpiren mas tratando de
saturar la atmésfera, por lo tanto, al haber mayor transpiracién habra un incremento en
la absorcion de nutrientes, en la fotosintesis y en el rendimiento. Sin embargo, un VPD
muy elevado provocara que las plantas cierren las estomas para evitar la pérdida
excesiva de agua o deshidratacién por transpiracion, afectando la fotosintesis y el

rendimiento.

Por otro lado con un VPD cercano a cero las plantas dejan de transpirar, debido
a que la atmdsfera se encuentra saturada y no existe un gradiente de concentracion
hacia donde se difunda el vapor de las estomas, afectando la fotosintesis y el
rendimiento. El calculo de VPD, expresado en kPa consiste en realizar la resta entre es

y e; (ver Ecuacion 9).

VPD =e_—e, (9)

27



METODOLOGIA

ll.1.5 Calculo de la diferencia de temperatura aire-hoja

La diferencia de temperatura aire-hoja (LADT) expresada en grados Celsius (ver
Ecuacién 10), es un importante indicador del estado de estrés de la planta, ya que
condiciones de estrés hidrico por sequia provocan que la hoja se caliente mas que el

aire durante el dia y se enfrié en exceso durante la noche.

LATD =T,-T,, (10)

a

lll.2 Sensor inteligente para fitomonitoreo

El desarrollo del sensor inteligente para fitomonitoreo requiere la integracién de
varios subsistemas (Figura 3.1). Involucra un sistema de adquisicion de datos (DAS)
para la lectura de sensores primarios de temperatura, humedad, concentracion de CO,
presion, flujo volumétrico y radiacion. Un sistema neumatico para intercambio de gases,
un sistema mecanico para control de la camara foliar donde se aisla la muestra de la
hoja, una unidad para control y procesamiento digital de sefales y finalmente un
subsistema de comunicacién inaldmbrica. Todos estos componentes integran un nodo
de monitoreo. El presente proyecto requiri6 tres de estos nodos durante la
experimentacion, ademas fue necesario un nodo extra que funcioné como coordinador
de la red inalambrica y una computadora para almacenar los datos provenientes de la

red de sensores.
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Figura 3.1— Diagrama a bloques del fitomonitor. Los bloques en negro representan las etapas de
hardware del sensor inteligente, la flechas nos indican el sentido de flujo de la informacién (uni o
bidireccional). El bloque en azul representa la camara foliar transparente donde se aisla la
muestra a analizar.

En las siguientes secciones se presenta una descripcion detallada de cada

subsistema que integra los sensores inteligentes.

.21 Sistema neumatico
Debido a que la estimacidon de transpiracion y fotosintesis requieren la
comparacion entre el canal de aire de referencia y de la muestra, ambos procesos se
pueden estimar simultaneamente. Como se pude observar en la Figura 3.2, los
componentes del sistema neumatico marcados con amarillo son los sensores, dos
electrovalvulas seleccionan la linea de aire que entra en el resto del sistema neumatico.
Finalmente, un filtro de aire, una bomba de vacio y una valvula mecanica para limitar el

flujo de aire a 0.5 Ipm componen el sistema. El ciclo comienza monitoreando la linea de
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aire de referencia que viene de la atmosfera circundante a la planta; al pasar por el
sistema neumatico se miden alguna variables del aire como: temperatura del aire (T5),
humedad relativa de entrada (RH,), flujo de aire de referencia (V;), presion de entrada
(Pj), y concentracion de CO, de entrada (C;). Una vez terminado este ciclo, un
servomotor cierra la camara foliar aislando una hoja de la planta y las electrovalvulas
cambian de posicion permitiendo al aire del canal de medicidon entrar en el sistema
neumatico para estimar las propiedades siguientes: humedad relativa de salida (RH,),
flujo de aire de salida (V,), presion de salida (P,), y concentracion de CO, de salida
(Co). Simultaneamente, los sensores incorporados en la camara foliar monitorean
paralelamente al ciclo neumatico, la temperatura de la hoja (Tiesr) y la radiacion solar
(Rad).

. Sensor de CO; Sensor Valvula mecanica
Salida €= """pcA  [* ge fiujo [ de flujo
Camara .
. =g VValvula 1
foliar -
Sensor RH/ b Filtro Bomba
. Temp de aire de aire
Arede o lvaivula 2
referencia VAR

Figura 3.2 — Disefio del sistema neumatico para intercambio de CO,. A lo largo de las lineas
neumaticas se observa la disposicién de los diferentes sensores.

Cuando el ciclo termina, los procesos fisiolégicos de la planta son estimados, los
datos son transmitidos y almacenado, la camara foliar se abre, las electrovalvulas
regresan a su posicion original y la bomba de aire se apaga para ahorrar energia. A
pesar de que la transpiracion se puede monitorear a frecuencias altas, el sistema
adquiere una medicién cada 17 minutos y un total de 48 mediciones por dia. Esto se
debe a las limitaciones relacionadas con la estabilizacion de la linea neumatica que

presenta la estimacion de fotosintesis.
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ll.2.2 Sistema de adquisicion de datos (DAS)
El Sistema de adquisicién de datos esta integrado por 5 sensores, para medir las

variables Tear, Ta, RH;, RH,, P;, Po, Vi, Vo, Rad, C;, C,. Cada uno con su etapa de
instrumentacion para acondicionar la sefial de medicion a un formato estandar de
salida de 0-5 Volts. Para medir los flujos volumétricos (V;y V,) en la linea neumatica se
utilizaron sensores del tipo sistema microelectromecanico (MEMS por sus siglas en
inglés “microelectromechanical system”) D6F de la marca Omron, los cuales manejan
un rango de medicion de 0 a 5 Ipm con una precisién de +3%, caracteristicas
apropiadas para nuestra aplicacion ya que el sensor de CO, utilizado requiere
mantener flujos de aire en el rango de 0.1 a 1 Ipm (a mayor flujo respuesta mas rapida

pero mas inestable).

Es necesario medir la presion atmosférica para calibrar las mediciones del
sensor de CO; (las cuales varian con la altura y por eso no puede considerarse la
presion a nivel del mar como constante) y para calcular algunos parametros necesarios
en las mediciones de fotosintesis y transpiracion (ver Ecuaciones 1 y 6). La medicion
de la presion atmosférica se realizd con un sensor de presion absoluta
MPXAZ4115AC6U de la compafiia Freescale Semiconductor, el cual tiene un rango de

medicion de 15 a 115 kPa y una precision de +1.5%.

La temperatura de la hoja (Tjar) sS€ midid utilizando sensores de temperatura tipo
RTD (por sus siglas en inglés “resistance temperature detector”) de platino HEL-700 de
la marca Honeywell que maneja un rango de medicién de -200 a 540 °C con una
precision de £2.0%, sin embargo, la etapa de instrumentacion esta configurada para

medir de 0 a 65 °C, un rango apropiado para medir la temperatura de la planta.

La medicién de la temperatura y humedad relativa del aire (T,, RH;, RH,) se
realizé con un sensor tipo MEMS SHT75 de la marca SENSIRION, el cual es un sensor
digital auto-calibrado, sobre-muestreado, que maneja un protocolo de comunicacién
serial I°C (“inter-integrated circuit’) modificado y una frecuencia de operacion de

aproximadamente 3 Hz (para mas detalles ver Tabla 3).
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Tabla 3.1 — Caracteristicas del sensor SHT75

Parametro Temperatura Humedad
Resolucién 14 bits 12 bits
Precision +0.3°C +1.8 % RH

Rango de medicion -40a123.8°C 0a 100 %

La radiacion solar es uno de los factores mas importantes para la planta, sin
embargo la metodologia de intercambio de gases no necesita medir la radiacion para
calcular la fotosintesis neta. Aun asi, esta variable fue monitoreada para obtener
relaciones con otras variables y para determinar el momento del dia en que inicia y
termina el fotoperiodo. Su medicion se llevdé a cabo con un sensor cuantico de silicio
OSRAM SFH711, con un rango de medicién de 0 a 100,000 luxes y una precision de
1+0.4%. Como se puede observar en la Figura 3.3 éste sensor se ubica al igual que el

sensor de la hoja en la camara foliar donde se aisla la muestra de la planta.

{ Sensor de luz
V. d

e Aire de la
: muestra

Sensor de
Tl'eaf

Figura 3.3 — Camara foliar y disposicion de sensores de temperatura y radiacién.

La concentracion de CO; en la atmodsfera y la asimilada por la hoja en la camara

foliar se midié utilizando un sensor infrarrojo de gas (IRGA), Gascheck 2 de la
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compania Edinburgh Instruments, el cual tiene un rango de medicién de 0 a 3000 ppm
y una precision de +30 ppm. El rango es apropiado para medir las concentraciones de
CO; en un invernadero, las cuales oscilan de 300 ppm durante el dia hasta 1000 ppm
durante la noche. Sin embargo, la resolucion presenta una limitante ya que el
fendmeno a estudiar exige que se puedan detectar cambios de 1 a 50 ppm. Por lo tanto
se requirio aplicar técnicas avanzadas de procesamiento digital de sefales para reducir

esta desviacion a valores aceptables para esta aplicacion.

Cada uno de los sensores se conecta a los canales de la tarjeta de adquisicion
de datos Hydra—Plant Monitoring Health V1.0 desarrollada por el cuerpo académico de
Biosistemas de la Facultad de Ingenieria-UAQ. La tarjeta consta de una etapa de
instrumentacion con cinco canales de entrada, utiliza amplificadores operacionales
Texas Instruments OPA4347 configurados como filtros analdgicos Butterworth de orden
2, con respuesta de rechazo de banda 40 dB/dec y una frecuencia de corte de 20 Hz.
La tarjeta utiliza un convertidor de analdgico a digital ADS7844 de 12 bits, 8 canales y
capaz de realizar 200 mil conversiones por segundo. Ambas caracteristicas (resolucién
y tasa de muestreo) se ajustan a los requerimientos de los sensores que se estan
utilizando en el disefio del fitomonitor. EI ADS7844 utiliza una interfaz serial SPI (por
sus siglas en inglés "Serial Peripheral Interface"”) para comunicarse con un dispositivo
FPGA por sus siglas en inglés "Field Programmable Gate Array"), modelo Altera
Cyclone IV EP4CE22F17C6N que realiza las funciones de unidad de control y

procesamiento de datos.

1.2.3 Unidad de procesamiento de senales

Esta unidad es parte del procesador embebido incluido en el firmware del FPGA
de cada nodo de la WSN. En la unidad de procesamiento de senales (ver Figura 3.4),
se observan dos etapas de filtrado de sefales y una etapa para calcular los procesos

fisiolégicos con base en la medicién de las variables primarias.
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Figura 3.4 — Unidad de procesamiento de sefales embebida en FPGA. En la memoria RAM de la
izquierda se encuentran los datos de los sensores primarios que pasan por dos etapas de filtrado
para obtener senales mas puras y calcular los procesos fisiolégicos que se almacenan en la RAM
de la derecha. Los médulos integrador y derivador se incluyen en la unidad para obtener las tasas
de cambio de los procesos fisiolégicos y el balance de carbono en tiempo real (RTCB).
Finalmente son transmitidos a una PC para su procesamiento junto con algunos indices.

Las sefiales de fotosintesis estimadas mediante metodologias de intercambio de
gases presentan una cantidad importante de ruido. Este ruido es introducido
principalmente por los sensores de dioxido de carbono, donde, de acuerdo a la ley de
los gases, las mediciones se ven afectadas por cambios de temperatura, presion,
volumen del gas; y no solo por la concentracion de CO,. Es por esto que las senales
obtenidas por el ADS7844 de los sensores primarios tales como Tiear Pi, Po, Vi, Vo, Ci, ¥
Co no se utilizan en bruto para calcular los procesos fisiolégicos de la planta; antes
pasan por filtros paralelos de diezmado por promedio, donde la sehal es sobre-
muestreada y promediada 1024 veces por segundo, buscando con esto reducir errores
de cuantizacién y ruido de las sefales. A través de estos filtros se obtienen versiones
nuevas de las sefiales obtenidas por los sensores primarios y se distinguen de sus

versiones previas utilizando el sufijo “OS”, como se puede observar en la Ecuacion 11,
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donde X(k) representa la sefial proveniente de cualquier sensor del sistema y Xos(k) es

la version filtrada por diezmado de promedio de la sefial X(k).

k 1 1024-1 k
X - X(k—i
05(1024) 1024 2, X(k-i) (11)

i=0

La siguiente etapa es el filtro Kalman, el cual se encuentra embebido en el FPGA
y su algoritmo ha sido previamente reportado por Rodriguez-Donate et al. (2011) quien
a su vez se basod en las ecuaciones de Che et al. (2010). Este filtro se basa en un
proceso estadistico y es similar a un controlador retroalimentado. Primero, el filtro
estima el estado siguiente de la sefial y entonces obtiene una retroalimentacién de las

mediciones ruidosas para modificar el estado estimado (ver Ecuaciones 12y 13):
X" (k)=S8X(k-1)+Bu(k-1) (12)
P*(k):SP(k—l)ST+Q (13)

Donde S es la matriz que relaciona los estados previos y el estado estimado
actual, B relaciona una entrada éptima de control u con X*(k), Q es la covarianza de la
sefial de interés y P*(k) es la estimacion de la varianza del error. La etapa de
correccion se basa en las Ecuaciones 14, 15 y 16 donde R es la covarianza del ruido
del fendmeno en estado estacionario, H relaciona las lecturas de los sensores Z(k) con
el estado actual X(k), K(k) es el factor de ganancia que es empleado para minimizar la

covarianza del error P(k).

K(k)=P (k)H" (HP'(k)H' +R)" (14)
X (k)=X"(k)+K (k)(2(k)-HX" (k)) (15)
P(k)=(1-K(k)H)P" (K) (16)

Finalmente, las sefales sobre-muestreadas Xos(k) pasan a través del filtro
Kalman para obtener las sefiales filtradas Xosk(k). Para lograr esto, se considerana Sy

H como matrices identidad, los valores previos de las senales se cargan en X(k) y los

35



METODOLOGIA

valores actuales en Z(k), Q y R son matrices diagonales que contienen las covarianzas
de sefial y de ruido asociado para cada sefal Xos (k). Una vez calculadas todas las
sefiales Xosk(k), el estimador de procesos fisioldgicos calcula la Pn, E, Ciar, VPD y
LATD. Ademas, el sensor inteligente propuesto proporciona una nueva version de
estas sefales donde las variaciones espaciales del invernadero provocadas por la
radiacion no homogénea se ven mitigadas usando el indice expresado en la Ecuacion
17. Aqui, Xhom(K) es la version normalizada de las senales Pn, E, gs, VPD o LATD. Por
su parte Rad.om(k) representa la versidon normalizada de la radiacion considerando el
valor maximo de Rad de los tres nodos. Finalmente, X4 index(k) €s €l indice que

relaciona el proceso fisiolégico con la radiacion neta recibida por la planta bajo analisis.

XﬂOi’"l (k) (1 7)

Xt indec () =
md_zndex( ) Rad k)

norm (

La ultima etapa del modulo de procesamiento de sefales consiste en dos
modulos para obtener el balance de carbon en tiempo real (RT-CB) de la planta y la
primera derivada de los procesos P, E, Cear, VPD y LATD. Es importante obtener el
RTCB ya que proporciona informacion sobre las pérdidas de carbono a través de la
respiracion, la cantidad de biomasa que la planta genera y como esta acumulacién se
ve afectada por factores climaticos como la cantidad de radiacién y concentraciéon de
CO, disponible en el aire, o por factores de estrés bidticos como plagas y
microorganismos (Millan-Almaraz et al., 2013). El célculo del RT-CB se realiza
integrando P, a través de la Ecuacion 18. Para su integracion en FPGA se utilizé la
Ecuacion 19, donde la integral continua es cambiada por sumas acumulativas de P,

obteniendo la versidén en tiempo discreto de RT-CB.

RTCB(t)= [ P, (t)dt (18)
N

RTCB(k)=T,> P, (k) (19)
k=0
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A diferencia del modulo integrador que solo obtiene la integral numérica para la
fotosintesis, el mdédulo que calcula la derivada lo hace para todos los procesos
fisiolégicos estimados. Este indicador se utilizd durante la experimentacion para
estudiar cambios en la actividad fotosintética y de transpiracion de la planta como
respuesta a diferentes tratamientos y practicas agricolas en el cultivo. En la Ecuacion
20 podemos observar el calculo de la primera derivada donde, X(k) puede ser cualquier
proceso fisiolégico estimado por el procesador embebido y X'(k) su primer derivada.
Para poder calcular la derivada en un sistema digital (FPGA) es necesario implementar

la version discreta mostrada en la Ecuacion 21.

-2t
X.(k):X(k)—X(k—l) 21)

Finalmente, los procesos estimados P,, E, Cear, VPD, LATD, sus respectivas
derivadas (X") y el RTCB son transmitidos de manera remota al coordinador de la red

junto con los sefiales en bruto Xos(k) para su almacenamiento y procesamiento off-line.

lll.3 Sistema de comunicacién inalambrica

El desarrollo del sistema de comunicacion inalambrica implico la evaluacion de
diferentes tecnologias de comunicacion y la comparacion de factores como ancho de
banda, rango de transmision, escalabilidad y consumo de potencia que deben de
tomarse en cuenta de acuerdo a las necesidades de la aplicacion. Tras evaluar los
estandares |IEEE 802.15.1 BLUETOOTH, GSM-GPRS, IEEE 802.11 WIFI se optd por el
estandar |IEEE 802.15.4 ZigBee que tedricamente tiene una tasa de transferencia de
datos de 250 kbps, un rango maximo de 1000 m y un bajo consumo de potencia. Este
estandar trabaja en tres diferentes bandas de frecuencia y puede integrar una red de

hasta 65,536 nodos administrados por un solo coordinador.
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El punto final de la red (end-point), es el sensor inteligente los sistemas
neumatico, la macara foliar para aislar la muestra de la planta, el sistema de
instrumentacion necesario para medir variables de sensores primarios y a través de
modulos de procesamiento de sefiales basados en FPGA, estimar los procesos
fisiologicos Py, E, VPD, Ciar y LATD. El coordinador de la red se implement6 en una
plataforma similar a los demas nodos de la WSN (FPGA—EP4CE22F17C6N), es
responsable de enviar comandos de inicio de medicion a los nodos que se encuentren
dentro de su red de area personal (por sus siglas en inglés PAN, “personal area
network”) y recibir de cada uno las lecturas de los sensores y procesos fisiologicos.
Este nodo se comunica via USB con una computadora personal para almacenar la

informacion y graficar las mediciones de los nodos.

La WSN tiene una topologia tipo estrella donde el coordinador se puede
comunicar con cada nodo de la red pero los puntos finales (end-point) no pueden
comunicarse entre ellos. La red descrita en este proyecto esta integrada por tres puntos
finales y un coordinador. Sin embargo, sensores inteligentes adicionales pueden
afiadirse a la red en futuras actualizaciones del sistema donde se requiera monitorear

un mayor numero de plantas.

Para entender con precision la operacion del protocolo de comunicacion
inalambrico es necesario entender algunas especificaciones del proceso de medicion.
Una vez que un nodo recibe el comando de inicio de medicion por parte del
coordinador. El nodo debe tomar en un periodo de un segundo, 1024 mediciones de las
variables T,, Twar, RH;, RH,, Ci, Co, Vi, Vo, P;, Po, Rad; obtener los promedios de cada
una de ellas y transmitirlas al coordinador de la red. El ciclo completo de medicion de
cada fitomonitor dura 20 minutos durante los cuales se mantiene enviando datos de los
sensores primarios cada segundo y en la ultima transmision de datos se envian los
datos de los procesos fisioldgicos estimados por el procesador embebido en el FPGA.
Si bien la informacion de los procesos fisiolégicos es de mayor interés y suficiente para
estudiar la fenomenologia de la planta, los datos en bruto se transmiten para su
procesamiento off-line, para estudiar su comportamiento dinamico y para proponer

modificaciones a la metodologia de estimacion de los procesos fisioldgicos de la planta.
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El sistema de adquisicion de datos adquiere mediciones de los sensores
analdgicos de temperatura de hoja (Tear), radiacién solar (Rad), diéxido de carbono
(COy), presion (P) y flujo volumétrico (V) en un formato de 12 bits. Los valores de
temperatura (7;) y humedad relativa del aire (RH) son adquiridos por el
FPGA—EP4CE22F17C6N en formatos de 14 y 12 bits respectivamente. Por cuestiones
de estandarizacién las mediciones de todos los sensores se guardan en dos bytes,
donde el byte mas significativo almacena los 4 bits mas significativos de la medicién
(los 4 bits restantes se llenan con ceros) y el byte menos significativo almacena los 8
bits restantes. Esta regla aplica para todos los sensores, excepto para el sensor de
temperatura de aire MEMS SHT75 (que maneja lecturas de 14 bits), donde los seis bits

mas significativos se cargan en el byte mas significativo (ver Figura 3.5).

T,(14 bits) | T../(12 bits) | RH (12 bits) | cO,(12 bits) | V(12 bits) | P(12bits) | Rad (12 bits)

MSB|LSB |MSB | LSB | MSB | LSB | MSB | LSB | MSB | LSE | MSB | LSE | MSB | LSB

T.(14bits) [140q) |13 () |12(x) [ 11 () |100) [ 9(x) | 8(x) | 7(x) [ 6(x) | 5(x) | 4(0) | 3 (%) [ 2(x) | 1(x)

I |
MSB LSB

Figura 3.5 — Estandarizacion de la transmisién de datos. Las lecturas se los sensores se
adquieren en un formato de 12 bits, excepto T, que es de 14 bits. Para su transmisiéon de manera
inalambrica se dividen dos bytes, un byte mas significativo (MSB) y un byte menos significativo
(LSB), donde el LSB siempre contiene los primeros 8 bits de las mediciones. El resto de los bits (4
6 6) se cargan en MSB, los bits sobrantes de MSB se llenan con ceros.

De esta manera, una vez recibido el comando de inicio de medicion, cada
fitomonitor ocupa la red para transmitir cada segundo 14 bytes de informaciéon mas dos
bytes que identifican de que nodo viene la trama de datos correspondiente. Al final del
ciclo de medicidn las estimaciones de fotosintesis (P,), transpiracién (E), déficit de
presién de vapor (VPD), conductancia estomatica (Ciar) y diferencia de temperatura
aire-hoja (LATD) son transmitidas ocupando cada una dos bytes en la ultima trama de

datos.
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Finalmente, cuando el coordinador de la red recibe la trama de datos de un
nodo, este manda el comando de inicio de medicibn al nodo siguiente y asi
consecutivamente hasta completar todos los nodos de la red. Una vez encendidos
todos los nodos, estos se mantendran enviando datos casa segundo hasta terminar su
ciclo de medicién (20 minutos), donde se detendran y esperaran por un nuevo
comando de inicio del coordinador de la red. Es importante sefhalar que dos nodos no
pueden utilizar la red al mismo tiempo, lo hacen individualmente de manera
sincronizada, y si por alguna razén se pierde una trama de datos o un nodo no
responde a la peticion del coordinador, los datos de este nodo se tomaran como ceros

para esta medicion.

lll.4 Software para adquisicion de datos

Cuando el coordinador recibe datos de algun nodo de la red, este los transmite
via USB a una computadora personal que almacena y grafica las diferentes sefales. El
programa para recibir los datos del coordinador fue desarrollado utilizando el
compilador Builder C++ version 6.0. Al ser software libre se puede emplear a nivel

comercial sin tener que pagar regalias a la empresa que lo desarrolld.

El programa basa su funcionamiento en un hilo informatico que se mantiene a la
escucha del puerto serie (RS-232 para esta aplicacién). De manera que si llega algun
dato este se encuentra listo para procesarlo y almacenarlo. El programa de adquisicion
recibe datos de tres nodos diferentes, y genera un archivo de texto (*.TXT) para cada
nodo, en estos archivos almacena las mediciones de los sensores primarios y tras
transcurrir 1024 mediciones guarda también las estimaciones de los procesos
fisioloégicos realizadas por el FPGA. El algoritmo comienza reconociendo el byte
identificador de cada nodo (0x0001, 0x0002 y 0x0003), posteriormente recibe en
formato hexadecimal las mediciones de cada sensor y realiza las operaciones

necesarias para convertirlas a formato entero con 4 decimales.

