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Óptica y Optometŕıa y Ciencias de la Visión de la Universitat de
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pleasure working with him in the company.

Also thanks to all the friends of these years in Valencia, that have

5



become a real family and with whom I share many memories.

A special thanks to Irene for all the beautiful moments we lived
together, but also for her encouragement and her support along all
these years.

Thanks to my grandparents, aunts, uncles and cousins, for their
affection, for always making me feel at home, even after so many
years living away.

Finally, I have to thank my brother, my father and my mother,
for always supporting me even in the decisions they may not like, for
always being there for everything I need, for being my example. Vi
voglio bene.

6



Abstract

Conventional optical microscopy provides high-resolution images of
microscopic samples. However, its small depth of field and the lack
of optical sectioning make it unsuitable for the observation of three-
dimensional specimens. To solve this issue, many 3D microscopy
techniques have been proposed, most of them based on scanning pro-
cedures. Lightfield microscopy, instead, is a recently developed tech-
nique, which is capable of capturing 3D information of thick sam-
ples in only one shot. This is done by recording simultaneously the
spatial and angular information of the rays proceeding from each
point of the object. This feature makes the lightfield architecture
well suited to the observation of biological living samples, which are
usually thick and dynamic. Lightfield microscopy is an application
of integral photography, a technique invented in the first decade of
the 1900’s, that was based on capturing multiple perspectives of a 3D
scene and projecting them to get a 3D reconstruction of it. Thanks
to the extraordinary advances in optoelectronical technologies, in-
tegral photography has aroused growing interest in the last twenty
years. As a demonstration, several companies have been founded that
commercialize photographic cameras based on integral photography
concept. Concerning lighfield microscopy, different research groups,
from both optics and computer science communities, are dedicated
to investigate improvements in the optical system and the algorithms
for the extraction of the 3D volume starting from the spatio-angular
map captured. Too often, though, the use of lightfield microscopy is
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confined to the academic environment.
In this thesis, we review the state of art of lightfield microscopy,

to assess its performances and inherent limitations. Based on this,
we present a device capable of converting any conventional optical
microscope into a lightfield microscope and the algorithms for the
3D reconstruction of the samples. In addition, we demonstrate the
application of integral photography concept to the 3D visualization of
the samples on a lightfield display. The aim of the work presented in
this thesis has been to extend the use of lightfield microscopy among
microscope users, implementing optimized device and algorithms in
terms of performances, flexibility and robustness.
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Resumen

La microscoṕıa óptica convencional proporciona imágenes de alta res-
olución de muestras microscópicas. Sin embargo, su escasa profun-
didad de campo y su falta de seccionado óptico hacen que sea in-
adecuada para la observación de espećımenes tridimensionales. Para
solucionar este problema, se han propuesto varias técnicas de micro-
scoṕıa 3D, la mayoŕıa de ellas basadas en procedimientos de escaneo.
La microscoṕıa lightfield, en cambio, es una técnica de reciente desar-
rollo, que es capaz de capturar información 3D de muestras gruesas
en una sola toma. Esto se consigue registrando de forma simultánea
la información espacial y angular de los rayos procedentes de cada
punto del objeto. Esta caracteŕıstica hace que los sistemas light-
field sean aptos para la observación de muestras biológicas vivas, que
son generalmente gruesas y dinámicas. La microscoṕıa lightfield es
una aplicación de la fotograf́ıa integral, una técnica inventada en la
primera década del siglo XX, que estaba basada en capturar múltiples
perspectivas de una escena 3D y proyectarlas para obtener una recon-
strucción 3D de la misma. Gracias a los extraordinarios avances en las
tecnoloǵıas optoelectrónicas, la fotograf́ıa integral ha despertado un
interés creciente en los últimos veinte años. Una prueba de ello es el
hecho que se han fundado varias empresas que comercializan cámaras
fotográficas basadas en el concepto de fotograf́ıa integral. Respecto a
la microscoṕıa lightfield, diferentes grupos de investigación de óptica
e informática trabajan en investigar mejoras en el sistema óptico y
en los algoritmos para la extracción de la imagen 3D a partir del
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mapa espacio-angular capturado. Sin embargo, a menudo el uso de
la microscoṕıa lightfield está limitado al ámbito académico.

En esta tesis, se analiza el estado del arte de la microscoṕıa
lightfield, para evaluar sus prestaciones y limitaciones intŕınsecas.
Basándose en este análisis, se presentan un dispositivo capaz de con-
vertir cualquier microscopio óptico convencional en un microscopio
lightfield y los algoritmos para la reconstrucción 3D de las muestras.
Además, se demuestra la aplicación del concepto de fotograf́ıa inte-
gral a la visualización 3D de las muestras con un monitor lightfield. El
objetivo del trabajo presentado en esta tesis ha sido el de extender el
uso de la microscoṕıa lightfield entre los usuarios de microscopio, im-
plementando un dispositivo compacto y desarrollando los algoritmos
óptimos en términos de prestaciones, flexibilidad y robustez.
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Resumen extendido

Unmicroscopio es un instrumento óptico compuesto por el acoplamiento
centrado de una serie de lentes, y destinado a la observación de ob-
jetos cercanos cuyos detalles no pueden ser resueltos con el simple
poder