El software es portable y no requiere la instalacion de ningun programa para su
ejecucion, basta ejecutar la aplicacion Plant DatalLogger V2.0.exe para que se
despliegue la interfaz grafica de usuario y tras comenzar a adquirir datos, generar los

archivos de texto en la misma carpeta donde se encuentra la aplicacion. Es importante
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sefalar que por estar compilado en una plataforma libre, el software disefiado puede
ser usado a nivel comercial sin tener que pagar regalias a la empresa desarrolladora.
En la figura 3.6 se observa la interfaz grafica del software inquisidor de dato donde
cada columna presenta la informacion de un nodo, permitiendo asi ver en tiempo real
las mediciones de los sensores primarios, la muestra actual, el ciclo de medicion y el
identificador de cada nodo. Esto facilita la deteccion de fallas en sensores o en el nodo

completo.
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Figura 3.6 — Software para adquisicion de datos. Se disei6 utilizando Builder C++ V6.0, muestra
de manera simultanea las lecturas de los sensores de los tres nodos que integran la red, ademas
de la muestra actual para cada ciclo y el byte identificador de cada fitomonitor.

.5 Calibracién y validaciéon de sensores de sensores
Debido a que la confiabilidad de las estimaciones realizadas por el sensor

inteligente depende en gran medida de la integridad de las lecturas de los sensores
primarios, fue necesario realizar una validacion de los sensores de CO, con una

referencia, en este caso de 1100 ppm. Esta prueba fue necesaria porque los sensores
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de CO2 son los que presentan la mayor componente de ruido. Como se puede
observar en la Figura 3.7a, las primeras 512 muestras corresponden a la referencia de
CO2 mientras que las siguiente 512 muestras corresponden al aire al interior de un
invernadero cerrado y sin plantas. Esta prueba se repiti6 en 16 ocasiones durante el
mismo dia. Finalmente se realizdé un Analisis de Varianza (ANOVA) con los promedios
de cada ciclo de medicion. Esto con el propdsito de evaluar la respuesta de cada
sensor ante una referencia comun. El valor de a para esta y las demas pruebas en este
trabajo fue de 0.05 (6 95% de confianza). El valor resultante de p fue de 0.2205, este
valor es mucho mayor que el umbral 0.05 que representa el limite superior para
considerar diferencias estadisticas entre tratamientos (Goodman, 1999). De esta
manera, el valor resultante de p significa que las lecturas de cada nodo ante una
referencia no presentan diferencias estadisticas significantes, ademas, como puede
observarse en la Figura 3.7b, solo existen dos valores fuera del intervalo de confianza.
Las medias del analisis fueron de 1098.4, 1098.3 y 1098.3 ppm con desviaciones

estandar de 4.49, 4.31 y 4.67 ppm para los nodos 1, 2 y 3 respectivamente.
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Figura 3.7 — Prueba de validacion de los sensores de CO,. (a) Un ciclo de monitoreo con
referencia de 1100 ppm de CO.. (b) Resultados del Analisis de Varianza.

1.6 Calibracién por estrés quimico
La ultima prueba realizada para validar el correcto funcionamiento de los

dispositivos se realizé utilizando un herbicida funcional que dafie el fotosistema Il de las

plantas inhibiendo de esta manera la asimilacién de CO.y por tanto la fotosintesis neta.
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El herbicida utilizado fue Sencor 480 SC (compuesto activo METRIBUZIN) de la
compania Bayer Crop-Science. La dosis utilizada fue 1 ml de herbicida disuelto en 1
litro de agua. Las plantas del tratamiento fueron asperjadas con 100 ml cada una. El

monitoreo se llevo a cabo 10 minutos después de la aplicacion.

Los resultados ilustrados en la Figura 3.8 muestran como las plantas estresadas
por el herbicida (PS1 y PS2) detuvieron su actividad fotosintética, mientras que la
planta de referencia PR muestra una actividad fotosintética normal y coherente con la
radiacion monitoreada y expresada con la sefal amarilla (Rad). Finalmente es
importante aclarar que las sefales han sido normalizadas para graficarlas bajo la
misma escala. Estos resultados comprueban el correcto funcionamiento de los equipos
de fitomonitoreo ya que las estimaciones para las plantas PS1 y PS2 son muy
similares, a pesar de ser en diferentes plantas y con diferentes equipos de monitoreo.
Por su lado la senal de la planta de referencia PR se mantuvo coherente de acuerdo a

la radiacion incidente.

Fotosintesis (umol/nf/s)

5 6 7 8 9

4
—PSs1 PS2—PR  Rad Tiempo (horas)

Figura 3.8 — Resultados de estimacion de fotosintesis en plantas con herbicida. Las sefales en
verde y rojo corresponden a plantas con herbicida, la sefal azul es la planta de referencia y la
amarilla representa la radiacion. Todas las senales han sido normalizadas.

lll.7 Diseino del experimento

El experimento se llevd a cabo durante el 2013 en un invernadero de
investigacion localizado a una altitud de 54 msnm en la Universidad Autébnoma de
Sinaloa, Escuela de Biologia. Culiacan Rosales, Sinaloa, México (24°48'0" N, 107°

23'0" W). El invernadero utilizado es del tipo Quonset y tiene una superficie de 50 m?,
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estd equipado con un control de temperatura comercial y un sistema de riego (ver
Figura 3.9). Para la experimentacién se emplearon plantas de tomate del mismo
genotipo, variedad Raffaello (Solanum Iycopersicum L.), el cual es una variedad

indeterminada, resistente a enfermedades y plagas y apropiada para su cultivo bajo

invernadero.

N

! /i
— Nodos de
fitomonitoreo

Fuentes de
poder

Figura 3.9 — Instalacion del sistema de deteccidon de sequia en un experimento bajo condiciones
reales de operacion.

El disefio del experimento fue del tipo unifactorial con dos niveles. El factor de
variacion fue el contenido de agua en el sustrato. Los niveles fueron capacidad de
campo (CC) y sequia. Se emplearon cinco unidades experimentales por tratamiento.
Se emplearon tres fitomonitores para medir la respuesta de las plantas a los diferentes
niveles de estrés hidrico (dos para sequia y uno para la planta de referencia). Variables
primarias como temperatura y humedad relativa del aire, temperatura de la hoja,

radiacion y déficit de presiéon de vapor fueron monitoreadas durante un mes. También,

44



METODOLOGIA

respuestas fisiolégicas como fotosintesis, transpiracion, conductancia estomatica,
diferencia de temperatura aire-hoja fueron estimadas on-line, in-situ durante el mismo

periodo.

El trasplante de la plantas se llevd a cabo 30 dias después de la germinacion
cuando las plantas tenian 6 hojas verdaderas. Se trasplantaron en macetas de 1.5 litros
llenas de tezontle, el tezontle se cribd para homogenizar su granulometria a
aproximadamente 605 kgm'3 de densidad aparente y asi evitar variaciones por
diferentes tamanos de grano de sustrato. Para el riego se utilizd solucidén nutritiva

Steiner inyectada por el sistema de riego.

Las plantas se mantuvieron bajo estas condiciones durante 10 dias mientras
alcanzaban un tamafio de hoja apropiado para las mediciones. Posteriormente se
adquirieron sefiales con los fitomonitores durante 3 dias (periodo de referencia) y a

partir del sexto dia comenzé la induccion del estrés hidrico.
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IV RESULTADOS Y DISCUSION

IV.1 Resultados del filtrado digital

La Figura 4.1 muestra las mejoras en la calidad de las sehales después de las
etapas de filtrado. En la figura 4.1a se puede apreciar facilmente la cantidad de ruido
presente en la sefal de CO,, consecuentemente la estimacion de fotosintesis es
demasiado ruidosa (Figura 4.1b). Sin embargo, se observa como las etapas de filtrado
mejoraron la calidad de las sefales de concentracion de CO, en la Figura 4.1c y la

fotosintesis estimada en la Figura 4.1d.
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Figura 4.1 — Resultados del filtrado digital en la estimacion de fotosintesis. a) Sefal de CO, sin
filtrar, (b) estimacién de P, basada en sefales en bruto, (c) senal de CO; filtrada y (d) estimacion
de P, basada en senales filtradas.

La Figura 4.1 muestra los resultados de uno de los tres nodos, sin embargo, se
obtuvieron resultados muy similares para demas nodos de la red de sensores.
Posteriormente se procedid a realizar una correlacién de Pearson entre las sefiales de
fotosintesis contra la radiacion solar recibida por la planta, este analisis se realizo para
cuantificar cuanto mejoraba la estimacion de procesos una vez que las sefales
primarias habian sido filtradas de manera digital. Los resultados del analisis presentado
en la Tabla 4 sugieren que el comportamiento de P, estimada con sefiales no filtradas

no corresponde con el patrén de radiacion percibida. En contraste, se encontré una
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mejor correlacion entre la sefial de Rad y la sefial de P, estimada con base en sefiales
primarias filtradas digitalmente (diezmado por promedio y filtro Kalman). En la Tabla 4,
la variable fotosintesis con el subindice osk es la sefial estimada con sefales primarias
previamente filtradas. Los valores de correlacion corresponden a la columna de R,
mientras que los valores p por debajo de 0.05 confirman la existencia de correlacion
entre las sefales.

Tabla 4.1 — Resultados del analisis de correlacion de radiacion contra fotosintesis. La fotosintesis

con el subindice osk corresponde a la estimacion con base en senales primarias filtradas
digitalmente.

Variables Fotosintesis — Radiacion Fotosintesis,sx — Radiacion

Coeficientes R p R p
Nodo 1 0.0672 0.0515 0.5146 <0.0001
Nodo 2 0.2023 <0.0001 0.5307 <0.0001
Nodo 3 0.1027 0.0028 0.6557 <0.0001

IV.2 Senales ambientales

Debido a que el experimento se llevd a un invernadero comercial, las variaciones
espaciales del microclima provocan cambios en los procesos fisiolégicos, incluso para
plantas bajo un mismo tratamiento de estrés hidrico. Por lo tanto fue necesario
monitorear las variables relacionadas con el microclima del invernadero para entender
los cambios en los procesos fisioldgicos de la plantas. La Figura 4.2 ilustra las variables
ambientales mas importantes dentro del invernadero en tres posiciones diferentes
(posiciones que corresponden con la ubicacién de las plantas monitoreadas). La Figura
4.2a muestra las lecturas obtenidas para la radiacion durante el experimento. Esta
variable es de especial interés porque modifica las variables temperatura (4.2b), VPD
(4.2c) y humedad relativa (4.2d) del aire dentro del invernadero y por lo tanto la
transpiracion de las plantas. Ademas, la fotosintesis es mas sensible a esta variable

qgue a cualquier otro factor.
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Figura 4.2 — Lecturas del clima dentro del invernadero en las posiciones de los Nodos 1, 2 y 3 de
la WSN. (a) Radiacion solar, (b) temperatura del aire, (c) déficit de presion de vapor y (d) humedad

relativa.

Las diferencias entre las mediciones de cada no varian durante el dia, pero

mantienen un patrén regular donde el nodo 3 registra una temperatura mas alta y

condiciones de aire mas secas. Como se observa en la Figura 4.3, este fenomeno esta

relacionado con la cantidad total de radiacion recibida en este punto del invernadero.

Esta figura ilustra como el invernadero presenta diferencias espaciales provocadas

principalmente por su propia geometria y ubicacion. Este aspecto es importante porque

ayuda a entender cambios subitos en las sefales de transpiracién y fotosintesis
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adquiridas por el sistema. Finalmente es importante aclarar que la radiacién recibida de
aproximadamente 175 W/m? es apropiada para el cultivo de tomates de la variedad

Rafaello (Vazquez-Cruz et al., 2012).
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Figura 4.3 — Imagen ampliada de dos dias de radiacion.

IV.3 Senales de procesos fisiologicos

La metodologia para inducir el estrés fue la siguiente: Los primeros dos dias
corresponden a un periodo de estabilizacion del monitoreo donde las plantas fueron
regadas a capacidad de campo (10 kPa); en el tercer dia, la irrigacién fue suspendida
para que dos plantas alcanzaran condiciones de sequia de suelo de 30-40 kPa.
Entonces, el dia siguiente estas plantas se rehidrataron para evitar alcanzar el punto de
marchitez permanente (PMP). El tratamiento de sequia se reanuda después de un dia
de rehidratacion para las planta bajo estrés. El experimento duré 19 dias. Como se
observa en la Figura 4.4, las sehales en colores rojo y verde corresponden con las
plantas bajo tratamiento de estrés por sequia (PS1 y PS2 respectivamente). La sefal
de color azul representa la planta de referencia que se mantuvo irrigada a capacidad de
campo o 10 kPa. El fondo color azul claro corresponde con los dias de irrigaciéon
mientras que el fondo color naranja corresponde a los dias donde las plantas bajo
estrés dejan de recibir agua. Finalmente, las flechas de la figura sirven para indicar
cuando se suspendio y reanudo para la planta de referencia al final del experimento. La
flecha café indica interrupcion del riego, y la flecha azul ubicada dos dias después

indica reanudacion del riego.
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Figura 4.4 — Senales de procesos fisiolégicos. (a) Fotosintesis, (b) transpiracion, (c) conductancia
estomatica y (d) diferencia de temperatura aire-hoja.

relacionada con el estado de la planta (P,, E, gs, and LATD).
fotosintesis no fue sensible a estadios tempranos de sequia. En la Figura 4.4a, las

La figura 4.4 contiene las sefiales fisioldégicas que proporcionan informacion mas
Como se esperaba, la
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diferencias de fotosintesis entre la planta de referencia RP y los tratamientos PS1 y
PS2 son observables hasta el tercer periodo de sequia alrededor de la hora 225. Sin
embargo, después del cuarto periodo de sequia alrededor de la hora 400, la actividad
fotosintética de las plantas PS1 y PS2 no se recupera incluso después de ser
rehidratadas. Este comportamiento se puede explicar debido a que los periodos de
sequia generan estrés oxidativo acumulativo en las hojas dafiando el Fotosistema Il de
manera permanente con especies reactivas del oxigeno (Aroca, 2012a; Sharma et al.,
2012).

Los senales de la Figura 4.4b muestran respuesta temprana de la transpiracién a
los tratamientos de sequia. Sin embargo, el comportamiento mas interesante aparece
al final del experimento encerrado en la elipse de color negro. Aqui se muestra una
tasa de transpiracion negativa de baja amplitud. Esto indica que la planta esta tomando
vapor de agua del aire en lugar de expulsarlo a través de la hoja hacia la atmosfera.
Este mecanismo de defensa se observa en plantas bajo condiciones severas de estrés
por sequia (Beebe et al., 2013). Por otro lado, las sefales de conductancia estomatica
(Figura 4.4c) presentan diferencias mas notables entre tratamientos comparadas con
Pn. Incluso en el primer dia de sequia, las plantas PS1 y PS2 presentan una caida
repentina en gs. Este comportamiento concuerda con la teoria que establece que el
cierre estomatico y la reduccion de gs son las primeras lineas de defensa que las
plantas usan para reducir la perdida de agua. También esta establecido que este
comportamiento estda mas relacionado con las sequia en raices que con el contenido de
agua en las hojas (Aroca, 2012b). El decremento mayor de gs en el tercer periodo de
sequia puede estar relacionado con un decremento en la conductancia mesofilica gnm

por que las hojas se estan preparando para condiciones de sequia mas severas.

La Figura 4.4d ilustra las diferencias de temperatura entre el aire y la hoja de la
plantas. En esta figura, la sefial amarilla representa el dia durante el cual la variable
LATD debe ligeramente positiva o igual a cero. Este es un comportamiento normal en
plantas sanas bien regadas por que la temperatura de la hoja T, debe ser menor a la
temperatura del aire T,. Sin embargo, si las plantas estan bajo condiciones de sequia,

la Tiear €S mayor que T,. Esta tendencia es claramente observable en la Figura 4.4d, ya
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que una vez que se suspende el riego las senales presentan lecturas negativas. Esta
tendencia esta marcada con las lineas puenteadas de color negro. Sin embargo, a
pesar de estar sometidas al mismo tratamiento, PS2 siempre presentdé una mejor
tolerancia al estrés por sequia que PS1. Esto se puede observar en la Figura 4.4d
porque la linea roja siempre presentd cambios negativos mayores en el LATD. Por otro
lado, la planta de referencia PR siempre mostro un comportamiento estable con lectura
cero o positivas hasta que el riego se suspendié alrededor de la hora 330. Después de
este punto, una clara caida en el LATD se observa los siguientes dos dias en que la
planta no fue regada. Después de la rehidratacion en la hora 375, el LATD de la planta

PR regreso lentamente a cero y a tener valores positivos.

Finalmente, es importante mencionar que las plantas del tratamiento de sequia
PS1 y PS2 presentaron una reduccion en altura comparadas con la planta de
referencia. Al final del experimento las plantas bajo estrés hidrico mantuvieron una

altura del 80% de las plantas no estresadas.

IV.4 Andlisis con Transformada Wavelet Discreta (DWT)

A pesar que la Figura 4.4 proporciona informacidon importante sobre los efectos
de la sequia en plantas, el analisis requiere informacion de al menos dos dias para
observar un patréon de comportamiento util para tomar decisiones. El problema con
realizar una comparacion para un solo dia esta limitado por la cantidad de ruido
presente en la sefales (principalmente para P,y gs), esto incluso después de filtrar las
sefales primarias con los filtros digitales antes descritos. Otro problema importante es
que las variaciones en las condiciones del cultivo, principalmente de radiacion a lo largo
del invernadero pueden provocar que plantas bajo un mismo tratamiento respondan
diferente. Este problema se atendid utilizando la Ecuacion 17 descrita anteriormente.
De esta manera, si plantas bajo un mismo tratamiento reciben diferente radiacion solar,
las diferencias en las variables en respuesta se reduciran permitiendo realizar una

comparacién mas confiable. Esta metodologia fue util en las senales de P,, E'y gs ya
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que presentaban una componente de ruido mayor comparadas con las sefales VPD o
LATD.

Como se puede observar en la Figura 3.4, después del proceso de
normalizacion las senales fueron analizadas utilizando la Transformada Discreta
Wavelet (DWT). En un experimento preliminar, varias DWT se ejecutaron con varias
configuraciones para explorar cual era la que extraia la informacién de las sefiales.
Finalmente, la DWT utilizada para filtrar las senales de la Figura 4.5 utiliza una ondeleta
madre tipo Daubechies db40 en nivel A2 el cual rechaza sefales fuera del ancho de
banda de 0 a 0.27 mHz. Este criterio se seleccion6 porque ondeletas madre de nivel
mas bajo rechazaban informacioén relacionada con cambios subitos (generados por
cambios en radiacion). Ademas, la ondeleta db40 requiere menos recursos
computacionales que otras ondeletas como las Symmlets. El analisis en alta frecuencia
(niveles D) no es reportado en este manuscrito ya que no se encontrd patron alguno
que pueda usarse para analizar el fendomeno de sequia. Esto puede ser consecuencia
de la baja frecuencia de muestreo del sistema propuesto. Finalmente, las versiones
nuevas de P, correspondientes a la Figura 4.5a presenta un reduccion en la
componente de ruido de alta frecuencia comparado con la Figura 4.4a, sefal que
incluso después de las etapas de filtrado digital mantiene un relacion sefal ruido muy
alta. Esta componente puede ser un alias de la frecuencia generada por el mismo
sensor de CO,. Sin embargo, después de utilizar la DWT como un etapa extra de
filtrado, esta componente de ruido se redujo permitiendo realizar una analisis

comparativo a lo largo de un solo dia.
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Figura 4.5 — Wavelets de los indices Procesos/Radiacion. (a) Fotosintesis, (b) transpiracién, and
(c) conductancia estomatica.

Ademas, con el objetivo de evitar eliminar informacion relacionada con la
respuesta de la planta y tomando en cuenta que fotosintesis esta mas fuertemente
relacionada con la radiacion que con cualquier otra variable, una correlacion de
Pearson se realizé para comparar estas variables antes y después del procesamiento
con la DWT. Los resultados de correlacién presentados en la Tabla 4.2 apoyan la idea
de que la DWT elimina el ruido presente en la sefal de fotosintesis pero mantiene la
informacion relacionada con el proceso fisioldgico en si. Como se puede observar en
ésta Tabla, la correlacion entre P, y Rad incremento cuando la P, es filtrada con la

DWT. Solo en el nodo 3 no se repitidé este patron. Sin embargo, el decremento en este
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caso no es significativo. Esta tabla también presenta los resultados de la hipotesis de

no correlacion donde los valores p sugieren que la hipétesis de nulidad es rechazada.

Tabla 4.2 — Resultados de las correlaciones de Fotosintesis contra Radiaciéon con y sin filtrado
Wavelet (DWT).

Variables Fotosintesis,sx — Radiacion Fotosintesispwt — Radiacion

Coeficientes R p R p
Nodo1 0.5146 <0.0001 0.5600 <0.0001
Nodo 2 0.5307 <0.0001 0.5574 <0.0001
Nodo 3 0.6557 <0.0001 0.6308 <0.0001

Finalmente, con el objetivo de entender el impacto de la sequia sobre el
desarrollo de las plantas a largo plazo, se propuso el indice llamado en este trabajo
Balance de Carbono en Tiempo Real (RT-CB), el cual esta basado en la integral de P,.
Como se puede observar en la Figura 4.6, durante el dia el RT-CB se incremente pero
se detiene o decrece un poco durante las noches. Este comportamiento es resultado de
las actividades fotosintéticas y de respiracion de la planta; pero como es indicado por
las elipses, cuando las plantas son somitas a sequia el RT-CB se mantiene constante
hasta el dia de rehidratacién de la planta. Es importante aclarar que el primer periodo
de sequia no afecto significativamente la respuestas de las plantas y que los resultados
aparecen hasta el dia dos de la sequia. Durante los dias de rehidratacion
correspondiente a las horas 75, 175 y 275, las plantas recuperaron su actividad
fotosintética. Sin embargo, las plantas PS1 y PS2 no se recuperaron después del
cuarto periodo de sequia, incluso cuando las plantas se regaron nuevamente
aproximadamente en la hora 380. En este punto el indice RT-CB mantiene una
tendencia negativa que significa que la actividad fotosintética se detuvo y que la
respiracion se incrementa produciendo perdida de material seca. La Figura 4.6 también
muestra el comportamiento exponencial de la fotosintesis conforme la planta crece.
Porque alrededor de la hora 275 de la experimentacion, el RT-CB registré un

incremento importante para la planta de referencia PR. Sin embargo esta tendencia
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cambio cuando se suspendié el riego a esta planta. El primer dia de escasez de agua
indicado por la fleca café no hubo cambios en la respuesta de la planta. Sin embargo,
el dia siguiente se presentd una caida abrupta en la asimilacion de Carbono. Esta

tendencia continuo hasta que la irrigacidén se reanudo el dia marcado por la flecha azul.
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Figura 4.6 — Balance de Carbono en Tiempo Real (RT-CB).

IV.5 Conclusiones y perspectivas

En la presente investigacion se desarrollé un sensor inteligente para monitorear
variables primarias en plantas y con base en estas mediciones estimar procesos
fisiolégicos como fotosintesis, transpiracion y conductancia estomatica. El experimento
realizado demostré las capacidades del sistema para detectar estrés inducido por
sequia en plantas de tomate. Ademas se comprobd que el sistema puede operar bajo
condiciones operativas reales (condiciones de invernadero). Sin embargo, si el sistema
se quiere utilizar en campo abierto se tienen que realizar algunas consideraciones,
principalmente por la radiacion solar directa y la lluvia que pueden dafiar el equipo. No
obstante, es importante aclara que este es un primer prototipo que puede mejorarse a
fututo. Otra consideracién importante es el disefio de la camara foliar y el estrés

mecanico y térmico que genera en las hojas que son aisladas para la medicion.
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Durante el experimento fue necesario cambiar las hojas de manera periddica, sin
embargo, los periodos fueron de tres dias durante los cuales no se aprecié dafo en las
hojas, esto se debe a que la camara foliar esta construida con una combinacion de
acrilico y Nylamid, estos materiales no se sobrecalientan bajo la radiacion solar como lo

hacen las camaras foliares de aluminio utilizadas en equipos comerciales.

Ademas, se utilizé la Transformada Wavelet Discreta en conjunto con un indice
que ajusta las estimaciones de acuerdo a las condiciones del microclima particulares
para cada planta dentro del invernadero. Esta metodologia resulto util ya que permitio
realizar comparaciones entre tratamiento para datos se un solo dia, esto es importante
ya que el analisis convenciones requiere lecturas de varios dias para poder encontrar
patrones de comportamiento asociados al estrés por sequia. También, el indice RT-CB
proporciona una alternativa para monitorear el desarrollo del cultivo sin necesidad de
utilizar analisis de laboratorios invasivos donde la muestra de la planta se tiene que
destruir. Asimismo, el indice RT-CB proporciona informacién sobre condiciones de
crecimiento irregular en los cultivos como las ocasionadas por la sequia. Finalmente, la
metodologia de procesamiento digital de sefiales implementada con el sistema de
intercambio de gases es una alternativa para detectar y monitorear condiciones de
sequia en plantas bajo condiciones operativas reales. Ademas, esta metodologia se
puede utilizar para propésitos de filtrado en aplicaciones de agricultura de precision
donde la relacion sefal-ruido es alta (aplicaciones como fluorescencia de clorofila o
sensores de impedancia). Finalmente, esta metodologia se podria utilizar para explorar

propiedades de una gran variedad de senales en el dominio del tiempo-frecuencia.
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Abstract

Today agriculture is changing in response to the requirements of modern society, where ensuring food supply through
practices such as water conservation, reduction of agrochemicals and the required planted surface, which guarantees
high quality crops are in demand. Greenhouses have proven to be a reliable solution to achieve these goals; however,
a greenhouse as a means for protected agriculture has the potential to lead to serious problems. The most of these are
related to the inside greenhouse climate conditions where controlling the temperature and relative humidity (RH) are
the main objectives of engineering. Achieving appropriate climate conditions to ensure high yield and quality crops
reducing energy consumption have been the objective of investigations for some time. Different schemes in control
theories have been applied in this field to solve the aforementioned problems. Therefore, the objective of this paper is
to present a review of different control techniques applied in protected agriculture to manage greenhouse climate con-
ditions, presenting advantages and disadvantages of developed control platforms in order to suggest a design method-
ology according to results obtained from different investigations.

Additional key words: controller; conventional control; optimal control; precision agriculture; protected agriculture.

Resumen

Revision. Ventajas y desventajas de los sistemas de control climatico aplicados en agricultura de precision

Hoy en dia la agricultura esta cambiando de acuerdo a las necesidades de la nueva sociedad. Las nuevas tendencias
son asegurar la produccion de alimentos a través de practicas tales como ahorro de agua, reduccion en el uso de agro-
quimicos y el espacio requerido para sembrar los cultivos mientras se garantiza la alta calidad de los cultivos. Los
invernaderos han demostrado ser una solucidn viable para garantizar estos objetivos. Sin embargo, el uso de un inver-
nadero conlleva serios problemas. Los mas importantes estan relacionados con las condiciones del microclima dentro
del invernadero, donde el objetivo de la ingenieria es controlar la temperatura y humedad relativa (RH). Alcanzar las
condiciones adecuadas del microclima para garantizar la alta productividad y calidad de los cultivos mientras se redu-
cen los consumos de energia ha sido el objetivo de diversos investigadores a través del tiempo. Diversos esquemas de
teoria de control han sido aplicados con el objetivo de resolver los problemas antes mencionados. Por lo tanto, el ob-
jetivo de este articulo es presentar una revision de las diferentes técnicas de control aplicadas en agricultura de preci-
sion para manejar las condiciones del microclima del invernadero, presentando las ventajas y desventajas de los siste-
mas desarrollados con la finalidad de proponer una metodologia de disefio de acuerdo a los resultados obtenidos de las
diferentes investigaciones.

Palabras clave adicionales: agricultura de precision; agricultura protegida; control 6ptimo; controlador; con-
trol convencional.
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Introduction

A greenhouse is an enclosed space that creates a
different environment to that found outside due to the
confinement of the air and to the absorption of short-
wave solar radiation through a plastic or glass covers
(El Ghoumari et al., 2005). This generates a new envi-
ronment inside the greenhouse which is better known
as microclimate. The greenhouse microclimate can be
manipulated by control actions, such as heating, ven-
tilation, CO, enrichment to name a few; in order to
provide appropriate environmental conditions (Bennis
et al., 2008). These modifications imply additional use
of energy in the production process. Furthermore, it
requires a control system that minimizes the energy
consumption while keeping the state variables as close
as possible to the optimum crop physiological reference
(Coelho et al., 2005). Horticulture in greenhouse con-
ditions is a rapidly expanding interest and is conse-
quently increasing in its economic and social impor-
tance.

Many efforts have been made to develop advanced
computerized greenhouse climate control systems. In
particular, interesting and important optimal control
approaches have been proposed (Ioslovich et al., 2009).
As was previously reported, crop production using
controlled environments has several advantages over
conventional crop production such as greater productiv-
ity, better product quality, and low water and fertilizer
consumption. Nevertheless, environmental require-
ments for living systems are very complex and nonlin-
ear. Furthermore, the biological system likely has a
significant and multiple effects on its physical sur-
roundings (Pasgianos et al., 2003). Researchers have
used many control techniques in different fields. From
the conventional or sometimes referred to as classic

control theory such as: proportional, integral and de-
rivative (PID) controllers, artificial intelligence (Al)
such as fuzzy logic systems (FLS), artificial neural
networks (ANNs) and genetic algorithms (GAs) to
advanced techniques like predictive, adaptive, robust
and non-linear control (Castafieda-Miranda et al.,
2006). The aforementioned control techniques have
been widely utilized on research (Trabelsi ef al., 2007;
Bennis et al., 2008).

In this review, updated information is provided about
modern methods to control the greenhouse environ-
ments which can be taken into account as criteria to
design new greenhouse microclimate control systems.
The paper is divided in four sections, the first focuses
on the different control theories applied to design cli-
mate control systems for protected agriculture. The
second section is an overview of the technology plat-
forms where the controllers were implemented. The
third section discuses new tendencies in the develop-
ment of environmental controllers for protected agri-
culture. Finally, in the last section the conclusions are
presented.

Control theories applied in
greenhouse climate control systems:
An analysis of advantages and
disadvantages

Different research has been conducted regarding
climate control for protected agriculture applications.
The primary objective of these investigations is to find
an accurate model that represents the greenhouse en-
vironmental dynamics and an efficient and flexible
controller that adjusts the microclimate variables of

Abbreviations used: AGA (annealing genetic algorithm); Al (artificial intelligence); ANN (artificial neural network); DIF (difference
between average day temperature and average night temperature); DSP (digital signal processor); FL (feedback linearization); FLS (fuzzy
logic system); FPGA (field programmable gate array); GA (genetic algorithm); MIMO (multiple-imput-multiple-output); MPC (model
predictive control); PC (personal computer); PD (proportional derivative control); PDF (pseudo-derivative-feedback); PI (proportional
integral control); PID (proportional integral and derivative control); PMP (pontryagin’s maximum principle); PSO (particle swarm
optimization); RH (relative humidity); SCS (sequential control search). Nomenclature: 4, (covered ground surface, m); 4, (roof
to soil rate, m* m?); C (greenhouse heat capacity, ] K' m?); C, (air specific heat, ] K™ kg™); e; (internal mean vapour pressure,
Pa); e(¢) (error); E(s) (Laplace error representation); G (outside short-wave radiation, W m?); 1, (leaf area index, m* m); K; (integral
gain); K, (derivative gain); K, ., (heat loss coefficient from greenhouse air to outside air); K, (proportional gain); g, (heat input,
W m?); r, (stomatic resistance, s m'); r, (aerodynamic resistance, s m'); s (Laplace transform parameter); ¢ (time, s); 7. (crop
temperature, K); 7, (adjustment coefficient); T (internal air temperature, K); 7, (ground temperature, K); 7; (adjustment coefficient);
T, (external air temperature, K); 7, (roof temperature, K); u(z) (process input); U(s) (Laplace input representation); V;(greenhouse
air to soil area rate, m* m?); x; (internal absolute humidity, kg m™); x, (soil absolute humidity, kg m~); x, (external absolute humidity,
kg m~); y(¢) (process output); y,(¢) (setpoint or desired process output); a.; (convection heat transfer coefficient, W m2). Greek
letters: y (thermodynamic constant, Pa K); J (leaf slope, Pa K); ¢, (ventilation rate, m* s™'); 5 (radiation conversion factor); A (water
vaporization energy); p, (air density, kg m). Superscripts: * indicates that considered quantity is saturated at vapour pressure.
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interest. This problem has been the focus of many re-
searchers worldwide who have analyzed, experiment-
ed and proposed many climate control systems in order
to manipulate variables such as temperature, relative
humidity (RH), CO, enrichment, radiation and many
others that are necessary to generate the fundamental
conditions for successful protected agriculture.

Since most control theories require the mathematical
model of the system for tuning and simulating the pro-
posed algorithms, different greenhouse models have
developed. It includes simple models that only describe
air temperature to detailed models that even involve
crop response. The traditional greenhouse climate
models are based on energy and mass balances (Setia-
wan et al., 2000).

A model based on aforementioned balances over an
elementary volume of greenhouse air was proposed by
Arvanitis ef al. (2000). Here, air temperature is repre-
sented by a differential Eq. [1]:

ar, 1
7=E[Kout,air(To_TG)+qh] [1]

where the 7§ is the greenhouse internal air temperature,
Cthe greenhouse thermal capacity, K,,, . is the heat
loss coefficient from greenhouse air to outside air. 7,
is the external air temperature and ¢, is the heating
power.

Recently, more detail models have been used for
control proposes (Castafieda-Miranda et al., 2006).
Those models involve almost all variables that influ-
ence the greenhouse behavior.

s _
dt [2]
=G+ 0, [ AT -5+ 2, (1~ T)+(T,~T) |- p,C, (T, - 1)+,

dx,
Ve, Tltl =
[3]

o 0-3)

_ 1 2p, 9
4
¢

. . 1.
1 }’(rs+ra)[5 (I-T;)+(e 'ex)]*'%*(xg—xi)

CF

In Egs. [2] and [3], 7. is the crop temperature, 7, is
the ground temperature, 7, is the roof temperature, x; is
the internal absolute humidity, x,is the external abso-
lute humidity, x, is the soil absolute humidity, e;is the
internal mean vapour pressure, C, is the air specific
heat, V; is the greenhouse air to soil area rate, A,is the
covered ground surface, 4, is the roof to soil rate, 7, is

the stomatic resistance, r, is the aerodynamic resist-
ance, G is the outside short-wave radiation, /;,is the
leaf area index, a.;is the convection heat transfer coef-
ficient, ¢ is the leaf slope, p, is the air density, 4 is the
water vaporization energy, # is the radiation conversion
factor, y is the thermodynamic constant, ¢, is the ven-
tilation rate and ¢ is the time in s. The superscript *
indicates that consider quantity is at saturated vapour
pressure.

Finally, models that consider greenhouse-crop in-
teraction and complex processes such as photosyn-
thesis or transpiration have been developed (Van
Straten et al., 2000). By this way, the greenhouse
system can be represented concisely in a space state
form as:

)'cg = fg {qgm {xg,um,ua }, G {xg,um,ua }, G {xg,x,,,um }, qgc{xg,xf,ua}} [4]
X, = fb{ng {xg>xb’um}} [5]
X, =f. {qgv {xg,x(,,uu }, G {xg,xc.}} [6]

Here, f{}s represent vector functions of the argument
between brackets; x,, x;, x.are the state vector of the
greenhouse (g), the storage buffers (non-structural
biomas) (b) and the crop (c), respectively; u,,, u, the
vectors of the manipulated control (m) and ambient (a)
inputs, respectively; .., g.., flux vectors representing
fluxes between the greenhouse and the ambient envi-
ronment (ga) and the operating equipment (gm),
respectively; g4, ¢,., fluxes between greenhouse and
buffer (gb) and between greenhouse environment
and crop (gc), respectively; g.., flux vectors related to the
internal greenhouse conditions x, and the crop states x.,
but not directly on the ambient conditions outside the
greenhouse. The state list typically consist of tempera-
ture, moisture content and carbon dioxide for green-
house atmosphere, temperatures for the storage buffers,
and various crop biomass states for the plans in the
greenhouse.

It is easy to find how models have been improved
in response to production schemes that require more
precisely methods to control the environment green-
house.

In this section, an analysis and classification of the
different control theories is presented. Establishing a
division between the controllers presented in current
literature is complicated, due to the variety and integra-
tion of diverse techniques used to solve the same prob-
lem. Fig. 1 shows a classification proposed dividing
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Figure 1. Greenhouse control theories classification.

greenhouse climate control task in two main fields. The
first one is usually called conventional control which
consists on control theories which try to control the
greenhouse environment just by reducing the deviation
between set points of the interest variables and meas-
ured values to zero. As examples of conventional con-
trol there are ON/OFF, PID, other classical controllers
and also paradigms of Al such as ANNs, FLS, GAs,
among others. The other field is optimal control, in
which the requirement is to consider aspects such as
greenhouse behavior, actuator capabilities, energy
consumption and mainly crop response as input param-
eters of the control process. Here, Expert systems and
Model Predictive Control (MPC) are the most common
techniques. However, aforementioned Al-based tech-
niques can be also considered as optimal control when
they consider input parameters such as crop responses
among others.

Conventional greenhouse climate control

The most representative component of this theory is
the PID (Ang et al., 2005); which is a feedback mech-
anism commonly used in industrial control systems
(Fig. 2). Therefore, it is necessary to explain each com-
ponent and action of the PID controller.

— Proportional (P) control: In certain cases having
a smooth control and an error that is almost zero in the

Fuzzy logic
systems (FLS)

networks (ANNs)

Genetic

algorithms (GAs)

Artificial neural | |

steady state is desired, where the proportional control-
ler is suitable for this type of plant since that a propor-
tional controller provides a control signal that is pro-
portional to the error, that is, it returns its input
multiplied by the proportional gain (X)), thus, the con-
trol signal is given as:

u(t)=Ke(r) [7]

e(t) =y, ()= y(1) [8]
and the transfer function is obtained by means of the
Laplace transform as:

U(s) _
E(s) "

[9]

— Integral action: When an integral action is imple-
mented, the integral of the error is added to the control
signal. If the error signal is large, then the control sig-
nal increases quickly, but if the error signal is small
then the control signal increases slowly. It is remark-
able that if the error approaches zero then the control-
ler output would remain constant. Due to this feature,
integral action can be used when a constant load is
present in the plant; even when no error is present, the
controller will keep on providing an output signal for
compensation.

— Proportional integral (PI) control: Since a pro-
portional control is not capable of compensating a load
in the plant without error, the integral action is neces-
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Figure 2. Block diagram of general PID controller.

sary. Integral action can compensate and provide a zero
error; the PI controller is given as:

u(t) =K e(t)+ K,.Je(t)dt - K, |:e(t) +%Je(z)dz] [10]

where T; adjusts the integral action and K, adjusts both
the integral and proportional actions. Its transfer func-
tion is given as:

- Ks+K, K (Ts+1
UGs) _ p+5: SHK K TsHD
E(s) s s Is

=X [12]

K

— Proportional derivative (PD) control: The goal of
a derivative controller is to provide a signal propor-
tional to the signal error change rate, causing derivative
action to be present only when there is a change in the
error signal. In other words, the derivative action in-
troduces damping to the system. The PD controller is
given as:

u(t)=K,e(t)+ K, ded(tt) K, |:e(t)+ T, dz(t’)] [13]

and whose transfer function is:

ggi; :Kp+KdS:Kp(TdS+1) [14]
Ky
=K [15]

— Proportional integral derivative (PID) control. By
combining the three different control actions a PID
controller is obtained by:

de(t)

u(t) = K, e(t)+ K,.je(z)dt K, 2 6]

and whose transfer function is:

2
UGS _ g (14t srs|=k [Tl t st L) 1o
E(s) r Ts r Ts

i

The PID controller is the most complete controller
available and the most resorted to since it provides a
quick response, a control signal that tends to provide
stability to the system and a minimum steady state
error. The PID controller is an important control tool
for industrial processes and only three gains have to be
tuned (Ogata, 2003; Dorf & Bishop, 2005).

Although the PID is the most utilized controller in
industry and it is widely accepted for agricultural ap-
plications, it is not the only solution for agricultural
problems. Occasionally it is not a good choice due to
the absence of a reliable mathematical model within
the system. Taking this into account, a climate control
system based in ON/OFF operation has been proposed
when the mathematical model is unknown, and this
complicates the tuning of the controllers. It manages
the times when actuators are turned on, and prevents
external climatic changes issues based on recorded data
(Ali & Abdalla, 1993). The aforementioned technique
was studied by Hooper & Davis (1988), who imple-
mented a controller based in an algorithm that modifies
the greenhouse heating setpoints depending on previ-
ously achieved temperatures. This technique has shown
good performance managing deviations in the setpoints
through soft changes. Hooper (1988) also presented an
integral greenhouse climate control by applying a mix-
ture of controllers, a PI controller applied in heating
and ventilation, and ON/OFF control applied for irriga-
tion, pH, electrical conductivity and nutrients manage-
ment. However, Setiawan ef al. (2000) reported that a
Pseudo-Derivative-Feedback (PDF) control presents
better performance than a PI for agricultural applica-
tion, due to the fact that PDF controls have better load
handling capability than PI controls. PDF control was
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better than PI for systems without time delay and sig-
nificantly better for systems with time delay.

It is easy to find current investigative work regarding
the field of greenhouse microclimate control; however,
reported results reveal that aforementioned techniques
are not the most adequate to solve the problems inher-
ent in greenhouses. The reason lies in the fact that the
model of a greenhouse is very complex and it has many
non-linearities; consequently, this has encouraged the
development of new control techniques that do not
require the greenhouse mathematical model (Sigrimis
et al.,2002).

In the past, the application of new and advanced
techniques for control was limited because of the lim-
ited computational power that was then available.
Controllers based on FLS, ANNs or GAs could not be
implemented in the former technological platforms due
to their high complexity. These unconventional tech-
niques based on soft computing and computational
intelligence are now gaining popularity in the field of
agriculture. Several soft-computing, such as ANNs and
knowledge-based systems have been implemented with
significant success (Soto-Zarazua et al., 2010).

FLS controllers are conceptually very simple; they
consist of an input stage, a processing stage and an
output stage. The first stage maps sensors and other
inputs to the appropriate membership functions and
truth values. The processing stage invokes the appropri-
ate rules and generates a result for each. Finally, the
output stage converts the combined results into a spe-
cific control output value. Furthermore, ANNSs is a
knowledge paradigm and automatic processing system
that attempts to imitate how the nervous system of
animals works. The principal advantage of this tech-
nique is that it does not require a model of the system.
The system is composed of neurons with propagation,
activation, and transfer functions that are intercon-
nected among them in an effort to reduce the error to
zero. GAs is a heuristic research that mimics the proc-
ess of natural evolution. This heuristic is routinely
utilized to generate solutions to optimization and search
problems. GAs generate solutions to optimize problems
using techniques inspired by natural evolution such as
inheritance, mutation, selection and crossover.

The relatively new field of evolutionary computing
has become increasingly popular in recent years due to
the development of powerful and low-cost computa-
tional systems. Because Al based systems have been
updated and improved, these techniques solve the main
problem of classic controls that being the identification

of the system which is commonly nonlinear (Caponet-
to et al., 2002).

The classical solutions proposed are generally based
on the linearization of the process behavior regarding
the operating points. Other research has been carried
out on this technique of linearization, not only dealing
with the operating points, but also by taking into con-
sideration all the input-output space to obtain several
local linear models. The major difficulty with this tech-
nique is the model transition. Indeed, many techniques
of modeling and identification based on FLS are often
used for these types of systems (Trabelsi et al., 2007).
Some controllers base their operation on the aforemen-
tioned paradigm, as proposed by Castaneda-Miranda
et al. (2006) who implemented a FLS on a field pro-
grammable gate array (FPGA) to control the tempera-
ture of the greenhouse microclimate or Kurata &
Eguchi (1990) who applied this theory in crop manage-
ment for protected agriculture.

Other systems which are classified in Al techniques
are knowledge-based systems, as the one proposed by
Gauthier & Guay (1990) which manages the climate
control and production. This system supports dynamic
optimization and continuous greenhouse monitoring.
The proposed prototype was designed using object-
oriented programming, obtaining good performance in
the problem area. These expert-systems have proven
to be a reliable alternative in greenhouse control ap-
plications. Jacobson et al. (1989) reported an expert
system to control misting. This system was based on a
strategy of an experienced grower. Gauthier (1992)
reported changes to this scheme in a system that sup-
ports various types of digital process controllers as well
as the creation and deployment of knowledge based
control strategies with the goal of being able to inter-
vene in a wide number of areas such as crop protection,
climate control, crop nutrition, operational and strate-
gic planning. This scheme received additional improve-
ments such as changing the heuristic knowledge of the
growers for data routinely collected in a commercial
greenhouse (Seginer et al., 1996).

Fuzzy systems achieved important results in the field
of climate control for protected agriculture. Moreover,
it is necessary to have reliable information of the sys-
tem behavior, and that is not sufficient with this re-
quirement a correct abstraction to create rules based in
heuristic and empiric knowledge of the grower’s expe-
rience is also necessary.

ANNSs have proven their strengths and flexibility to
adapt to non-linearities and unexpected parameters of
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the system. Their main disadvantage is that their
proper training requires large multi-dimensional sets
of data to reduce the risk of extrapolation and the un-
certainty about their response to inputs which differ in
relation to the training information. Therefore, mini-
mizing the dimensionality of the problem, both input
and state vectors become of paramount importance
(Seginer, 1997).

GAs as FLS and ANNs offer the ability to control
the system with a good performance without the re-
quirement to base their operation on plant identification
of the system. Although GAs represents a solution in
the control of nonlinear systems, the computational
requirements have limited its use in situ applications
until recently. The final conclusion is that the use of Al
based systems is justified in control problems where
the system plant is highly nonlinear or when the model
is not reliable or has not been identified.

Each control technique offers solutions for specific
problems. Unfortunately, a specific controller that deals
with the different characteristics and limitations pre-
sented in highly non-linear and complex systems of
greenhouse microclimate has not yet been found. Con-
sequently, hybrid models which combine different
control schemes have begun to appear.

Combinations of classical control theory with Al and
considerations of crop process have been demonstrat-
ed as promising. A demonstration of this was reported
by Pinon et al. (2005); he proposed a scheme for green-
house temperature control using the advantages of
combining Feedback Linearization (FL) and standard
linear MPC. The discussed hybrid control structure,
MPC + FL, offers a reliable solution of nonlinear con-
trol problems, transforming a non-linear greenhouse
system subject to input constraints, to an optimized
problem for a linear greenhouse system.

Optimal control

The advantages of using optimal instead of conven-
tional greenhouse climate control can be summarized
as follows. An optimal control approach to greenhouse
climate control fully exploits scientific quantitative
knowledge concerning the greenhouse, the greenhouse
equipment and the crop, captured all in a mathematical
dynamic model that deals with the problem of maximiz-
ing the profit, achieving welfare of the crop through
practices that minimizes production costs (Van Straten
etal.,2011).

In this section, climate controllers based on complex
algorithms are discussed. An analysis of MPC, real
time controllers, robust and non-linear control, feed-
forward and systems that take into consideration deci-
sion support tools to gain efficient temperature integra-
tion are presented. Also, a survey of reported methods
that considers morphological and physiological char-
acteristics of the crops is presented.

The need of guarantee yield and quality of green-
house crops has demanded stricter control of plant
climate; previously, controllers were utilized for the
sole purpose of adjusting the microclimate variables,
but with recently increasing costs of energy, an ap-
propriate controller that also considers the energy
consumptions is necessary. One example of this was
reported by Nielsen (1995) who presented a computer
algorithm design to distribute the energy demands of
greenhouses, reducing the peaks presented in the ac-
tuator in the day-to-night and night-to-day transitions.
Other authors, proposed more complex systems (Arvan-
itis et al., 2000; Davis & Hooper, 2002). These methods
operate by considering that greenhouse parameters vary
with operating conditions and applied a new pole-
placement scheme. It estimates the unknown parame-
ters of the greenhouse on-line from sequential data of
the greenhouse temperature and the heating power
which is recursively updated to obtain a slightly soft
control.

Sigrimis & Rerras (1996) reported a controller based
on a linear model structure to track and predict green-
house behavior as a Multiple-Input-Multiple-Output
(MIMO) system. This method takes into consideration
disturbances like uncontrollable inputs. Climate con-
trollers systems have been improved in order to con-
sider external disturbances and have the ability to
compensate for them; even they take into account plant
responses such as crop growth. Reports regarding feed-
forward controllers indicate that they are reliable and
achieve good performance for greenhouse heating
(Jewett & Short, 1992; Takakura et al., 1994). On the
other hand, real time systems have also been utilized
in greenhouse applications, improving the systems to
the point where operator intervention is only required
to define the constraints of the heating setpoints.

Another real-time control algorithm for generating
optimal heating setpoints was presented by Chalabi
et al. (1996). This method adjusts greenhouse tem-
perature setpoints over a period of time to achieve
energy savings for a tomato crop, justifying these con-
trol actions by using the results of physiological stud-
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ies showing that for some crops it is sufficient to
maintain an average temperature in a greenhouse over
a given period (Hurd & Graves, 1983; De Koning,
1990). The algorithm is based on a model of green-
house energy requirements and on a numerical method
for optimization, where the optimal control problem is
converted into a non-linear programming problem
solved by sequential quadratic programming.

Al was also applied combined with crop process
knowledge to generate paradigms applied in protected
agriculture. Fitz-Rodriguez & Giacomelli (2009) made
use of FLS combined with ANNSs to propose a better
control strategy for agriculture under greenhouse con-
ditions taking into account models of crop growth.
However, one disadvantage of ANNSs is that, it requires
getting a considerable set of data to train the net. This
problem was addressed by Linker e al. (1998) using
previously acquired data over a two-month period in a
commercial greenhouse to train the net. The resulting
model not only fit with data, it also seemed qualita-
tively correct and produced reasonable optimization
results in a scheme of CO, enrichment control.

Hybrid controllers which fuse FLS and GAs were
presented by Goggos & King (2000) in a research
project that applies qualitative reasoning and evolution-
ary computing in the design of optimal set points and
control strategies for greenhouses. This fusion of dif-
ferent intelligent control techniques was also applied
in an intelligent environment control for plant produc-
tion systems. The author used a decision-marking
system based on ANNs and GAs in order to optimize
plant growth under hydroponics conditions and also
identified the response of plant growth to the nutrient
concentration (Hashimoto et al., 2002).

One of the main problems with climate control is
the greenhouse dynamic model which is highly non-
linear. Consequently, many researchers have applied
simplified models for the non-linear problem, such as
loslovich et al. (1996), who designed a controller based
on a simplified model of the crop growth with con-
straints on the control signals. The objective of this
optimization was to take into account the cost of en-
ergy used by heating and ventilation systems.

When it is necessary to control non-linear systems
where the plant model is unknown, the use of feedback-
feedforward control is an alternative. In this configura-
tion, unexpected events are considered in the control
model and the controller attempts to reduce the error
to zero no matter the disturbances. These system char-
acteristics were used to design a non-linear controller

for coupled air temperature and humidity (Albright
et al., 2002). A feedback-feedforward combination was
also used by Pasgianos et al. (2003) in a system line-
arization and decoupling of a greenhouse, maintaining
control of ventilation/cooling and moisture. This tech-
nique also served to compensate for external distur-
bances. Finally, the controller was designed to con-
sider the actuators capabilities and saturation setpoints.

In this section, applied strategies in climate control-
ler systems with the objective of saving energy are
considered. Nevertheless control techniques that con-
sider physiological plant processes are also studied and
described in this section.

Horticultural research has indicated that for the ma-
jority of plants, crop growth responds to long-term
average temperatures rather than specific day and night
temperature profiles (Langhans et al., 1980; Miller
et al., 1985). Based on this research it has been sug-
gested that the heating set-point can be adjusted to
ensure that a desired average temperature over a given
period can be achieved and thereby energy savings
obtained. This knowledge was applied by Sigrimis &
King (2000) in the design of a tool available to exploit
the interaction between photosynthesis and growth ac-
cording to the intuition of the grower because this in-
teraction is not well known for most plants. The
method is based on varying heating set-points using
previously recorded information in order to achieve the
desired average for any user-defined period. The pro-
posed system does not require weather information and
the grower can also set safety limits as the ultimate
minimum and maximum temperatures permitted.

These control schemes were exploited by authors
like Gauthier et al. (1995), who presented control strat-
egies applied in heat, cool and dry greenhouse air, and
also in the regulation of CO,, light and irrigation. Con-
sidering that plant processes vary with the day and
vegetative state of the plant, they do not require strict
control of the microclimate all the time. With this in
mind, temperature integration systems for greenhouse
cultivation were developed by Korner & Challa
(2003a). The concept considers different crop proc-
esses, and a decoupled process with fast temperature
response (e.g. photosynthesis or stress) from a process
with a slow response time. The objective was to im-
prove the temperature integration concept by introduc-
ing dynamic temperature constrains; these flexible
boundaries depend on the underlying crop process
while increasing the potential for energy saving in
greenhouses.
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A different approach was proposed with a decision
support tool that assists in choosing the most appropri-
ate climate according to the week of the year in order
to obtain the optimal gains of sustainability and plant
quality. The greenhouse climate and crop model are
studied separately and jointly considering the effects
of six different regimes with increasing degrees of
freedom for various climate variables (Kdrner & Van
Straten, 2008) which include: crop model, temperature
integration, dynamic humidity control and negative DIF
regimes (DIF = the difference between average day
temperature and average night temperature, and there-
fore reduces the use of chemical growth regulators).

MPC is an advanced control technique applied in
the field of protected agriculture. The objective was to
predict the greenhouse variables behavior. Develop-
ments in MPC algorithms for greenhouse operation
which takes into account weather predictions to gener-
ate new optimal control problems for each update of
forecasted weather information as solved numerically
by linear programming were also developed (Gutman
et al., 1993). A contribution to this scheme was offered
by Van Straten et al. (2000) where information about
crop growth simplifies the design of greenhouse control
strategies to obtain a truly economical control strategy.
This approach leads to the concept of selecting proc-
esses by time response where the short-term effects
like photosynthesis and evapo-transpiration are dealt
with by an automated model-predictive optimal control-
ler, while the long-term effects are left to the grower.

Aiming energy saving proposes, MPC algorithm has
seen advances that take into account constraints in both
manipulated and controlled variables, using on-line
linearization for a real-time application. This proposal
was applied in greenhouse temperature regulation,
achieving good performance and energy savings. The
results were compared with a PID solution. MPC based
controllers solve the problems commonly presented in
PID systems (El Ghoumari et al., 2005). Due to the
advantages presented by MPC, different strategies have
been applied to design optimal MPC controllers. The
Particle Swarm Optimization (PSO) was applied to de-
sign a model-based predictive greenhouse air tempera-
ture controller subject to restrictions; the model employs
data from the climate inside and outside the greenhouse,
as well as the control inputs and controller outputs. The
operation principle ensures set-point tracking and
minimizes control efforts. The conclusions presented
show better efficiency over GAs and sequential quad-
ratic programming methods (Coelho et al., 2005).

MPC with GAs facilitating the incorporation of
energy and water consumption to adjust non-linear
models parameters have been suggested. The combina-
tion of MPC and GAs permits the control of the green-
house microclimate while achieving energy and water
savings (Blasco et al., 2007). GAs in annealing form
(AGASs) has also been applied for calibrating classical
controllers such as PID, where the AGAs play a role
in the parameter identification, demonstrating advan-
tages over traditional GAs like premature convergence
and low computing efficiency that are required to im-
plemented these (Fan & Zuo-hua, 2006). Feed-forward
neural networks have been applied in conjunction with
simple neural models to drive the system outputs to
desired values (Fourati & Chtourou, 2007).

Robust control also contributed to systems in pro-
tected agriculture because of its ability to deal with
uncertain parameters, disturbances or modeling errors.
It was applied focusing on managing the high correla-
tions between air temperature and hygrometry (Bennis
et al., 2008). Different methods have been applied at-
tempting to find a reliable optimal control solution for
greenhouse environment, utilizing concepts from ad-
vance sequential control search (SCS) or Pontryagin’s
maximum principle (PMP)(Seginer & McClendon,
1992), to systems that consider the crop model and its
effects on greenhouse behavior (Jones et al., 1990).
The objective of these approaches was to include
weather and greenhouse-crop characteristics such as
ventilation and stomatal resistance in the control ac-
tions (Baptista et al., 2010). Humidity control regimes
were also proposed by using information about the
vegetative state of the plant (Koérner & Challa, 2003b).

Authors worldwide have dedicated time and sub-
stantial effort to develop not only control systems, but
they have also been working to create strategies to
ensure reliable measurements through the use of filters
and signal processing techniques to guarantee good
performance of controller systems (Ibrahim & Se-
rensen, 2010).

One of the main objectives of the aforementioned
developments is energy savings; however, all require
knowledge of plant processes which is limited and usu-
ally empiric or heuristic. Consequently, advanced smart
sensors are being developed in order to measure crop
specific characteristics such as plant transpiration dy-
namics and photosynthesis in order to understand how
physiological processes occur in the plants and how
they affect and modify their surroundings (Millan-
Almaraz et al., 2010).
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Throughout this review, special attention has been
directed to demonstrate that not only the controller is
necessary to guarantee appropriate microclimate condi-
tions, but a fundamental part of the design is the use
of reliable systems which take into consideration the
importance of failure detection tools. By applying a
hybrid of physical/neural network models with robust
failure detection, failures are correctly detected and
identified, leading to a significant reduction of losses
caused by failures (Linker et al., 2000).

Technological platforms applied
on climate control theories
implementation

Technological platforms are also important when a
system is being developed to solve specific problems;
protected agriculture is not an exception to this rule.
Agronomy field imposed hard operating conditions and
found it is necessary to strictly consider these restric-
tions. Despite the fact that greenhouse climate is not a
fast response system, robust platforms that guarantee
uninterrupted operation are required, flexibility is cru-
cial to improve changes in the system in order to solve
emerging needs and lower cost is also necessary to
ensure success of a newly emerging crop production
industry (Fang & Zhen-xiao, 2008).

The first and most popular platform chosen for
greenhouse control applications has been the personal
computer (PC). The use of PCs in greenhouse opera-
tions has created possibilities to implement complex
algorithms that were impossible to apply in the past
(Fang & Zhen-xiao, 2008). Consequently, the integra-
tion of new task modules, sensor and communication
devices becomes easier (Ali & Abdalla, 1993). Differ-
ent conFigurations of PCs and networks have been
proposed to achieve more efficient greenhouse manage-
ment (Hooper, 1988).

Commercial climate control computers and propri-
etary data-logger were also applied (Nielsen, 1995;
Linker et al., 1998). These systems offer solutions for
protected agriculture problems. However, PCs are not
the most appropriate platforms for heavy duty field
applications, and are characterized to be a noisy and
harsh environment with high humidity rates that are
subject to constant temperature changes. Consequent-
ly, PCs are susceptible to failures and damage caused
by the greenhouse harsh environment. Another consid-
eration when discussing the use of PCs is the high cost

to integrate PC networks or property systems. Other
technological platforms should be proposed to ensure
reliable sustainability. Microcontroller and Digital
Signal Processors (DSP) based systems have attempt-
ed to solve the aforementioned problems with promis-
ing results; however, their limited capacities have
proven to be difficult in the application of advanced
algorithms with considerable computational demands
(Coelho et al., 2005).

The development of embedded systems for a par-
ticular application has been demonstrated to be the best
choice for industrial applications. This idea was trans-
lated into precision agriculture field, designing plat-
forms that consider hardware requirements and the
conditions where the system will be placed to ensure
robustness in the operation and low cost for the devel-
oped embedded platform. Field Programmable Gate
Arrays (FPGAs) have been demonstrated to be a solu-
tion with a high performance, flexibility and robustness
for greenhouse embedded applications (Castaiieda-
Miranda et al., 2006).

New tendencies on greenhouse
climate control systems

This review clearly shows that there is a tendency
to utilize climate controllers for protected agriculture
applications where these are based on very simple
control theories, like ON/OFF, PID controllers or some
variation thereof. This tendency has been caused by
the low computational power availability in the past.
Consequently, the control was limited to basic opera-
tions and real-time processing was unreachable because
of the absence of adequate processing devices. Because
of this, recent mathematical algorithms and control
theories evolved faster than computing technologies.
Consequently, complex algorithms were not available
to be implemented in any technological platforms at
affordable cost a few years ago.

This scenario changed when computers cost de-
creased and the processing capabilities became consid-
erably higher, at least to the point to make it possible
to implement complex algorithms. Soon thereafter,
modern control theories based on real-time control
process, adaptive schemes or intelligent techniques
were applied in order to achieve a more accurate, ef-
ficient and strict manipulation of the interest green-
house variables. Considerations regarding quality,
yield, water and energy savings were also studied and
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integrated in the control models (Vazquez-Cruz et al.,
2010). These low cost platforms also make it possible
to design and implement sensor networks, mobile ro-
bots for agricultural proposes, image processing for
early diseases and pest detection as well as many other
contributions to agriculture (Sigrimis et al., 2000;
Contreras-Medina et al., 2009).

Despite the excellent results obtained with the high
performances low cost computers, and advanced al-
gorithms, tendencies are changing again; recently
investigations and reports lead to the development of
controllers which also consider plant physiology and
morphology. Phenomena such as transpiration and
photosynthesis have been studied for better under-
standing of plant behaviors in order to control cli-
matic and nutritional requirements, according with real
plant needs. New energy savings strategies have been
proposed considering the available information regard-
ing plant processes, manipulating climatic conditions
when it is necessary for plant growth and the establish-
ment of adaptive operating ranges for actuators with
more degrees of freedom where strategies are helpful
and when the reduction of energy consumption is es-
sential. Nevertheless, the information about plant
processes is limited. More investigation is necessary
to establish correlations between physiological proc-
esses and plant growth in regards to temperature,
humidity, nutrition and others controllable variables
of the greenhouse, with the objective of reaching a
sustainable protected agriculture industry (Millan-
Almaraz et al., 2009).

Conclusions

Greenhouse climate control is currently one of the
main objectives of engineering in precision agriculture.
Temperature and humidity are variables which have a
direct relationship with the plant production. Moreover,
recent investigations have shown that is not enough to
adjust temperature and humidity ratings to maximum
and minimum setpoints which are affordable for plant
needs. Because of this, many control theories have
emerged along the years such as conventional control
techniques and optimal control. Conventional control
is based mainly on the proportional-integral-derivative
controller and some variants. Furthermore, optimal
control techniques relies mainly on Al algorithms and
adaptive control theory which proposes an alternative
way to solve the climate control problem when green-

house mathematical model is unknown or often very
complex. Another important fact which has limited the
development of more advanced climate control system
was the technological limitations a few years ago.
However, the relatively new computational technolo-
gies such as microprocessors, digital signal processors
and field programmable gate arrays are allowing con-
tinuing the implementation of more sophisticated
control systems. According to some authors, the ap-
plication of advanced controllers capable of following
specific variable setpoints has not yet proven to be an
optimal solution. Because of this, new tendencies are
appearing in greenhouse climate control based on gath-
ering extra information about physiological and mor-
phological processes on the plant such and transpira-
tion, stomata conductance and photosynthesis. These
new control theories report that it is not necessary to
have strict temperature and humidity set points. Instead
of this, more flexible thresholds are proposed to save
unnecessary energy consumption which is consumed
when controller tries to follow the set point in a strict
way. Phytocontrol is the new theory which proposes
the use of the plant physiological responses as input
sensor to establish the set point in the climate control-
ler. Also, this has not proved to be a stable and reliable
method, because it is necessary to gather a lot of infor-
mation to prove the reliability of this. Nevertheless,
different types of controllers have emerged demonstrat-
ing advantages and disadvantages between them, better
performance for some actions among other character-
istics. Researchers need to analyze different control
theories to determine which one is the most proper for
their projects according to their specific requirements
of greenhouse climate control systems.
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Abstract: Soil drought represents one of the most dangerous stresses for plants. It impacts
the yield and quality of crops, and if it remains undetected for a long time, the entire crop
could be lost. However, for some plants a certain amount of drought stress improves
specific characteristics. In such cases, a device capable of detecting and quantifying the
impact of drought stress in plants is desirable. This article focuses on testing if the
monitoring of physiological process through a gas exchange methodology provides enough
information to detect drought stress conditions in plants. The experiment consists of using
a set of smart sensors based on Field Programmable Gate Arrays (FPGAs) to monitor a
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group of plants under controlled drought conditions. The main objective was to use
different digital signal processing techniques such as the Discrete Wavelet Transform
(DWT) to explore the response of plant physiological processes to drought. Also, an
index-based methodology was utilized to compensate the spatial variation inside the
greenhouse. As a result, differences between treatments were determined to be independent
of climate variations inside the greenhouse. Finally, after using the DWT as digital filter,
results demonstrated that the proposed system is capable to reject high frequency noise and
to detect drought conditions.

Keywords: drought detection; smart sensor; transpiration dynamic; photosynthesis
measurement; plant water stress monitoring

1. Introduction

Plant stress is any factor that promotes unfavorable growing conditions on plants. Soil drought is an
environmental stress that affects crop productivity more than any other factor. Current monitoring
devices for precision agriculture usually take into account climatic variables. However, it is desirable
to have tools that provide information about plant health in order to explore responses under
unfavorable conditions.

The main responses of plants under drought are photosynthetic dysfunction and overproduction of
Reactive Oxygen Species (ROS) that are highly reactive and deteriorate the normal plant metabolism
through oxidative damage of plant macromolecules [1]. These effects are cumulative; depend on the
crop growth stage and the severity and frequency of the drought event. Fortunately, plants have several
resistance mechanisms to survive under drought conditions; these range going from morphological to
biochemical adaptations at subcellular, cellular, and organ level [2]. The disadvantage of such survival
strategies is that they rely on limited plant development and low yield. However, the study of those
mechanisms allows the development of strategies to increase drought tolerance without losing
productivity, for example: crop varieties associated with high yield can be targeted in breeding
programs to induce drought tolerance. Biotechnology research has made it possible to identify and
change drought-responsive genes inducing some desired qualitative and quantitative traits. Finally, the
exogenous application of plant growth regulators (PGR) have proven to enhance drought tolerance in
plants [3]. Concluding, the impact of drought on agricultural practices and the requirements to
maintain a constant improvement of drought resistant varieties makes the development of
technological tools to detect and monitor drought in plants imperative.

Different methodologies have been proposed for early detection of drought stress in plants. The
predominant tendency is to use thermography and hyperspectral vision [4]. Other methods use
impendence, thermal or gas exchange principles. The thermography utilizes infrared thermometer
sensors or thermal cameras to measure the canopy temperature (7¢) and to define crop water stress
indexes [5,6]. However, Tc measurement presents low resolution and it is susceptible to meteorological
conditions and foliage geometric structure such as leaf angles [7]. On the other hand, hyperspectral
analysis consists of monitoring changes in the chlorophyll fluorescence or in photochemical
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reflectance. The problem with chlorophyll fluorescence analysis is that it requires a dark chamber to
isolate a plant sample [8,9]. In this manner, the chlorophyll fluorescence response may occur as
variations in magnitude or phase [4,10]. Monitoring reflectance has been applied to study entire crops;
several wavelengths have been explored to find better responses and relations with current state of the
crops. 705-750 nm was determined to be a suitable wavelength range to be used to explore plant
response to water stress [11]. The aforementioned results have been supported by many researchers
who have proposed different indexes to detect and even measure the effects of drought [12,13].
Though, the performance of hyperspectral imaging is critically affected by ambient illumination
changes [11], it requires successive monitoring of plants [14], the image acquisition is complicated
where drones or satellites are required [15,16].

Limitations to identify small variations in water stress could be solved using plant-based sensors. In
this manner a simple sensor mounted on the leaf could measure variations in the temperature gradient
according to the water content of the plant [17]. Electrical impedance spectroscopy is robust to
environmental noise and has higher sensitivity than hyperspectral imaging; it has been proven to detect
water stress, even environmental changes and nutrient deficit. However, additional studies are
necessary to understand the environmental effects on plant impedance [18,19].

Gas exchange systems constitute the basis of most photosynthesis measurement tools. This consists
of using Infrared Gas Analyzer (IRGA)-based carbon dioxide (CO2) sensors to measure the difference
between ambient CO2 concentration and the concentration in a transparent chamber where a plant leaf
is isolated [20]. These tools also estimate important phenomena such as transpiration and stomatal
conductance [21,22]. Despite the fact that CO2 exchange method is more sensitive than fluorescence
techniques to environmental changes; a higher amount of information related to plant physiology can
be obtained [23].

The objective of this article is the development of a novel smart sensor that performs a new signal
processing methodology to minimize the noise in a photosynthesis measurement system which is
based on CO2 exchange method. Furthermore, the proposed system is utilized to detect and monitor the
effects of soil drought in tomato plants. The signal processing methodology combines average
decimation and Kalman filters to improve signal quality, and an additional filtering stage based on
Discrete Wavelet Transform (DWT) to explore plants signal response. Therefore, short and long-term
novel indexes were proposed to provide a set of information regarding the response of plants
to drought.

The smart sensor was implemented in a FPGA due to its parallel computation capabilities and
flexible configurability. It made possible to implement the aforementioned algorithms to calculate
in-situ and in real-time the physiological processes of plants for decision making, data storing and
off-line processing purposes. In order to validate the drought detection capabilities of the developed
smart sensor, an experimental setup was carried out using tomato plants in a greenhouse. Because of
this, three smart sensors controlled by a coordinator were installed to monitor specific groups of plants
subjected to induced drought conditions. Finally, interesting relations between drought and plant
physiological responses were obtained.
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2. Background
2.1. Plant Transpiration, Photosynthesis Dynamics and Drought

Photosynthesis and transpiration are two of main physiological processes in plants. Photosynthesis
is a process performed by plants and other organisms to convert light into chemical energy that can
later be released to fuel the organism activities. More specifically, light energy drives the synthesis of
carbohydrates from carbon dioxide and water with the generation of oxygen (O2). On the other hand,
transpiration is an important component of temperature regulation because plants can dissipate the heat
input from sunlight through phase exchange of water that escape into the atmosphere. This process
controls the water movement through the plant and the evaporation from aerial parts, especially from
the leaves [24]. Leaf surfaces contain pores called stomata; the aperture of these pores is conducted by
guard cells. Through the stomata, plants exchange moisture with the atmosphere and permit the
diffusion of COz; transpiration also changes osmotic pressure of cells and enables the flow of mineral
nutrients and water from roots to shoots. Since both processes share the same pathways, carbon
assimilation carries a loss of water to the atmosphere through the stomata. Consequently, effects of
drought over both physiological processes are closely related with parameters that have been
previously stated [25].

Plant responses to soil drought can change according to the severity and frequency of the stress and
the effects over physiological process does not occur immediately and linearly. Therefore, the severity of
the stress and plant responses to drought can be summarized in three phases. Phase 1: Mild water stress.
A reduction in transpiration is caused by a decline of stomatal conductance (gs) is presented [26].
However, the rate of net CO: assimilation remains constant because stomatal closure inhibits
transpiration more than it decreases intercellular CO:2 concentrations. Even during early stages of
drought stress, the plant increases its water-use efficiency. Phase 2: Moderate water stress. Here, a
further decrease of gs is accompanied by large decrease of mesophyll conductance (gm), and a small
but significant decrease in photosynthetic activity appears [27]. Finally, in phase 3: Severe water
stress. Stomatal conductance drops below its threshold value, the photosynthetic capacity is impaired,
and a permanent damage of photosystems suggests that the leaves are enduring oxidative stress,
senescence and remobilization of leaf nutrients [28]. At this point, the effects of drought are
irreversible and are reflected in the net COz assimilation of the plant [29].

Plants response is often affected by different stress conditions. Because of this, monitoring of
multiple plant related variables promises to be a more accurate tool to assess the real plant state.
Furthermore, changes on stomatal conductance and transpiration are more specifically related to soil
water content than leaf water content. Consequently, stomata related changes are far more significant
than changes in net photosynthesis; that could be considered for early detection. However, drought
stress eventually provokes irreversible damage in photosystems and plant efficiency which allows
utilizing this variable as a long-term indicator, principally after water recovery.

2.2. Estimation of Plant Physiological Processes

As aforementioned, the basis of the gas exchange method for photosynthesis (Pr) estimation
involves a comparison between CO2 concentration in the atmosphere (Ci) and CO2 concentration in the
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leaf chamber (C») where the plant sample is isolated. Additionally, it is necessary to estimate the mass
flow rate per leaf area (/) as stated in its equation in Table 1 [30]. Here, P is the atmospheric pressure
in Bar, V' is the volumetric air flow in liters per minute (Ipm), 7=K is air temperature in Kelvin (K) and
A is leaf area in cm?. The 2005.39 constant is an adjusted coefficient to change mass units to mol,
surface to m? and time from minutes to seconds. In a similar manner, estimation of transpiration (E) is
performed, but in this case by measuring the H2O vapor exchange. Other important processes such as
stomatal conductance, vapor pressure deficit (VPD) and leaf to air temperature difference (LATD) can
be estimated by using equations that have been previously stated by many authors and are summarized
in Table 1 [22,25,31].

Table 1. Equations for the estimation of physiological processes of plants.

Variable Equation Unit of Measurement
ass flow rate per area (T.K)(4) mmol/m?/s
Photosynthesis P =()(C-C,) umol/ m*/s
(e,—e)
Transpiration E=()(1000)(18.02) (P—e,) mg/m?*/s
g = r (1000)
Stomatal conductance Gy ~% |[P=€, _ mmol/m?*/s
(W)
e —e P
Vapor pressure deficit VPD=e —e, kPa
Leaf to air temperature difference LATD=T,-T,, °C

3. Smart Sensor

The proposed smart sensor fuses a water vapor and a CO2 gas exchange system into the same
pneumatic line in order to estimate P» and E. The system also estimates other phenomena such as gs,
VPD, and LATD. Climatic variables such as solar radiation, temperature and relative humidity can also
be monitored with the same hardware. As can be seen in Figure 1, five stages (black blocks) integrate
the smart-sensor.

First, the pneumatic system uses a transparent acrylic chamber to isolate the plant sample; a set of
electrovalves switching between the environment air reference or leaf chamber, and an air pump
applies negative pressure in order to move air through the pneumatic system where the sensors are
attached. The set of primary sensors are located in two places as can be seen in Figure 2. A Honeywell
Pt1000 Resistance Temperature Detector (RTD) configured to measure in a range from 0 to 65 °C with
a measurement error of 0.3 °C is located in the leaf chamber, which has a suitable range to monitor
leaf temperature of the plant on contact. Also, an OSRAM SFHS5711 ambient solar radiation sensor
with a 0 to 100,000 lux range and measurement error of £0.04% of its measured value is located near
the plant sample, which is isolated in the leaf chamber. In the rest of the pneumatic system are attached
a Sensirion SHT75 digital Micro Electro Mechanical System (MEMS)-based sensor that measures
temperature and relative humidity (RH) of air with a resolution of 14-bits for temperature and 12-bits
for RH and measurement error of +0.4 °C and £1.8%, respectively. An OMRON DF6 MEMS-based
flow sensor is used to monitor the volumetric flow of the pneumatic line; this sensor has a
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measurement range of 0 to 5 Ipm with measurement error of +0.4%. To monitor the atmospheric
pressure, a Freescale Semiconductor MPX4115A absolute pressure sensor with a range of 15 to
115 kPa and a measurement error of +1.5% was utilized. Finally, in order to monitor the CO2
concentration an Edinburgh Instruments Gascheck 2 IRGA based COz sensor is required. The sensor

has a measurement range of 0—3000 ppm with measurement error of +30 ppm.

Figure 1. Block diagram of the phytomonitoring smart-sensor.
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The signals of all primary sensors are standardized to a 0 to 5 V output format by using
OpAmp-based modules. Then, each sensor reading is entered into the Data Acquisition System (DAS)
through an analog front end, 2nd order anti-alias low pass filter with a cut-off frequency of 20 Hz. A
12-bit Analog to Digital Converter Texas Instruments ADS7844 sampled the previously filtered sensor
signals. The ADS7844 communicates via SPI with the third stage, the Digital Signal Processing and
Control Unit (DSPCU) which is embedded in a low-cost EP2C35F672C6 FPGA that manages
the ADS7844 at 200 kg samples per second (ksps), and also communicates via a 2-wire serial
interface with the digital SHT75 sensor. This FPGA-processor is also responsible for controlling the
mechanism used in the pneumatic line. The aforementioned tasks are performed simultaneously
because of the parallel capabilities of the FPGA. Moreover, this unit performs data filtering operations
in order to improve the quality of signals. Finally, the DSPCU estimates and transmits the
physiological processes together with environmental readings to a coordinator device by using a
wireless communication module.

Digital Signal Processing Techniques

Because the experiment is performed in a noisy environment where the greenhouse microclimate
presents sudden changes due to the influence of external weather, two stages of signal processing units
are embedded inside the FPGA in order to reduce the amount of noise in primary sensors readings. As
is illustrated in Figure 3, previously the estimation of plant processes, the signals X(k) from the
primary sensors pass through a 1024th order average decimation filter, where a single average sample
reduced in quantization and undesirable noise is obtained every second. Furthermore, the oversampled
versions of sensor readings Xos(k) are introduced into the Kalman filters to obtain new filtered signals
Xosk(k) [32].

As can be seen in Figure 3, once all the Xosi(k) are calculated, the plant physiological process
estimator computes Pn, E, g5, VPD, and LATD from primary sensors readings. In addition, the
proposed smart sensor provides a new version of the aforementioned process, in which spatial
variations induced for the solar radiation can be reduced by using the simple index expressed in
Equation (1). Herein, Xuorm(k) represents the normalized version of the signals Pn, E, gs, VDP or LATD.
Meanwhile Radnorm(k) is the normalized version of radiation, but considers the maximum Rad value
from all nodes. Finally, Xraq index(k) 1s the index that relates the physiological process to the radiation at
the time when the sample was acquired:

Xnorm (k)

X diind@c(k): Rad 3 (1)

ra (
norm

Moreover, the plant physiological estimator unit calculates the first derivative of P»’, E’, gs’, VPD’,
and LATD’ in order to explore phenomena involved in the changes of physiological activity. This task
is performed by using a discrete derivative as described in Equation (2), which can easily be implemented
in the FPGA. Herein, X’(k) can represent any of the physiological processes previously estimated:

X(k)-X(k-1)
T (2)

N

X'(k) =
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This unit also computes the Real Time-Carbon Balance (R7-CB), by integrating Py, this index, as
was previously reported in [22], describes the accumulation of carbon due to the photosynthesis
activity. It is calculated by using Equation (3), which is the discrete time version of the integral:

RT—CB=TSiPn(k) 3)

Furthermore, these signals are transmitted to a PC together with data from primary sensors to be
stored and plotted. In addition, the PC performs a DWT to Xiad index(k) signals in order to explore the
responses at different frequencies.

Figure 3. FPGA filtering stage and plant physiological estimator unit.
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4. Experimentation and Results
4.1. Experimental Setup

The experiment illustrated in Figure 4 was conducted during 2013 in a research greenhouse located
at an altitude of 54 m, in the Universidad Autonoma de Sinaloa, School of Biology, Culiacan Rosales,
Sinaloa, Mexico (24°48'0"N, 107°23'0"W). The greenhouse was a single span arch type with 30 m? of
ground, equipped with a commercial climate controller. The plants used for the experiment were single
genotype tomatoes (Solanum lycopersicum L.) variety Raffaello; it is an indeterminate tomato
appropriate for cultivation within greenhouse conditions and it is resistant to pests and diseases.

The variation factor in the experiment was the content of water in the soil at two levels: (a) The
reference that represents plants irrigated at field capacity and (b) The drought treatment where the
irrigation is recurrently suspended one day in order to reach water deficit in the soil. Three smart
sensor nodes were used to measure the responses of plants to different irrigation levels. In addition,
three tensiometers Irrometer model R were installed in the monitored plants in order to monitor the
content of water in the soil. These sensors have a 0 to 100 kPa range with an accuracy rating of £2%.
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Figure 4. Experimental setup for smart sensors under real operating conditions.
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4.2. Sample Preparation

The tomato plants were germinated and transplanted into two liters containers where the plants were
grown in greenhouse conditions until they were an appropriate size to attach the sample in the leaf
chambers. The substrate used was a volcanic stone called tezontle, screened to homogenize the
particles diameter and ensure same soil conditions (apparent density of 605 kg:-m ). In order to avoid
other variation factors, all the plants were irrigated with Steiner solution at a concentration according
to the plant growth stage. Finally, in order to obtain reliable responses between different plants, it was
necessary to standardize a method to select the leaves that would be monitored. The selected leaves
were located at the same height, not to low leaves because it is reported that they are the first to lose
the photosynthetic activity due to aging, and not the top leaves because they are the last to respond to
drought [33].

4.3. In-Situ Node Adjustment and Validation

Due to the high noise in CO: signals and the fact that reliability of estimations depends on
measurements of primary sensors, a test was performed in order to assess the responses of the IRGA
COz sensors using an 1100 ppm COz2 reference. As can be seen in Figure 5a, the first 512 samples
correspond to the COz reference and the next 512 samples correspond to the inside air of the closed
greenhouse without plants. This test was performed for 16 cycles for the three nodes. Finally, with the
average of cycles, an ANOVA was carried out to evaluate the response of nodes. The value of alpha «
for this and other tests in this work was set to 0.05 (95% of confidence). The resulting p-value of the
analysis was 0.2205, which is higher than 0.05 that represents the upper boundary considered for
statistical differences between treatments [34]. In this manner, the resulting p-value represents no
significant difference between node readings. As it can be observed in Figure 5b there are only two
outlier data points in node 1 and 3. The means in the analysis were 1098.4, 1098.3, and 1098.3 ppm
with standard deviations of 4.49, 4.31, and 4.67 ppm respectively for nodes 1, 2, and 3.
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Figure 5. Validation test of IRGA COz sensors. (a) 1 cycle monitoring with an 1100 ppm
COz reference; (b) Analysis of variance boxplot results.
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4.4. Filtering Results

Figure 6 illustrates improvements over signal quality after the filtering stages. In the Figure 6a (CO2
concentration) the amount of noise presented on the CO: signal can be easily appreciated.
Consequently, the estimation of photosynthesis showed in Figure 6b is too noisy. Furthermore, it can
be observed that filtering stages have improved the overall signal quality of CO2 concentration at

Figure 6¢ and net photosynthesis in Figure 6d.

Figure 6. Digital filtering results over photosynthesis estimation. (a) Non-filtered CO2
signal; (b) P. estimation based on raw signals; (¢) filtered CO2 signal; and (d) Px

estimation based on filtered signals.
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Figure 6 shows only the result of 1 node, but similar results were obtained for the other nodes of the
network. In order to quantify how the filtered signals improved the estimation of physiological
processes, a Pearson correlation between raw and filtered photosynthesis signals against radiation
signal was conducted. Results presented in Table 2 suggest that the behavior of P, when it was
estimated with non-filtered signals do not correspond with the radiation pattern. In contrast, a better
correlation between Rad and the P, estimated with filtered signals was found. In Table 2,
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photosynthesis with the subscript osk is the estimated one with filtered primary signals. The R-value
shows the correlation weight while p-values below 0.05 confirm the existence of correlation
between signals.

Table 2. Correlation analysis results for radiation against photosynthesis with and

without filtering.
Variables  Photosynthesis—Radiation Photosynthesis,sc—Radiation
Coefficients R D R D
Node 1 0.0672 0.0515 0.5146 <0.0001
Node 2 0.2023 <0.0001 0.5307 <0.0001
Node 3 0.1027 0.0028 0.6557 <0.0001

4.5. Environmental Signals

Because the experiment was carried out in a commercial greenhouse, spatial differences in the
microclimate produced changes on physiological processes, even for plants undergoing the same water
stress treatment. Then, it was necessary to monitor the microclimate related variables in order to
understand these changes. Figure 7 illustrates the most important environmental variables monitored
inside the greenhouse at three different locations. Figure 7a shows the readings for radiation during the
entire experiment. This variable is noteworthy because it modifies the temperature (Figure 7b), VPD
(Figure 7c) and RH (Figure 7d) of the air inside the greenhouse and therefore the transpiration rates of
plants. Moreover, the photosynthesis is more sensitive to radiation than to any other factor.

Figure 7. WSN environmental readings inside the greenhouse at locations of Nodes 1, 2 and 3.
(a) Solar radiation; (b) air temperature; (¢) vapor pressure deficit; and (d) relative humidity.
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Figure 7. Cont.
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Differences between node readings change throughout the day, but keep a relatively regular pattern
in which node 3 registers a higher temperature and drier air conditions. As can be seen in Figure 8, this
behavior is influenced by the total solar radiation received by this node. This figure illustrates how the
greenhouse presents spatial variations provoked mainly by the structure geometry. This is important
because it helps investigators to understand abrupt changes in transpiration and photosynthetic signals
estimated by the system. Finally, it is important to note that received radiation was around 175 W/m?,
which is a suitable quantity to grow Raffaello variety of tomatoes [35].

Figure 8. Image zooms for two days of radiation.
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4.6. Physiological Signals

The methodology to induce drought stress was as follows: The first two days of monitoring were a
stabilizing period in which plants were watered at field capacity (10 kPa); on day three, the irrigation
was suspended so that two plants could reach 30—40 kPa soil drought conditions. Then, plants were
rehydrated in order to avoid reaching permanent wilting point (PWP). After one rehydration day, the
drought treatment began again. The experiment lasted 19 days. As is illustrated in Figure 9, red and
green signals correspond to plants suffering from drought stress (SP1 and SP2 respectively). The
reference plant (RP) that was continuously irrigated at 10 kPa is represented with the blue signal. The
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light blue shadow indicates irrigation and light orange means water depletion. The brown arrows
indicate irrigation interruption for the RP. After two days the irrigation was resumed, this is indicated

by the blue arrows.

Figure 9. Physiological signals. (a) Photosynthesis; (b) transpiration; (¢) stomatal
conductance; and (d) leaf to air temperature difference.
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Figure 9 summarizes the physiological signals that provide more information related to plant status
(Pn, E, gs, and LATD). As was expected, photosynthesis is not sensitive to early stages of drought. In
Figure 9a, a difference between the RP and the treatments can be noticed only after three periods of
stress near hour 225. Furthermore, after the fourth period of stress around hour 400, net photosynthetic
activity for SP1 and SP2 was not recovered after being rehydrated. This behavior can be explained
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because drought periods generate an accumulative oxidative stress in the leaves until damaging
photosystem II in a permanent way by reactive oxygen species [2,36].

Transpiration results (Figure 9b) show an early response to treatments, especially in the second and
third stages of stress. However, the most interesting behavior is at the end, enclosed by the dark ellipse,
a low amplitude negative transpiration rate indicates that leaves are taking water vapor from the
atmosphere instead of expelling it. This is a defense mechanism observed in plants under severe
drought [37]. The stomatal conductance (Figure 9c) presents more marked differences as compared
with P». Even in the first day of drought, SP1 and SP2 present a sudden drop in gs. This is explained
because the stomata closure and the decrease of gs are the first defenses plants employ in order to
reduce the amount of water lose through the stomata and it is related more to soil drought than leaf
water status [2]. The higher decrease in the third stage of drought could be related to a decrease of gm
because the leaves are preparing for severe stress conditions.

The final graph (Figure 9d) illustrates the difference between air temperature and leaf temperature.
Herein, a yellow line illustrates the day where the LADT must be zero or slightly positive. This is a
normal behavior because in well-watered plants the Tieqr is cooler than 7.. However, if plants are under
drought conditions, the Tieqris higher than 7.. This tendency is clearly noticed in Figure 9d, where once
the water depletion begins an increase in negative readings appears. This tendency is illustrated with
the dashed black lines. Nevertheless, despite being under the same conditions, SP2 always presented a
better tolerance to the stress than SP1. This can be noted because the red line presents more negative
and sudden changes in LATD. On the other hand, the reference plant showed stable behavior with zero
or positive values until the irrigation was suspended at hour 330. After this point, the drought was
maintained for two days and a clear drop of blue line appears. After the rehydration day during hour
375, the LATD of RP slowly returns to zero and positive values.

Finally, it is important to mention that a significant reduction in height and the leaf areas of plants
under drought was expressed. At the end of the experiment, plants under drought conditions
maintained heights of approximately 80% of non-stressed plants.

4.7. Indexes and DWT Analysis

Despite the fact that Figure 9 provides important information about effects of drought on plants, the
analysis requires data from at least two days in order to be able to notice a behavioral pattern. The
problem with performing single day assessment is the amount of remnant noise, mainly for P, and gs
signals. Another problem is the variation in growing conditions throughout the greenhouse, which may
cause plants under the same treatment to respond quite differently. The variable that mainly affects the
results is the solar radiation. This problem was addressed using the index previously described in
Equation (1). Therefore, if plants under the same treatment receive different radiation levels, the
difference in variable responds is mitigated permitting a better comparison. This methodology was
useful for P, E, and gs signals which presented a higher component of noise as compared with
VPD or LATD.

As it can be seen in Figure 3, after the normalization process, these signals were analyzed using the
DWT. In a preliminary experiment, several configurations were performed in order to explore the best
one to extract information from signals. Finally, the DWT applied to filter the signals illustrated in
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Figure 10 uses a mother wavelet Daubechies db40 at a level A2 that rejects signals outside the range
from 0 to 0.27 mHz bandwidth. This criterion was selected because lower mother wavelet levels
discriminate important information related with abrupt changes due to radiation. Also, db40 mother
wavelet required less computational resources compared with other wavelets such as Symmlets. The
high frequency analysis of D levels is not reported because no clear patterns were found; this behavior
could be a consequence of the system slow sampling frequency. The new version of P, signals
corresponding to Figure 10a presents a considerable reduction in the high frequency noise compared to
Figure 9a, where after several stages of filtering, the P» signal maintains a considerable amount of
noise, this could be probably an aliasing of a frequency generated for the IRGA Sensor itself.
However, after the use of DWT analysis such as an extra filtering stage, this component of noise was
reduced allowing a comparison along one single day.

Figure 10. Wavelet of processes/Radiation indexes. (a) Photosynthesis; (b) transpiration;
and (c¢) stomatal conductance.
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Furthermore, in order to avoid the removal of information related with the plant response and
considering that P, is highly related with Rad, a Pearson correlation was conducted to compare Rad
with P, before the DWT processing. The correlation results are presented in Table 3 to support the idea
that DWT rejects the noise on photosynthesis signal but it keeps the information related with
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photosynthesis itself. As it can be appreciated, the correlation between P, and Rad slightly increases
when Py is filtered with the DWT. Only node 3 did not repeat this trend. However, the decrease in the
correlation is not too high. Table 3 presents the results of the hypothesis test of no correlation. The
p-values suggest that null hypothesis is rejected.

Table 3. Photosynthesis—radiation correlation results with and without DWT filtering.

Variables  Photosynthesis,sc—Radiation Photosynthesispwr—Radiation

Coefficients R D R D
Node 1 0.5146 <0.0001 0.5600 <0.0001
Node 2 0.5307 <0.0001 0.5574 <0.0001
Node 3 0.6557 <0.0001 0.6308 <0.0001

Figure 11. Real Time-Carbon Balance (R7-CB).
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Finally, in order to understand the impact of drought for long-term development and health of the
plants, the analysis of P, integral calculation which is named as Real Time-Carbon Balance index was
proposed to explore the response of plants under drought conditions. As it can be seen in Figure 11,
during the day R7-CB increases but stops or slightly decreases during the nights. This behavior is a
result of the photosynthetic and respiration activity; but, as it is indicated with dark ellipses, when the
plants were subjected to drought, the R7-CB signals remained constant until the rehydration day. Here
it is important to state that the first day of drought did not significantly affected plant response and
changes appeared until day two. During the rehydration days corresponding to hours 75, 175, and 275;
the plants were recovered and photosynthetic activity was normalized. Nevertheless, SP1 and SP2 did
not recover after the fourth period of drought, even when plants were watered at approximately
hour 380. Here, the R7-CB index maintains the negative tendency which means that the photosynthetic
activity stops, and the net respiration increases causing a loss of dry matter. Figure 11 also shows the
exponential behavior of the photosynthesis activity as the plant grows, because around hour 275 of
experimentation, the R7-CB registered an important increase for the reference plant. However, this
tendency changed when the irrigation was suspended. The first day of scarcity, as indicated with the
brown arrow did not change the plant response. However, the next day a fall in the Carbon assimilation
was reported. This tendency continues until normal irrigation was re-established in the day marked
with the blue arrow.
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5. Conclusions

In this investigation, a smart sensor system was developed to monitor primary variables in plants.
Then, this information was then used to estimate physiological processes such as photosynthesis,
transpiration, and stomatal conductance. The proposed experiment demonstrates the capabilities of the
system to detect stress in plants submitted to soil drought conditions. It also reveals that even under
real operation conditions (greenhouse applications) the system properly estimates the aforementioned
physiological processes. However, important considerations must be taken into account if the system
pretends to be operated outside due to sunlight and rain conditions. But it is important to state that this
is a prototype that can be improved in a future. Another central consideration relies on the leaf
chamber design and stress conditions that are produced on isolated leaves. During the experiment, it
was necessary to periodically changed between leaves. However, during periods of three days not
important damage over the samples was appreciated. This may be due to the Nylamid-acrilic materials
utilized in the leaf chamber design, which do not overheat under sunlight such as aluminum based
chambers that are used in commercial devices.

In addition, the DWT was used to process the signal combined with an index that adjusts the
estimation according to the plants surrounding environment. It resulted useful in order to perform a
day by day comparison for drought detection, which is important because conventional analysis
requires long time to detect drought conditions. Moreover, the R7-CB index provides an alternative
method for monitoring plant growth without using destructive laboratory analysis. Therefore, RT-CB
provides information about irregular growing circumstances such as drought. Finally, the proposed
digital signal processing methodology implemented in the gas exchange system represents an
alternative that can be used to detect and monitor drought under real growth conditions. Also, this
methodology can be utilized for filtering purposes in precision agriculture applications where the
signal-to-noise ratio is high (like chlorophyll fluorescence or impedance sensor applications).
Furthermore, it can be utilized to explore time-frequency properties of different kinds of signals.
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Photosynthesis is considered the most important physiological function because it constitutes the main
biomass entrance for the planet and consequently it permits the continuance of life on earth. Therefore,
accurate photosynthesis measurement methods are required to understand many photosynthesis-related
phenomena and to characterize new plant varieties. This project has been carried out to cover those
necessities by developing a novel FPGA-based photosynthesis smart sensor. The smart sensor is capable
of acquiring and fusing the primary sensor signals to measure temperature, relative humidity, solar radi-

?g::friisor ation, CO,, air pressure and air flow. The measurements are used to calculate net photosynthesis in real
Photosynthesis time and transmit the data via wireless communication to a sink node. Also it is capable of estimating

Precision agriculture other response variables such as: carbon content, accumulated photosynthesis and photosynthesis first
Phytomonitoring derivative. This permits the estimation of carbon balance and integrative and derivative variables from
FPGA net photosynthesis in real time due to the FPGA processing capabilities. In addition, the proposed smart
Wireless monitoring sensor is capable of performing signal processing, such as average decimation and Kalman filters, to the
primary sensor readings so as to decrease the amount of noise, especially in the CO, sensor while improv-
ing its accuracy. In order to prove the effectiveness of the proposed system, an experiment was carried
out to monitor the photosynthetic response of chili pepper (Capsicum annuum L.) as case of study in
which photosynthetic activity can successfully be observed during the excitation light periods. Results
revealed useful information which can be utilized as new tool for precision agriculture by estimating
the aforementioned variables and also the derivative and integrative new indexes. These indexes can
be utilized to estimate carbon accumulation over the crop cycle and fast derivative photosynthesis
changes in relation to the net photosynthesis measurement which can be utilized to detect different

stress conditions in the crops, permitting growers to apply a correction strategy with opportunity.
© 2013 Elsevier B.V. All rights reserved.

factor is light. Consequently, accurate photosynthesis measure-
ments are necessary to establish comparisons and understand plant

1. Introduction

The photosynthesis process is the biochemical reaction in which
plants transform sunlight energy into chemical energy. In this pro-
cess, plants fix carbon dioxide (CO,) and release oxygen (O,). This
process is considered the most important biochemical reaction in
the world because it produces 90% of the planet biomass (Taiz
and Zeiger, 2002). On the other hand, photoinhibition is a term uti-
lized to describe all the environmental conditions that can nega-
tively affect the photosynthetic activity. The most common stress

* Corresponding author. Tel.: +52 6677161154x117.
E-mail address: jrmillan@uas.edu.mx (J.R. Millan-Almaraz).

0168-1699/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.compag.2013.04.009

productivity or biomass accumulation at the leaf, plant, canopy, or
community levels as well as their interaction and response to envi-
ronmental (Bakker et al., 2001), chemical (Marschner, 1995), or bio-
logical (Stout et al., 1999) factors that generate stress conditions.
Due to the great importance of photosynthesis, accurate mea-
surement methods are required to gather more information about
this process. These methods are commonly classified as destructive
and non-destructive. Destructive methods are those that cause
partial or total destruction of the plant, leaf or tissue during the
measurement process. These methods include techniques like dry
matter accumulation that consists of drying the plant sample in
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an oven and measuring dry weight to determine accumulated pho-
tosynthesis (Hodson et al., 2005), and the isotope method based on
the use of carbon isotopes like ''C, '2C and 'C to obtain marked
CO, that is traceable through the plant body, but contaminates
the analyzed plant with radioactive CO, as was mentioned by Kaw-
achi et al. (2006) and Millan-Almaraz et al. (2009). Non-destructive
photosynthesis measurement methods in contrast, are those that
seek to avoid plant damage. These methods include electrochemi-
cal methods that consist of red-ox reaction based sensors used to
measure oxygen liberation in aqueous algae solutions (Hunt,
2003). Acoustic methods are based on an uncommon technique
that measure sea photosynthesis by a quantification of the under-
sea sound interruption occurring as a result of the liberation of
small O, bubbles through algae photosynthesis (Hermand, 2004).
Chlorophyll fluorescence is one of the most utilized photosynthesis
measurement techniques. It consists of determining the amount of
chlorophyll present in the analyzed sample; this is performed by
enclosing the plant sample in a dark chamber, applying light exci-
tation and quantifying the red fluorescence emitted by the plant
after the excitation light interruption as was reported by Fedack
et al. (2005) and Sayed (2003). This method presents the advantage
of being less sensitive to environment factors compared with the
CO, exchange method which is the most widely utilized for photo-
synthesis measurement (Wang et al., 2004).

Gas exchange (CO, and H,0) within leaves constitutes the basis
of most photosynthesis measurement methods. Since CO, intake
and H,O0 release share the same biochemical pathway, photosyn-
thesis measurements commonly include the estimation of photo-
synthesis itself also known as the assimilation or CO, uptake or
the stomatal conductance and transpiration (Field et al., 1991). It
consists of partially isolating the plant sample in a transparent
chamber, using Infrared Gas Analyzer (IRGA) CO, sensors to mea-
sure the difference between intake ambient CO, concentration
and the final concentration after a period of time to permit plant
photosynthesis inside the leaf chamber as reported by Takahashi
et al. (2001) and Millan-Almaraz et al. (2009).

Consequently, it can be inferred that the CO, exchange method
is more sensitive to environmental factors than chlorophyll-fluo-
rescence based techniques. However, CO, exchange has several
advantages over other methods. First, a higher amount of informa-
tion regarding variables as product of the photosynthesis measure-
ment process can be gathered. These include net photosynthesis
itself, carbon content, transpiration, stomatal conductance, dew
point, to name but a few. Another advantage is to be less prone
to errors due to spatial heterogeneity of stomatal conductance
and photosynthetic capacity given by the variability across leaf
surfaces. Further, this method permits investigators to determine
the exact leaf-area of measurement in the majority of cases, with
the exception of small or narrow leaves which do not fill the small
chambers (Long and Bernachi, 2003). Due to these aforementioned
advantages, the CO, exchange method has been chosen in this
investigation.

In previous investigations, the CO, exchange method has been
used to measure net photosynthesis (P,) in many photosynthesis
measurement systems (Phytech Inc., 2005; CID Inc., 2008). Net
photosynthesis is an indirect indicator of the plant’s whole bio-
mass production and consequently can be used to estimate crop
yield. In biotechnology research, P, can be used to characterize
the photosynthetic response of new genetically-improved plant
varieties. Due to the demands to constantly develop new plant
varieties, it is very important to maintain pest and disease resis-
tances in a changing world in which pathogens are continuously
mutating to counteract natural and artificially induced plant resis-
tance mechanisms (Torres-Pacheco et al., 2007). Consequently, it is
necessary to perform genetic, biochemical and physiological char-
acterizations in order to better understand information regarding

the variety being developed to determine if it is affordable to be
utilized for agricultural processes or not. Moreover, it is necessary
to characterize the behavior of improved plants in order to add this
information in patent documents. In biology research P, is studied
to understand many processes in wild plants. Forestry and ecolog-
ical research has also used photosynthesis monitoring as an eco-
logical indicator of pollution as well as to investigate certain
properties of trees (Schulze, 1972).

Due to the increasing demand for food, extra efforts and special
techniques to increase the food production and information tech-
nology is now heavily relied upon in agriculture. Because of the
advancements of technologies and reduced size of sensors, the
use of sensors and wireless technology are supporting agricultural
practices very positively. According to Aqeel-ur-Rehman et al. (in
press), the agricultural domain possesses various requirements,
some of them requires the collection of weather, crop and soil infor-
mation. In order to accomplish this, it is necessary to employ paral-
lel and distributed applications. Consequently, these technological
advances permit to collect important information and to react to
different situations. The commercial equipment used for photosyn-
thesis monitoring in the aforementioned applications perform
offline measurements, yet lack the capability of multipoint instru-
mentation systems for measurement of large crop extensions
where using wired communication is expensive and impractical.
Consequently, any abnormal or stress conditions cannot be de-
tected in situ with opportunity; therefore, it is necessary to have a
technician to take the measurements manually in the field or green-
house. The data collected then has to be manually downloaded to
be analyzed offline and make decisions regarding proactive mea-
sures with at least a 1 day delay (Ton et al., 2004). In precision agri-
culture, a 1 day delay can easily represent the loss of the total crop
(Millan-Almaraz et al., 2010). Due to the aforementioned shortfalls
of multipoint monitoring of photosynthesis response to character-
ize and monitor diverse physiological responses on plants of com-
mercial interest, a new multipoint monitoring system with
wireless communication capabilities to monitor photosynthesis re-
sponse in a real time way is proposed herein.

A smart sensor is defined as a sensor that provides functions be-
yond those necessary for generating a correct interpretation of a
sensed or controlled quantity (Frank, 2000), based on this; smart
sensors must incorporate processing, communication and integra-
tion (Rivera et al., 2008). In this investigation the use of oversam-
pling and Kalman filters in order to decrease the amount of noise
received in the data collected is proposed, with special emphasis
on data that is coming from the CO, sensor. Further, the capability
of fusing the information of nodes inside of the sensor network
must be taken into consideration. To accomplish this, high perfor-
mance computational capabilities are required. These days, Field
Programmable Gate Arrays (FPGAs) are devices that are being
employed in applications where high demand computational re-
sources are necessary (Contreras-Medina et al., 2012). Conse-
quently, these devices have been gaining popularity primarily
because of their parallelism, high-speed processing and high
reconfigurability (Contreras-Medina et al., 2010). Due to the de-
mands for high computation required in this research the use of
FPGA-based smart sensor with capabilities of acquiring the pri-
mary sensor readings, memory management, signal processing,
photosynthesis calculation, wireless communication management
and in situ real time photosynthesis signal visualization in a color
LCD screen is proposed.

The contribution of this research project is to develop a novel
photosynthesis smart sensor capable of acquiring and fusing the
primary sensor signals to measure temperature, relative humidity,
solar radiation, CO,, air pressure and air flow in order to calculate
in real time net photosynthesis and transmit this data via wireless
communication to a data server. The wireless communication is
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based on Zigbee technology which is preferred over other technol-
ogies, such as: Bluetooth, Wibree, and WiFi, mainly because of its
long range, low power consumption, and cost (Ageel-ur-Rehman
et al, in press). The photosynthesis calculation is carried out in a
specific processing unit embedded in a FPGA. In addition, it is capa-
ble of estimating other response variables such as: carbon content,
accumulated photosynthesis and transpiration related information
as was previously proposed (Millan-Almaraz et al., 2010). It is de-
signed using a combination of several hardware architectures and
techniques in order to function in real time. The communication of
the proposed smart sensor is composed of a data server for storage
and control purposes and a single photosynthesis monitoring
smart sensor end point, but it can be upgraded in a future to many
end points within the neighborhood of the system.

In order to prove the effectiveness of the proposed smart sensor,
an experimental setup was carried out to monitor the photosyn-
thetic response of chili pepper (Capsicum annuum) as a case of
study.

This paper is organized into four sections: the first presents an
introduction to this project; the second presents the materials and
methods section to describe devices, methods and all the elements
which were utilized in this research for the experiment; the third
section illustrates an analysis of the obtained results with a respec-
tive discussion; and finally, the fourth section presents
conclusions.

2. Materials and methods
2.1. Photosynthesis measurement

CO, gas exchange is the most widely utilized method used for
photosynthesis measurement. It is often used to build commercial
and experimental photosynthesis monitoring systems by equip-
ment manufacturers. In the technique described herein, closed sys-
tems are used with IRGA CO, sensors to measure the initial
concentration in an isolation chamber where the sample is tested
to measure the final concentration after a period of time to permit
the photosynthesis of the plant (Phytech Inc., 2005). Open-flow
systems have great advantages in comparison to closed systems
because photosynthesis occurring delay is not required to record
the final concentration of CO,. Instead, photosynthesis sampling
at higher frequencies than closed systems is permitted. Therefore,
it becomes more useful for fast monitoring of photosynthetic phe-
nomena. This also enables the chamber to be interchanged with
other chambers possessing differing leaf sizes or shapes, depending
on the specie of plant that needs to be monitored.

In order to calculate the net photosynthesis in an open flow sys-
tem, it is necessary to convert the volumetric air flow into a mass
flow by calculating the W factor by using Eq. (1) as was previously
reported by (Millan-Almaraz et al., 2010), in which V corresponds
to the volumetric air flow in the pneumatic line expressed in liters
per minute (Ipm), P corresponds to pressure in Bar, T,K to air tem-
perature in Kelvin, A is the leaf chamber area in cm? and the
2005.39 is a constant factor to convert minutes to seconds and cen-
timeters to meters.

V xP
W = 2005. e 1
005.39 x <TGK><A> (1)
Once the W factor has been calculated, P, calculation can be per-
formed using Eq. (2) in which C; corresponds to the leaf chamber in-
take CO, concentration in ppm and C, is the exhaust CO,
concentration also in ppm to express net photosynthesis in pmol/
m?/s.

Py =W x (C;—Cy) (2)

2.2. Smart sensor methodology

The design and development of a photosynthesis smart sensor
network requires integrating many subsystems. It involves a data
acquisition unit (DAS), a whole pneumatic gas exchange system,
a signal processing unit and a wireless communication subsystem.
The combination of different primary sensors permits integration
of many measurement points. The FPGA-based photosynthesis
processor is described in the following subsections.

2.2.1. Pneumatic process

The procedure for photosynthesis measurement is illustrated in
Fig. 1. Here, the primary sensors are orange and the two pneumatic
lines shown as black arrows can be seen. In the upper part of the
figure, there is a reference air channel, which is analyzed to deter-
mine the environment properties of the plant neighborhood air
such as: air temperature (T,), input relative humidity (RH;), refer-
ence air flow (V;), reference pressure (P;) and input CO, (G). The
lower pneumatic line corresponds to the air channel that is con-
nected to the leaf gas exchange chamber called a sample air chan-
nel. Therefore, it is necessary to analyze the same environmental
variables such as the reference channel to establish a comparison
between these properties because this is the basis of the gas ex-
change method. Here, the measured variables are: leaf tempera-
ture (Tiq), output relative humidity (RH,), reference air flow (V,),
sample pressure (P,) and output CO, (C,). Furthermore, the data
acquisition system can be observed in the middle of Fig. 1 in which
all the primary sensors from both reference and sample air chan-
nels are connected plus an additional solar radiation sensor to have
reference of the start and end of day information which is much re-
lated to the photosynthetic activity. Both pneumatic lines were
monitored as was aforementioned in order to determine the spe-
cific properties of both air channels and later in order to be able
to establish a difference between both.

2.2.2. Wireless communication subsystem

The development of the wireless communication subsystem, in-
volves the evaluation of different communication technologies. As
an example of this, there are factors such as: bandwidth, transmis-
sion rate, total range, scalability and power consumption that need
to be taken into consideration. As was previously established by
Moreno-Tapia et al. (2010), the IEEE 802.15.4 ZigBee standard
which has a theoretical transmission rate of 250 kbps and a maxi-
mum range of 1000 m which results in this being the most suitable
for this application. This standard works in three different fre-
quency bands and could theoretically contain up to 65,536 nodes
managed by a single coordinator on a network and has low energy
consumption (IEEE, 2006). Due to these aforementioned benefits,
the ZigBee standard is considered as the optimum for this
application.

The end point is the smart sensor node equipped with the nec-
essary instrumentation systems to calculate net photosynthesis
from the measurement of certain primary sensors. The coordinator
node is implemented on a similar platform as the rest of the nodes,
but it is responsible for the management of the starting measure-
ment commands up to the smart sensor and to gather its respec-
tive photosynthesis results in its personal area network (PAN).
The proposed wireless system is capable of communicating di-
rectly to a PC through a USB interface in the coordinator device
to enable mass storage and better display purposes.

The wireless subsystem is constituted by a star topology net-
work architecture in which a single coordinator node is deployed
to manage the smart sensor node which is dedicated to perform
photosynthesis analysis. For this application, only one smart sensor
is connected for the experiment tests, but additional smart sensor
devices can be added in future upgrades.
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Fig. 1. CO, exchange based pneumatic system design.

The smart sensors are composed of three stages: data acquisi-
tion card, FPGA unit and a commercial transceiver based on
XBEE-Pro transceivers with physical layer, media access control
(MAC) and antenna integrated inside the module (Digi Interna-
tional, 2008). Furthermore, the coordinator node consists of the
same FPGA module, but with its corresponding coordinator firm-
ware connected to the same Zigbee transceiver and a by USB con-
nection to the PC. The hardware processing unit utilizes low cost
FPGA devices to control both smart sensor node and coordinator,
but with photosynthesis smart sensor and coordinator firmware
respectively.

In order to understand the operation protocol of this system, it
is necessary to understand some specifications about the measure-
ment process. Once a measurement command is received by the
smart sensor node, it is necessary to acquire the measurements
of eleven primary sensors which are T, Tieqr, RHi, RHo, G, Co, Vi, Vo,
P;, P, and ambient light (Light) at the data acquisition stage. Each
of those sensors consists of a two byte format, so 22 bytes are re-
quired to start each photosynthesis calculation process. Further-
more, P, among others are calculated inside the smart sensor
node FPGA-based processing unit. As a result, a row of eleven pri-
mary sensor variables plus three response variables are given by
each smart sensor; therefore, fourteen variables of two bytes each
are used. Consequently, each photosynthesis measurement con-
sists of a 28-byte data frame for each measurement request.

The communication protocol utilizes a star topology network
limited to point-to-point for this application to establish the link
between coordinator and smart sensor. Each node has a specific
16-bit PAN address, device ID and advanced encryption standard
(AES) 128-bit security key configured and stored in the flash mem-
ory of the XBee-based transceivers. The coordinator is responsible
for associating or disassociating the smart sensor as required by
the user as well as sending data request commands to measure,
or gather smart sensor status. On the other hand, the smart sensor
node has the specific tasks of the photosynthesis measurement
process, having association only with the coordinator and being
responsible for sending data by request to the coordinator as a re-
duced functionality device (RFD).

Therefore, the wireless operation consists of sending a measure-
ment command from the coordinator to the smart sensor. Once the
command is recognized as start process, the measurement round is
initiated and synchronized in time. The whole photosynthesis
measurement process takes approximately 7.5 min due to the

complex gas analysis process. Furthermore, the smart sensor sends
an “end of process” command to advise to the coordinator that the
measurement process is completed. Once the result data is ready,
the coordinator starts gathering the results from the smart sensor
byte by byte. Finally, the data round is sent to the PC via USB inter-
face for mass storage and display purposes.

A special note regarding the wireless performance of the pro-
posed system. It is necessary to start from the specifications of
the utilized transceivers model Xbee-PRO from Digi International
(Digi International, 2008), which claim to have an effective com-
munication range of 1.6 km without obstacles, a maximum speed
of 250 kbps and a power consumption of approximately 250 mA.
Due to the specific environment conditions in this case study, the
effective communication range was approximately 500 m, the
power consumption was the same as the manufacturer specs and
the transmission speed was set to a secure 9600 bps in order to
avoid package loss which experimented with transmission speeds
of more than 115,200 bps.

2.2.3. Wireless coordinator device

The coordinator architecture is controlled by a FPGA device unit
which utilizes a Terasic DEO-Nano development board which is
based on an Altera EP4CE22F17C6N Cyclone IV device with
22,000 LE, low power consumption and 32 MB of external SDRAM.
It embeds many subsystems in order to manage the wireless com-
munication by itself, saving data and graphically demonstrating
the smart sensor measurements as can be seen in Fig. 2. The first
step has an IEEE 802.15.4 ZigBee transceiver model XBee-PRO (Digi
International, 2008) which is connected to a communications man-
agement unit which is embedded in the FPGA. This unit is the
responsible for the remote administration and data gathering from
the smart sensor node. The coordinator block RAM is the storage
part of the system in which all the information gathered is concen-
trated and packaged in order to be sent to a data server through the
embedded USB 2.0 interface. The graphics engine is a unit which
permits reading of the data which is stored in the block RAM in or-
der to plot in real time the multiple monitored variables in a TFT
LCD color display model (Terasic Corporation, 2008). Furthermore,
the master control unit performs the process synchronization to
manage all of the aforementioned processes which are carried
out inside of the coordinator module. The FPGA resource utilization
is around 2% of the logic elements (LEs) and 76% of the RAM bits as
can be seen in Table 1.
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As was aforementioned, the coordinator is the responsible for
managing the smart sensor node for photosynthesis measurement.
Consequently, each measurement which is carried out in the smart
sensor node consists of a 28-byte data burst which requires 224-bit
from the 608,256-bit available in the internal block RAM of the se-
lected FPGA device. Furthermore, in order to determine the theo-
retical capability for managing smart sensor nodes by the
proposed coordinator it is necessary to divide the maximum
RAM availability of 608,256-bit by 224 for each node measurement
memory requirement obtaining a theoretical maximum of 2715
nodes that can be managed by a single coordinator device. For this
case study, the communication is restricted to only one smart sen-
sor and the coordinator as was aforementioned. The measurement
cycle starts when the coordinator sends a measurement command
to the smart sensor node to start the gas exchange analysis. Seven
minutes later the data is ready and the coordinator starts to gather
the results and stores these in its RAM block. Once the data round
is completed, the results are sent to a PC through a USB connection
to backup measurements in a database.

2.2.4. Smart sensor node

The proposed methodology and its corresponding architecture
for the photosynthesis smart sensor are illustrated in Fig. 3. It de-
scribes the architecture in the smart sensor in which data acquisi-
tion; signal processing and communication capabilities are
embedded.

The data acquisition stage includes seven analog primary sen-
sors with corresponding signal conditioning units standardized at
a 0-5V format to measure V;, P;, G, V,, P,, C,, and Light. Air flow
for V; and V, is measured using an Omron D6F Micro Electro
Mechanical System (MEMS) based sensors with an accuracy of

Table 1
FPGA resource utilization for the coordinator.

Logic element Used Available Percentage (%)
Total logic elements 430 22,320 2
Total combinational functions 375 22,320 2
Dedicated logic registers 316 22,320 1
Total pins 30 154 19
Total memory bits 458,752 608,256 76
Embedded multiplier 9-bit elements 0 132 0
Total PLLs 0 4 0

+3% of its measured value and a measurement range of 0-5 Ipm
(Omron Electronic Components LLC, 2008). P; and P, are measured
using Honeywell Trustability SSC sensors (Honeywell Sensing and
Control, 2010). Sensing CO, is the most important part for photo-
synthesis measurement; consequently, it has been carried out
using Edinburgh Instruments Gascheck 2 IRGA based CO, sensors
with a measurement range of 0-3000 ppm and an accuracy of
+30 ppm (Edinburgh Instruments, 2010). The ambient light sensor
is OSRAM SFH5711 with a measurement range of 0-100,000 lux
and an accuracy of £0.4% of its measured value (Osram Opto-semi-
conductors Inc., 2007). Each of the previous sensors is sampled via
an ADS7844 analog to digital converter which has eight channels,
12-bit resolution, 200 kilo samples per second (ksps) as a maxi-
mum sampling frequency (f;) and a serial peripheral interface
(SPI) (Burr Brown Corp., 2003). In addition, there are two digital
temperature/relative humidity sensors model Sensirion SHT75,
which are responsible for measuring T, RH;, Tieqr and RH, with a
resolution of 12-bits for RH and 14-bits for temperature and an
accuracy of 0.4 °C of its measured value for temperature and
+1.8% for RH (Sensirion Co. Ltd., 2009).

The blue modules are embedded inside a FPGA device, model
Altera Cyclone IV EP4CE22F17C6N, similar to the one utilized in
the coordinator device. It includes all the digital systems (Altera
Corp., 2010). The data acquisition control unit is embedded inside
the low cost EP4CE22F17C6N FPGA device and is responsible for
reading both SHT75 sensors managed in parallel by two embedded
controllers for its specific I*C modified interface at the same time in
which the ADS7844 converter is operated via SPI interface. It is
achieved as a result of the FPGA parallel computation capabilities.
Moreover, this module controls the RAM access to store the ac-
quired sensors data and to guarantee data access to the next signal
processing stage. The signal processing unit is used to perform the
primary sensors data filtering operations in order to improve the
signal quality and reduce the amount of noise as was previously
utilized for robotics vibration monitoring (Rodriguez-Donate
et al,, 2010) and plant transpiration dynamics real time calculation
(Millan-Almaraz et al., 2010). Furthermore, the photosynthesis
processor is the real time calculation module utilized to obtain
the P,, value from the primary sensor readings. The communica-
tions management unit is the stage which controls the wireless
communication between the smart sensor and its coordinator
node. It involves recognition of the start measurement command
which is sent by the coordinator to begin each measurement cycle
and the data sending command to begin the result transmission to
the coordinator at the end of the measurement process. Finally, the
leaf chamber opening mechanism and vacuum pump is controlled
by the FPGA hardware signal processing (HSP) unit. All the afore-
mentioned modules which are embedded inside the FPGA device
consume approximately 4% of logic elements, 26% of the total pins,
less than 1% RAM bits and 8% of the available 9 x 9-bit multiplier
blocks as can be seen in Table 2.

2.2.5. FPGA-based signal processing unit

The signal processing unit is a stage of the embedded processor
included as part of the firmware of each end-point FPGA device
which is graphically illustrated in Fig. 4. Here two signal processing
stages and response variables calculation processors can be seen.
Substantial noise is present in photosynthesis measurements when
it is based on the CO, exchange. This is present in the CO, measure-
ments because of the direct dependent relation with the gas law, in
which pressure, temperature and volume are involved. Conse-
quently, average decimation filters of 128th order are proposed
as a first step to decrease the amount of CO, signal noise. These
decimation filters are embedded inside of the FPGA-based signal
processing stage of the proposed smart sensor system. Further-
more, each of the primary sensor readings from the ADS7844 such
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Table 2
FPGA resource utilization for the smart sensor node.

Logic element Used  Available  Percentage (%)
Total logic elements 920 22,320 4
Total combinational functions 846 22,320 4
Dedicated logic registers 462 22,320 2
Total pins 40 154 26
Total memory bits 224 608,256 <1
Embedded multiplier 9-bit elements 10 132 8
Total PLLs 0 4 0
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Fig. 4. FPGA signal processing and smart processor unit.

as: V;, P, G, V,, P,, C,, and Light are introduced to the parallel dec-
imation filters, oversampled and averaged 128 times in order to re-
duce the quantization and undesired noise based on Eq. (3). Using
this method, new signal versions of the primary sensor reading are
obtained and distinguished from previous versions by utilizing the

suffix os, as occurs in (3) where X(k) can be any primary sensor
reading introduced to the decimation filters and X,s(k) is the aver-
age decimation filtered version of X(k).

k 1 1281 '
Xos<m> =128 ;X(k—l) 3)

The Kalman filters are also embedded in the FPGA unit and its algo-
rithm is based on Rodriguez-Donate et al. (2011) description which
is based on previously described equations (Marsland, 2009). The
Kalman filter is based on statistical processing in which the filter
obtains the next state of the signal called prediction and calculates
the feedback that is used to apply the correction to the predicted
state which is presented in Egs. (4) and (5). S is the matrix that re-
lates the previous state and the estimated actual state, Q is the
covariance of the interest signal and P*(k) is the a priori estimated
error covariance.

X(k)=SX(k—1)+Bu(k—1) (4)

P (k) =SPk—-1)S"+Q (5)

The correction stage is based on Egs. (6)-(8) where R is the noise
covariance when the interest phenomenon is in steady state, H re-
lates the sensor measurements (Z(k)) with the current state X(k),
K(k), is the Kalman gain factor which is utilized to minimize the a
posteriori error covariance (P(k)).

K (k) = P'(k)H" (HP*(k)HT + R)il (6)
X (k) = X" (k) + K (k)(Z(k) — HX" (k) ()
P(k) = (I — K(k) H) P* (k) (8)

Furthermore, X,5(k) oversampled signals are introduced in the Kal-
man filters stage to obtain new filtered signals X,s (k). To accom-
plish this, S is considered to be an identity matrix, previous values
X= [V: osk> Pi*oskr Ci*oskv V:; osk7P; osk> C; osk> and LightZsk]T and sensor
measurement values Z = [Vi osk» Pi osk» Ci osk» Vo osk» Po osk» Co osk» and
Light,s]” where Q is a diagonal matrix which contains the covari-
ance of each X,4(k) signal. Therefore, R is also a diagonal matrix that
includes the noise covariance of each variable. Finally, H is an iden-
tity matrix.
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Once X, (k) signals are calculated, the net photosynthesis pro-
cessor performs the P, computation based on the primary sensor
readings. To accomplish this, W is calculated as a first step to con-
vert from volumetric gas flow into mass gas flow. Consequently, W
is multiplied by the difference between carbon intake and carbon
out in order to obtain P, according to Eq. (2) as written above.

2.2.5.1. Net photosynthesis integration. It is frequently important to
obtain quantitative assessment of plant growth, primary produc-
tivity and the impact of climate change on vegetation. One way
to achieve this is by having knowledge of the crop carbon balance
which is based in part on photosynthesis measurements (Albrizio
and Steduto, 2003) based on responses of CO, gains. Sakai et al.
(2000) calculated carbon daily gain and carbon total gain during
an experiment by integrating the net photosynthesis and gross
photosynthesis measurements to study the impact of different lev-
els of CO; in rice. Choudhury, 2000 obtained gross photosynthesis
by integrating instantaneous measurements to study the impact of
biophysical parameters related to radiation use efficiency of wheat
during its vegetative period; similarly, Albrizio and Steduto (2003)
correlated the generated biomass with cumulative photosynthesis
measurements to study carbon use and growth efficiency; conse-
quently, in several studies it is important to associate the crop
yield with the photosynthetic activity or obtain gross photosynthe-
sis measurements by integrating instantaneous measurements in
order to have an indicator of the quantity of the production based
on the photosynthesis data or evaluate the impact of different
treatments or management practices. Consequently, the real
time-carbon balance (rtcb) is a novel term that is proposed in this
research project as a new index which was obtained experimen-
tally and can serve to indicate the accumulation of carbon due to
the photosynthetic activity. It can be calculated by obtaining the
integral of p, function as can be described in Eq. (9), where rtcb
is the continuous time version. It can be utilized in future applica-
tions to estimate, in real time, carbon fixing via accumulated pho-
tosynthetic activity and carbon loses due to night respiration. It
permits investigators to determine the carbohydrate accumulation
in a way that can be utilized to determine the crop yield early;
therefore, constituting a new tool for precision agriculture. In order
to have a digitally implementable equation of (9), it can be trans-
lated to its discrete time version of real time carbon balance (RTCB)
to obtain Eq. (10), where the integral is changed into an accumu-
lated addition and obtaining the discrete time versions of the vari-
ables such as: RTCB and P,

rech(t) = / "o (t) dt 9)
RTCB(k) — ﬁjpn(k) (10)
k=0

2.2.5.2. Net photosynthesis first derivative. The study of growth effi-
ciency of the plants and the impact of different treatments in bio-
mass production results are of great importance in agricultural
investigations (Sakai et al., 2000; Albrizio and Steduto, 2003). Al-
brizio and Steduto (2003) obtained the slope of regressions be-
tween photosynthesis and respiration measurements to evaluate
the carbon use and growth efficiency of certain C; and C4 plants.
Consequently, the first derivative factor of net photosynthesis in
continuous time (p;,) and its discrete time version (P;) as another
novel indicator obtained through experimentation to analyze di-
verse phenomena involved in the changes of photosynthetic activ-
ity such as the carbon use and growth efficiency is proposed
herein. This index can also be used in future investigations to
analyze and quantify the effect of different treatments and

management practices on the rate of photosynthetic activity in
plants. p;, is calculated by performing the first derivative of p, as
is established in Eq. (11). As occurred with RTCB, in order to be able
to implement p;, in a digital system it is necessary to obtain its dis-
crete time version P, which result from Eq. (12).

P =t (11)

Py (k) = Pa(k) — Pa(k — 1) (12)

2.3. Photosynthesis smart sensor and commercial equipment

Once the proposed photosynthesis smart sensor was explained
in the previous sections, it is necessary to clarify the advantages
and disadvantages of the proposed project in comparison with
commercial equipment alternatives. In Table 3, it can be observed
a detailed comparison of the main characteristics between com-
mercial photosynthesis monitoring systems and the proposed
smart sensor. Here can be observed a similar tendency in the
commercial equipment by having only one leaf chamber, micro-
processor based system and non-automated leaf chamber mecha-
nism in the Li-6400XT (LI-COR Inc., 2010), CIRAS-2 (PP Systems,
2012), CI-340 (CID Inc., 2008) and GFS-3000 (Heinz Walz GmbH,
2012). Also, they have similar communication interfaces such as
RS232, RS485 and USB connection and lack of wireless capability.
The PTM-48M is a little bit different by having four leaf chamber
which are automated by a pneumatic mechanism but have less
memory capacity to store data and delivers less response vari-
ables (Phytech Inc., 2005). In contrast, the proposed wireless
smart sensor for photosynthesis monitoring have wireless capa-
bility to communicate between the data storage computer and
the smart sensor, allowing to be deployed in the field as a stand-
alone device due to its automated leaf chamber mechanism
which is based in a miniature servomotor. Another significant
advantage of the proposed system is the use on a FPGA device
as digital controller which allows performing digital signal pro-
cessing in situ to add complex digital filtering stages such as
128 order oversampling and Kalman filters to improve signal
quality which is difficult to be implemented in a microprocessor
based system. Furthermore, two novel indexes can be calculated
by the proposed system which are RTCB and P, to describe addi-
tional photosynthesis related information.

2.4. Experiment setup

In this section, the experiment setup which is utilized to test
the proposed photosynthesis smart sensor is presented. This in-
cludes the primary sensor reading results and its corresponding
signal processing treatments to improve these signals plus a gra-
phic comparison in the primary sensor signals X(k), X,s(k) and
Xosk(k). Further, a subsection to include the photosynthesis real
time analysis and its results is also presented. Finally, the last
subsection presents results to detect on line and in real time pho-
tosynthesis stress conditions which can hinder achieving a good
P, rate.

The experiment setup can be seen in Fig. 5 and it is based on
coordinator linked to smart sensor architecture. The smart sensor
device was based on the aforementioned DAS where both refer-
ence and leaf sample air was analyzed by the temperature, RH,
pressure, flow and CO, sensors. The DAS is controlled via SPI in
the FPGA unit. As biological material, a C. annuum L. plant is uti-
lized as case study. In order to induce photosynthesis related activ-
ity on the plant sample, a high pressure sodium lamp (HPSL)
capable of supplying a 10,000 lux artificial light source is utilized
to excite the plant sample. The lamp was controlled by the FPGA,
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Table 3
Comparison of commercial photosynthesis measurement systems with the proposed smart sensor.

PTM-48M Li-6400XT CIRAS-2 CI-340 GFS-3000 Proposed smart sensor

Manufacturer Phytech Inc. Li-cor PP Systems CID Inc. Heinz Walz Authors

Biosciences GmbH
Clamp isolation mechanism Pneumatic Manual Manual Manual Manual Servomotor
ADC resolution 12-bit Not specified Not specified Not specified Not specified 12-bit
Number of leaf chambers 4 1 1 1 1 1 per node
Communication interface RS232 RS232, RS232, USB RS232, USB RS485, USB RS232, USB and ZigBee

Ethernet
Storage capacity 256 samples Compact Flash RAM 4 MB RAM 7.4 GB Compact 32 MB Onboard

flash SDRAM/Server HDD
CPU type Microprocessor Microprocessor Microprocessor Microprocessor Microprocessor  FPGA
Real time photosynthesis processing No Yes Yes No Yes Yes
Sensor measured variables Ta, RH, CO2,V, Ta,RH,CO2,V, Ta,RH,CO2,V, Ta,RH,CO2,V, Ta, RH, CO2,V,P, Ta,RH,CO2,V,P, Light
P P, Light P, Light P, Light Light

Response calculated variables E, Pn, VPD E, gs, Pn, Dew E, gs, Pn, Dew E, gs, Pn, Dew E, gs, Pn, Dew E, gs, Pn, Dew point,

point point point point, VPD VPD, Pn’, RTCB
In situ graphic capabilities No Yes, B&W LCD Yes, Color LCD  Yes, B&W LCD Yes, Color LCD Yes, Color LCD
Automatic mechanism capabilities Yes No No No No Yes
Wireless capability No No No No No Yes
Digital signal processing capabilities No No No No No Yes

(Oversampling and Kalman filters)
Multi node measurement capabilities No No No No No Yes
Photosynthesis
Analysis
Photosynthesis End Point
Analysis

Coordinator

Acquisition
System |

\I“ |

FPGA End
Point
Processor

Leaf
Chamber

ZigBee
Transceiver

Transceiver

.,
Excitation Sodium Lamp M

Fig. 5. Experiment setup for the proposed smart sensor.

which turned it on at 9 AM and off at 9 PM. The light sensor per-
mits observation of the exact moment when the lamp is activated
and deactivated. All the information gathered is processed by the
FPGA smart sensor unit and sent to the coordinator system via Zig-
Bee RF communication when it is required. The coordinator unit
gathers the primary sensor readings and photosynthesis response
variables from the ZigBee network to be sent to a data server via
USB interface for data backup purpose and plotted in parallel in a
4.5 in. TFT color LCD to visualize the acquired data. The data sam-
pling was configured to acquire one photosynthesis measurement
every 30 min in order to permit the pneumatic line transient filling
when the system is started and avoid excessive plant damage
when the servomotor based mechanism performs the isolating
process.

3. Results and discussion
3.1. Primary sensor results

The signal processing unit, which is embedded inside of the
FPGA device, is responsible for carrying out all the necessary sig-
nal treatment algorithms in order to reduce the noise in the pri-
mary sensor readings. The general procedure consists of acquiring
any primary sensor signals as X(k), then applying an 128th over-
sampling filter to reduce the noise as a first improvement in
obtaining the oversampled version of the signal as X,s(k) and fi-
nally passing it through a Kalman filter to obtain the most noise
filtered version X,s (k). This procedure is applied to any primary
sensor signal.
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In photosynthesis measurement, it is very difficult to obtain a
good P, estimation results due to the CO, sensors low stability.
An example of this is the fact that, commercial CO, sensors have
accuracies of +100 ppm to as low as +20 ppm with a pricing in-
crease when the accuracy is better. The main problem is that pho-
tosynthesis is a phenomenon in which the carbon fixing rates are
approximately less than 1-50 ppm with typical fixing of 5 ppm.
Consequently, it can be inferred that it is impossible to measure re-
sults of a phenomenon in which the interest measurement is a dif-
ference of 5ppm using a sensor with +100 ppm of noise.
Consequently, advanced signal processing techniques are applied
to the CO, readings as example of the rest of the primary sensors
because this sensor is the noisiest. In Fig. 6, three signals can be
seen. The black one represents the original CO, sampling signal
sampled at 1 sample per second (SPS). Here, a large amount of
glitches at the star of the measurements can be noticed due to
the CO, sensor accuracy, gas law noise which can be derived from
pressure, flow, and temperature. It is noteworthy that moisture
interferes with the IRGA sensor infrared absorption principle be-
cause hetero-atomic molecules such as CO, or also H,O can absorb
the infrared radiation. All of this results in a very noisy black signal
which must be digitally filtered. As a result, the aforementioned
128th average decimation filter is applied to the black signal and
the red signal is obtained as a first stage filtered signal where the
initial glitches are reduced as a consequence of the oversampling
process in which 128 samples were taken averaged and finally only
one result is delivered at its output. Furthermore, the red signal is
introduced to a Kalman filter stage which is fine tuned to track and
filter the CO, signal resulting in a very clear CO, measurement in
which the accuracy noise and other perturbations are eliminated.
This result in a new blue signal that has the necessary stability
to be used for photosynthesis measurement purposes in which
5 ppm differences between C; and C, are common differences and
noisy sensors are not suitable to measure this.

3.2. Acquisition of primary sensor signals

As a result of the requirement to have a new smart sensor that
fuses many primary sensor signals, a novel photosynthesis smart
sensor is proposed in order to be able to measure photosynthesis
in real time that possesses graphic visualization, instant value
measurement and longtime data logging capabilities in a multi-
point instrumentation scheme. The results of the acquired signals
at the output of the Kalman filters can be seen in Fig. 7. These sig-
nals from the primary sensors of temperature, moisture to name
but a few which are required to calculate the photosynthesis re-
lated variables such as P,, RTCB and P;. This acquisition process
was carried out in a 1 week monitoring cycle to be able to demon-
strate day and night changes in the data. It includes air and leaf
temperature measurement, moisture, air flow, carbon dioxide
and ambient light. Furthermore, these signals are introduced to
the processing unit in the FPGAs of the smart sensor unit to con-
tinue with the processing stage to calculate the photosynthesis re-
lated information.

3.3. Fused real time photosynthesis analysis

Due to the parallel and reconfigurable capabilities of the FPGA
based smart sensor, a new methodology for real time photosynthe-
sis analysis which involves many factors such as P,, RTCB and P, to
better explain all the photosynthesis related phenomena that oc-
curs in plants is proposed. A light measurement is included in this
fused analysis to track the photosynthesis process and its excita-
tion light source activity. In Fig. 8 a graphical description of the
fused photosynthesis analysis is presented.

3.3.1. Photosynthesis results
First, the light primary reading can be seen in order to track the
excitation light source. It is noteworthy that this process was
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running for 6 days with a photosynthesis sampling frequency of 1
sample each 30 min. In the second signal which corresponds to P,
as seen in Fig. 8, there is a direct relationship between light and P,
because P, is activated only in the periods when the sodium lamp
is activated. This is only from 9 AM to 9 PM and there are respira-
tion periods during the nights where a negative photosynthesis is
measured as a consequence of CO, release activity where dry mat-
ter is lost.

3.3.2. Real time-carbon balance RTCB results

As was aforementioned, RTCB is a novel index that results from
the P, integral calculation and it is proposed as a tool for photosyn-
thesis analysis. As can be seen in Fig. 8 the RTCB takes an increas-
ingly line like behavior when the plant sample has a good
photosynthetic activity with a decreasing tendency during the
nights when the sodium lamp is disconnected. Furthermore, it
can be noted that this behavior continues until the night of the
200th sample. After this point in time the sodium lamp was not
turned on the following day, to induce photo-inhibition conditions.
In such a situation the RTCB behavior stops its increasing behavior
because the low photosynthetic activity turns to respiration and
loses dry matter. This novel index can be utilized in future research
to measure the global carbon assimilation without the need for
destructive methods to dehydrate plant samples. Also it can be uti-
lized for many applications such as estimating the crop yield based
on real time RTCB measurements.

3.3.3. Net photosynthesis first derivative factor results

This is another novel index being proposed in this article for real
time photosynthesis analysis that as was previously established. It
results from the P, differentiation. In Fig. 8, the last signal in which
the high frequency components of P, are extracted through the
first derivative can be seen. This permits one to observe the chang-
ing factor of P, where a high frequency activity increase can be
seen before the photosynthesis process starts. It can be checked
by comparing the changes in photosynthesis related activity in
Py, RTCB and P,,. This index can be used to detect external perturba-
tions in precision agriculture applications, for example, to study
phenomena with fast photosynthesis changes that may be ob-
served in P,

4. Conclusions

A novel photosynthesis analyzer based on smart sensor archi-
tecture is proposed in order to establish a new real time analysis
methodology that includes wireless capabilities. Each smart sens-
ing node includes many fused primary sensor readings that can
be useful to determine environmental conditions that can harm
and affect the plant global photosynthetic activity that will be re-
flected in the final crop yield. This sensor network permits detec-
tion of photosynthesis inhibition conditions in real time by
relating the primary sensor readings with the response variables
such as net photosynthesis that have been widely studied for many
years already. Further, novel variables such as RTCB and P, can be
used in future research primarily as quantitative indicators of plant
growth, carbon use and growth efficiency and principally to evalu-
ate different treatments or management practices that can
negatively affect the plant biomass production. All of the afore-
mentioned variables can be utilized together to analyze in an on-
line method different crops as a result of wireless capabilities.
The proposed wireless monitoring system constitutes a new tool
that can be used in future research in precision agriculture and bio-
technology seed improvement to characterize photosynthesis re-
lated phenomena.
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Abstract: Chlorophyll fluorescence can be defined as the red and far-red light emitted by
photosynthetic tissue when it is excited by a light source. This is an important phenomenon
which permits investigators to obtain important information about the state of health of a
photosynthetic sample. This article reviews the current state of the art knowledge regarding
the design of new chlorophyll fluorescence sensing systems, providing appropriate
information about processes, instrumentation and electronic devices. These types of
systems and applications can be created to determine both comfort conditions and current
problems within a given subject. The procedure to measure chlorophyll fluorescence is
commonly split into two main parts; the first involves chlorophyll excitation, for which
there are passive or active methods. The second part of the procedure is to closely measure
the chlorophyll fluorescence response with specialized instrumentation systems. Such
systems utilize several methods, each with different characteristics regarding to cost,
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resolution, ease of processing or portability. These methods for the most part include
cameras, photodiodes and satellite images.

Keywords: fluorescence; chlorophyll; photosynthesis; instrumentation; LED; laser; Kautsky

1. Introduction

Plants are among the most evolved beings on the planet; for example, unlike humans they are
capable of producing their own nourishment through the process of photosynthesis. During this
process sunlight energy is stored, and subsequently, in conjunction with water and carbon dioxide,
forms carbohydrates and expels oxygen into the atmosphere [1]. However, plants cannot assimilate
all the stored energy and approximately 5-10% of the total absorbed energy is accumulated as dry
matter [2]. Consequently, plants are considered to be low-efficiency organisms. The excess energy is
absorbed by the leaves must be dissipated through different paths involving thermal dissipative
process, fluorescence emissions and photochemistry [3]. These losses can be utilized to research
certain physiological behaviors in plants, such as photochemical and non-photochemical quenching.

Chlorophyll fluorescence is the red and far-red light emitted by photosynthetic tissue when it is
excited by a light source [4]. Chlorophyll measurement is a non-invasive method for imaging
photosynthetic fluxes because fluorescence depends directly on photosynthetic activity and it can be
inferred through this [5-7].

This article reviews many applications in the measurement of fluorescence, most notably the
detection of plant stress factors, with the objective of improving comfort conditions for the plant and
providing higher production rates [8—11]. There are many factors that can produce plant diseases like
stress caused by the environmental factors, among others [12]; however, these are not the only
applications. Recently there has been climate impact research utilizing chlorophyll fluorescence
analysis, along with satellite images [13] and manual measurement systems [14].

In order to develop instrumentation systems for measuring chlorophyll fluorescence, it is necessary
to merge electrical engineering and plant biology. In this review, one vertex between the respective
fields of electrical engineering and plant biosystems, is examined, especially the instrumentation when
applied to the measurement of chlorophyll fluorescence. This phenomenon is common in some algae,
bacteria and especially plants.

There are even some applications of chlorophyll fluorescence that focus on the quality, chemistry or
physical characteristics of fruits; for instance, there are destructive methods which are commonly used
in the process of detecting anthocyanin or flavonoids in specific fruits [1]. With chlorophyll
fluorescence methods, this can be avoided. Regarding quality, there is research focused on plant
nutrition characteristics to determine the types of elements that are beneficial for the plant and in what
amounts [15,16]. Another important physical characteristic is the measurement of biomass, because it
can be reflected directly in agricultural production [16], even in climate research through this
characteristic [13].

None of the aforementioned techniques can be carried out without the appropriate instrumentation
or equipment. The procedure proposed is made up of two main parts: the first being the chlorophyll



Sensors 2012, 12 11855

excitation, for which there are active and passive methods. The active methods use lamps [17-19],
LEDs [6,9,20-25], or lasers [16,26,27] to excite the chlorophyll before beginning the measurements.
The passive methods takes advantage of solar radiation to achieve the same goal [28,29]. The second
part of the procedure is the measurement of the chlorophyll fluorescence. This can include several
methods, each with different characteristics such as cost, resolution, ease of processing or portability.
These characteristics primarily take into account the cameras [19,30], photodiodes [6,21], optical
fiber [31] and satellite images [13] used during the process.

This article is both an update and overarching review regarding the instrumentation and sensing
methods for measuring chlorophyll fluorescence; the objective is to provide a panoramic view of this
field of research to aid in future developments and research projects. The long term objective of this
review is to provide useful information and key data: primarily, the wavelength, intensity, and operating
conditions that a given source of active or passive chlorophyll excitation requires. Next, the proper
handling of the sample for correct measurement is reviewed. After that, the connections, methods, and
electronic devices to maximize fluorescence response acquisition are described. Finally, data
processing of the fluorescence response which includes filters, algorithms and equations, is examined.

2. Evolving Knowledge of Chlorophyll Fluorescence

Hans W. Kautsky and his collaborator, A. Hirsh, discovered a time dependent fluorescence when
they observed an increase in fluorescence intensity when dark-adapted photosynthetically active
samples were illuminated [32]. This phenomenon is also known as fluorescence transient, OJIP curve,
fluorescence induction, fluorescence decay or the Kautsky effect.

All plants, from higher specimens to unicellular green algae, possess a chloroplast with thylakoid
membranes containing photosystems I (PSI) and II (PSII), which are connected to each other by the
cytochrome bef complex. PSI is capable of producing fluorescence, but in very small quantities which
are negligible. PSII is the only viable contributor to variable fluorescence [20,33].

PSII consists of pigments and proteins in the thylakoid membrane of chloroplasts, which is the
major target of many environmental stresses [34]. Based on this, chlorophyll fluorescence is widely
used to determine the quality of growth conditions particularly in precision agriculture, where the
parameters can be manipulated to improve the comfort conditions of plants.

Recent research suggests that the methods to dissipate excessive sunlight energy can be considered
as a slowly reversible, protective mechanism, because inactive PSII complexes can act as protective
shields [35]. Therefore, these mechanisms decrease the photochemical efficiency of PSII by
interrupting the equilibrium between the radical pair and excitons in the light-harvesting antenna [36].
Consequently, photosynthetic energy harvesting is reduced and photon re-emitting by fluorescence is
increased. Based in these facts, many techniques have been developed in the measurement of
fluorescence for the improvement of comfort conditions in the plant and have increased production
rates through the early detection of stress conditions [8—11].

In order to make accurate measurements of chlorophyll fluorescence, it is necessary to obtain the
chlorophyll a fluorescence induction transient. This process is divided into two parts: the fast phase,
which occurs within a second is labeled OJIP as shown in Figure 1, where O is the origin, P is the
peak, and the two intermediate states are J-I [33]. This phase can be divided into two sub-phases;
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(1) the photochemical phase that consists of O-J, and is directly dependant on the intensity of the
excitation light; and (2) the nonphotochemical phase that consists of the J-I-P transient and is dominated
by mechanisms for the excitation-dependent thermal dissipation of energy from PSII [37,38].

Figure 1. Chlorophyll a fluorescence induction transient, wavelength of excitation 650 nm
and (1) 32 and (2) 3,200 pmol photons m s ' at the leaf surface respectively (modified

from [33]).
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In this part, the main characteristics of the OJIP curve are described. Due to the fact that Fo and Fy
are the most common parameters, these can be translated to O and P, respectively. In normal
non-stressed plant leaves, the ratio of Fym/Fo is a constant high value [39]. There is another parameter
called the variable fluorescence, Fy, which is the difference between Fy; and Fo as shown in
Equation (1). The ratio shown in Equation (2) is related to the maximum quantum yields of primary
PSII photochemistry [37,40,41]. The relative variable fluorescence, V(t) at time t is a parameter
frequently used in graphical representations of fluorescence inductions data, as stated in Equation (3).
This is a double normalization of the fluorescence induction curve that permits a comparison of
fluorescence transient measured under different conditions and/or within different samples:

F,=F,-F, )
_Fo__F

Pp, = FM - FM (2)
(F() - Fy)

V(t): (FM _FO) (3)

The above processes are applied to photosynthetic samples that have been kept in darkness, but, for
samples that are kept in light, there are variants of this analysis. These measurements are commonly
made during the decrease stage of fluorescence induction, utilizing a pulse of intense light between P
and S time intervals as is highlighted in Figure 1. This leads to a transient increase of the fluorescence
to a maximum value that, for the samples kept in light, this is called F’\;. This is usually lower than the
Fy measured in dark-adapted samples. This decrease of maximum fluorescence during the slow phase
of fluorescence induction is attributed to the non-photochemical process [42]. Similarly, the Fo value
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of the sample kept in light is labeled as F’, being slightly different [43]. Nevertheless, the change is
small enough to be negligible and it can be assumed that Fo = F’.

To calculate the non-photochemical quenching of samples kept in light, the expression in
Equation (4), is used [44]. As has been observed, it is not necessary to differentiate the Fo and F’g
values. However, it is noted that F’y; is affected by photochemical quenching too. There are definitive
results with samples that had been kept in darkness, and these can serve as reference for the
normalization of data obtained from samples that have been kept in light. In such cases the formula
for non-photochemical quenching is Equation (5). Taking into consideration that F’¢g = Fo, the
non-photochemical quenching formula for light-kept samples becomes Equation (6), whereas the
photochemical quenching formula for light-kept samples is expressed as Equation (7). It must be taken
into account that qx and gp are not two complementary terms, meaning that qx and gp are not equal to
one [33]:

(Fy —F'y)

o )

(F',—F'y)
NG ©

_(FM_F'M)
N (FM_FO) (6)

_ Wy =FQ@)
g, =1 (F',—F",) @)

To begin with, the first instrumentation systems for chlorophyll fluorescence measurement evolved
slowly. This happened because there was not much variety in the electronic devices available to
develop these instruments, limiting possible research projects for lack of suitable technology. For
example, in earlier tests, quartz fluorescence tubes with lens, prisms and photoelectric cells had to be
used to acquire the fluorescence response. Today, far more advanced instrumentation and new
technologies are available in order to provide a light source for this procedure.

3. Instrumentation in Chlorophyll Fluorescence

Most applications of chlorophyll fluorescence are focused on herbaceous plants, as these represent
the main part of agricultural production. There are many kinds of measurements for monitoring plant
variables, but these methods always attempt to be less invasive; that is, to make the measurements
without causing damage and with a minimum amount of stress to the plant. This is why the chlorophyll
fluorescence method is so successful. The instrumentation methods used to carry this out are thought
to be the least invasive possible, even when the measurements are made in the laboratory.

The complete methodology to measure chlorophyll fluorescence is shown in Figure 2. First, it is
necessary to prepare the sample to be measured. For example, if the measurement is carried out in
dark-adapted conditions, the sample must be put inside a light isolation chamber to avoid ambient light
interference. Sometimes, microorganisms need pre-treatments to improve the measurement and avoid
stress conditions. The next step is the development of system instrumentation, using lamps, LEDs,
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lasers, among others as excitation light source on active methods. However, there are passive methods
which utilize only sunlight. This can be an advantage when the designer wants to save on light source
devices, but it commonly requires more processing capabilities. The next stage consists of designing
and selecting the proper optical detection devices, to obtain the fluorescence response from the
previously excited sample for subsequent data storage and analysis. Later, it is necessary to process the
response by applying signal processing techniques and displaying data in order to analyze the
conditions of the sample.

Figure 2. Stages of chlorophyll fluorescence measurement process.
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Figure 3 shows two possible ways to perform the measurement process. Active methods are those in
which excitation light is provided by electronic devices such as LEDs, lamps, lasers, laser diodes, efc.
On the other hand, passive methods, utilize only the sunlight energy as an excitation source.
Furthermore, there are different ways to obtain the fluorescence response, depending on the excitation
method and sample conditions. This can be achieved by using photodetector devices such as, cameras,
photodiodes, photomultipliers, among others. It is necessary to process the collected data in order to
obtain the chlorophyll fluorescence response to perform a proper interpretation and display results.

Figure 3. Chlorophyll fluorescence measurement routes by excitation source.
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3.1. Light Sources for Excitation of Chlorophyll

As mentioned before, chloroplasts are very sensitive to stress. Consequently, the instrumentation
applied to the plant for chlorophyll excitation should affect as little of the plant as possible. The first
objective of study is the excitation light source. Correct selection is critical. First, taking into
consideration the stress it is inflicting on the study subject, and second, the kinds of energy being
emitted by the light source. It is well known that light sources are not very efficient devices, and often
waste too much energy on others types of radiations, such as heat. The chlorophyll needs high light
intensity to be activated and submit a response, and herein lays the problem. If the light source is
intense, this could cause a harmful increase in temperature, especially when the subject is isolated via a
dark chamber [6,18,22].

An appropriate light source must be selected. The first consideration for any light source is a lamp;
yet, common lamps emit light primarily through filaments, which are low-efficiency devices due to the
wasted energy in the form of heat and infrared emissions. Nevertheless, some kinds of lamps are
widely used for plant growth. For example, high-pressure sodium lamps likes Grolux [17] do not use
filament, but instead function through the excitation of the gas inside them. However, this type of
lamp, like the filament lamp, emits heat that can cause stress to the plant; consequently, causing a
disruption in the sample measurement.

New and more efficient alternatives for lighting are constantly being generated; one of the most
current is the Light Emitter Diode (LED). The LED commonly takes up less space, generates less heat,
and has a higher efficiency. This technology is being used regularly as a chlorophyll fluorescence
source [6,9,20-25].

Some applications do not need to excite the entire subject, only a small part of it. In these cases
lasers or laser diodes are an excellent choice, taking advantage of their special characteristic of
emitting coherent light. This means that all of the electromagnetic waves emitted by the laser are
pointed in a single direction. In contrast to what occurs with a common lamp where the emissions are
dispatched in all directions, also referred to as omnidirectional. The coherent light emitted by these
devices is quite a handy feature because a considerable amount of energy can be directed to a small
area. This can cut down on the amount of necessary devices, and in some cases even lower costs. Also,
these are a good choice for implementing portable chlorophyll fluorescence sensing systems. Such
positive attributes are what makes the laser a frequently used device in these applications [16].

Another important factor to consider for the application of chlorophyll excitation is the wavelength.
It is critical to choose the correct excitation wavelength to get the expected response. It is common
knowledge that chlorophyll absorbs blue and red wavelengths, but reflects green, which is why the
human eyes perceive plants in this hue [1]. The chlorophyll absorption zone on the electromagnetic
spectrum and its fluorescence wavelength response are shown in Figure 4. Despite this standard, each
chlorophyll excitation application uses a specific wavelength. This is because depending on what
intensity or spectrum is the excitation source, the subject will have a different response.

Regarding the correct choice of wavelength, different selections are considered depending on the
applications or electronic devices that were used in carrying out the experiment. This is based on the
fact that the fluorescence of the plant is a re-emitting process of the absorbed photons with increased
wavelength [1]. For example, for a plant that absorbs light in the blue (440 nm) and red (660 nm)
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wavelengths the chlorophyll fluorescence will manifest as a red and infrared wavelength approximately
700 nm. This happens because energy is lost through heat, as seen in Figure 4.

Figure 4. Light absorption and emission by chlorophyll (modified from [1]).
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Depending on the target applications, researchers select different wavelengths for excitation, as well
as the appropriate light source, to carry out the fluorescence measurement. Table 1, shows a revision of
the wavelengths utilized to excite samples, via various chlorophyll fluorescence sensing systems. Most
are in the range from the ultra-violet to infrared.

Table 1. Wavelength use rate in chlorophyll sample excitation.

Wavelength
(nm) 365 375 400 450 460 470 477 520 528 454 580 600 628 630 640 650 655 660 665 700 740
nm

Use rate 11 1 1 1 1 (11 1 1 1 1 1 1 1 3 1 2 1 1 1

3.2. Detection Devices for Chlorophyll Fluorescence

After the proper selection of chlorophyll excitation light-emitting devices and wavelengths, the
second step is to have a way of identifying the response of the excited plant. This is achieved through
different methods or sensing devices, depending on the system’s design. For example, sometimes
when an isolation chamber is used, optical fibers may be needed to convey the plant response to be
processed outside of the chamber [14,22,24]. Photodiodes are widely used in these applications, often
because they have both a good response time and are low-cost optical sensing devices along with other
options for detecting the fluorescence (e.g., photomultipliers, thermal cameras, interferometry, etc.).
As was aforementioned, photomultipliers are also used [45,46]. These are optical detectors like
photodiodes, but with a base of vacuum tubes, and are particularly sensitive to low radiation.

However, the fluorescent response is not always acquired and processed as a one-dimensional
signal. On many occasions image processing is also applied, and this is where the use of cameras
comes in [19,26]. Generally, researchers tend to be more familiar with cameras as the sensing devices,
because it is easy to understand how cameras can capture the response of the excited plant, not only on
the visible spectrum but also through thermal imaging. It is possible that the use of thermal imaging is
not taking fluorescence into account, only the temperature of the plant. But one must remember that
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visible light makes up just a small part of the electromagnetic spectrum, and that thermal emissions are
located just below the visible, in the infrared spectrum. Taking this into account, thermal cameras are
just as common and necessary as those that process visible light, the only difference being that they
exhibit greater sensitivity to longer wavelengths.

The application of cameras in this field sometimes has different objectives than those of
two-dimensional imaging. For instance, there are camera-based applications that can be used in the
quality-control area, such as the research carried out by Lefcourt et al. in 2005 [30]. In this study,
special filters and edge detections were found to be able to detect when a fruit, in this case a
red-delicious apple, was contaminated by fecal waste. In other cases, camera application can be used to
detect pathogens even when there are no symptoms visible to the human eye.

Image processing for chlorophyll fluorescence is not only used for small-subject analysis; it is also
widely applied for large-scale analysis, as in cases where it is necessary to analyze the fluorescence of
high plants, or even large sets of plants, via satellite imaging.

4. Measurement Methods for High Plants

It tends to be more difficult to make measurements for high plants, or in other words trees, because
they are less manageable than herbaceous plants for either laboratory or field measurements.
Therefore, it is sometimes impossible to use the aforementioned techniques for this type of procedure.

This section of the review will focus on the techniques that differ from those used for herbaceous
plants. However, it is important to note that some of the chlorophyll fluorescence sensing systems are
used in a similar fashion, especially with commercial products such as PEA Hansatech Instruments
Ltd., which is used in applications with high as well as herbaceous plants [10].

Some of the methods used in chlorophyll excitation are called passive since they do not use an
excitation device, the only excitation source employed being natural sunlight. This can lead to
problems, since most of the active measurements are performed under controlled conditions; for
example, the sample isolation chamber used in many laboratory measurements. However, when using
the sun as a source of chlorophyll excitation the main problem lies in the photon emission response
from the plant. This is below that which is emitted by the sun, less 1% [28].

To perform these types of measurements with environmental noise present, different methods have
been developed to combat solar interference and obtain an accurate response from the plant. One way
to solve this problem is through Fraunhofer lines. This technique is based on the capacity of gases
in the atmosphere to absorb certain wavelengths. This means that band-reject filters can be used in
such a manner that when determined by the incursion of gas, they can suppress an absorbed
wavelength [13,28,47].

This technique can exploit oxygen capability by suppressing the 688 nm and 760 nm wavelengths,
which is the bandwidth where chlorophyll fluorescence occurs [11]. Through the suppression of these
wavelengths the fluorescence emitted by the plant can be viewed in order to make measurements.

Another way to make measurements on high plants is through the use of satellite [48] or airborne
images [49], sometimes even both [50]. In contrast to ground applications, the estimation of chlorophyll
fluorescence from air or space-borne sensors complicates the results. Consequently, the chlorophyll
fluorescence, which is emitted by plants, needs to be separated from the reflected light by the sample
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and the atmosphere path radiance conditions, which creates accuracy problems on the sensor [29].
These techniques, due to their nature, are applied to large numbers of subjects at the same time, even
on a global level. Because a single subject emitting chlorophyll florescence is negligible using this
method, such techniques can be used for large-scale environmental and ecological analysis. They can
also be used for the analysis of photosynthesis in primary sector production, because it is well known
that these variables are highly related. The methods of chlorophyll excitation for these applications are
always passive, due to the nature of their collective analysis.

5. Measurement Methods for Micro Organisms

There are other applications of this process contrasting greatly with the mega-analysis methods
covered in the previous section; these processes focus on analyzing microorganisms such as
phytoplankton, algae, and bacteria. Method-wise, however, these procedures are not significantly
different since photosynthetic reactions occur at a cellular level. Some of the commercial tools used
to make the fluorescence measurements are actually used in both whole plants and unicellular
organisms [50-53].

Despite the similarities in the chlorophyll excitation process and fluorescence response acquisition
in both single cells and whole plants, a serious factor to consider is that the manipulation of samples
changes noted for microorganisms, as compared to leaf-level measurements. Single-cell samples need
special consideration and complex treatment. For example, there is a custom spectrometer modified to
carry out measurement of the delayed fluorescence spectra of Chlorella vulgaris [52]. In conjunction
with the commercial PAM-2000, it is possible to measure the efficiency of photochemical energy
conversion in PSII reaction centers in microorganism samples [43].

Another sample type with similar features is algae. One specific case, in an experiment carried out
by Drinovec in 2011 [54], the delayed fluorescence excitation spectra were measured with a custom-built
delayed fluorescence spectrometer. The excitation was performed by halogen lamp and linear filter,
while light was detected with a Perkin Elmer C1393 channel photomultiplier in photon-counting mode,
assisted by two electromagnetic shutters used to protect the photomultiplier from the excitation light.
This is because, as was aforementioned, the photomultiplier is a highly sensitive device and is
subsequently used in lower light conditions.

Cyanobacteria are another type of microorganism capable of being analyzed via these methods.
Cyanobacteria are thought, evolutionarily speaking, to be among the oldest organisms; they can perform
oxygenic photosynthesis and respiration simultaneously, and many species are able to fix nitrogen.
Within cyanobacteria similar conditions can be found and reactions such as those found in plants; for
example, stress caused by heavy metal effects. These kinds of stress conditions can be detected by the
previously detailed commercial methods, but these need to have been previously modified for this
application. The container, especially, is different in this context. A cuvette equipped with sensors,
such as piezoelectric transducers attached to its wall, usually serves as a detection system [53].

Wavelengths for chlorophyll excitation and subsequent fluorescence responses are not much
different in analysis, between plants and microorganisms. However, it is necessary to perform tests to
determine the most appropriate wavelength to use with any appliance, because the fluorescence
excitation spectrum of fluorescence depends on the various cell pigments [52]. It is even possible to
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take advantage of this situation, since samples in different taxonomic groups can be discriminated
using delayed fluorescence spectroscopy by applying a sweep of wavelength, for example in a range
between 400 nm and 700 nm [53].

6. Chlorophyll Fluorescence Signal Processing and Drivers

In this review the methods and electronic devices to elicit the chlorophyll fluorescence as well as
the measurement of the response have been analyzed. Nevertheless, none of these are functional
without data or signal processing, with the overall goal of estimating the condition or characteristics of
the sample being measured.

Some equipment just displays the fluorescence behavior graphs and the operator is responsible for
interpreting those graphs. Yet, other equipment is able to process information to show clear results
such as photochemical and non-photochemical quenching. Depending on the pretreatment of the
sample, the formula is selected like light-adapted or dark-adapted quenching [33].

Commercial equipment, generally known as PAM, functions with a Pulse Amplitude Modulated
and operates without isolation chambers, which means that it is susceptible to environmental noise. In
these cases, it is necessary to separate the fluorescent plant response in sunlight from fluorescence
caused by chlorophyll excitation device. This is achieved by the pulse modulation of light source
device, which induces a pulsed chlorophyll fluorescence signal form, the sample within conditions
where ambient light is excluded with the assistance of optical filters permitting only three types of
light signals: ambient light, non-pulsed fluorescence signal induced by the ambient light, and pulsed
fluorescence signal induced by the modulation light source. It is noteworthy that this process is an
active method, because the source light is different from the sun.

Another example of modified light source is used by Kissinger and Wilson on 2011, where they
connected an oscillator to vary the LED source, with the objective to know the response of the sample
by a sine-modulated excitation. This means that the phase difference between the reference or signal
excitation and the output signal of the sample response indicates the fluorescence lifetime response as
shown on Figure 5.

Figure 5. Sine waveform of light source chlorophyll excitation with a fluorescent response
(Modified of [21]).
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There are a variety of commercial or custom instruments to measure fluorescence, all of these aim
to be less expensive and more accurate than other complex and inefficient methods. The fluorescence
measurement has many advantages compared with other photosynthesis measurement methods.
Chlorophyll fluorescence has the advantages of low energy consumption, fast measurement process,
portability, lower cost, to name but a few when it is compared with carbon dioxide exchange method.

7. Main Applications of Chlorophyll Fluorescence

Chlorophyll fluorescence is a defense mechanism or excess energy dissipation performed by the
subject [33] that is highly linked to the photosynthetic process. Consequently, it is one of the main
applications used to estimate the photosynthesis level. Considering photosynthesis maintains
autotrophic life, it is imperative to seek new alternatives for its measurement estimations. Chlorophyll
florescence is one of them.

The main reason behind of these chlorophyll fluorescence sensing systems is to determine the
comfort status of the plant, which gives one an idea of how productive the plant will become.
However, these comfort conditions are not only reflected in the photosynthesis estimate, but also in
the measurement of chlorophyll fluorescence. This means that it is not necessary to perform
photosynthesis estimation procedures, because stress can also be detected through the sole use of
chlorophyll fluorescence measurement. The quenching curves alone reflect several types of stress,
including hydric or drought [55,56], frost damage [57], ozone [8], nutritional (such as boron) [15] and
nitrogen [16,27,47].

There are other interesting features that can be detected by fluorescence as well; one being the
amount of anthocyanins and flavonoids present in a subject. These can be detected by the surface skin
fluorescence, as has been done with grapes [58]. Such uses are not as common as stress detection but
are a good alternative to avoid destructive methods in these types of processes.

A method of identifying traces of feces in food was previously discussed. This takes advantage of
the bacteria or plant remains found in feces, which are made to fluoresce. Through filters and image
processing, the contaminating material can be detected. This can be applied to evaluate fruit washing
methods, and therefore result in cleaner food without risk of disease [30]. As can readily be seen, the
chlorophyll fluorescence method is a heavily exploited and is a useful tool in the areas of industry,
agriculture, food, and research, including the area of global climate change.

8. Conclusions

The main advantage of chlorophyll fluorescence measurement is that it has the possibility of being a
non-invasive technique. This differs from other stress-detection methods in which the measurement
itself causes undue stress to the plant, which in turn can alter the resulting measurements. Based on
these facts, many techniques for chlorophyll fluorescence measurement have been developed with the
aim of improving comfort conditions for the plant and of obtaining increased production rates.
However, these are not the only applications, because significant research on climate and environmental
impact can also be carried out via chlorophyll fluorescence, which can be measured with the use of
satellite images or manual methods. Due to various ecological problems, this is now more important
than ever before.
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Taking into account that electronic devices are constantly evolving and becoming more efficient,
equipment to measure chlorophyll fluorescence will constantly improve; therefore, making smaller,
more precise and more accurate measurements possible. However, there are many pathways to create
new biosensors research. Therefore, this article review should be helpful in achieving a wide overview
of state of the art investigations. For example, new methods and waveforms in the excitation light
source could be utilized with the goal of finding new expressions in chlorophyll fluorescence response,
and enhancing the methods of detecting bad conditions or problems in samples.

In modern fluorescence biosensing systems, it is necessary to perform the measurement in real time,
with an optimal resolution and with portable biosensing systems. Furthermore, the aim is to improve
the detection of stress conditions on plants of interest, as well as creating automated and easier
measurement methods, in order to perform a large number of measurements at the same time without
requiring highly qualified personnel. To carry out real-time measurement, it is necessary to design
embedded sensor systems and reduce dependency on stationary and manual laboratory equipment.

However, none of these applications can be carried out without the appropriate instrumentation or
equipment. As such, this review has been written with the goal of both widening general knowledge of
these kinds of applications, and of providing the necessary information to develop novel and custom
biosensors for chlorophyll fluorescence measurement.
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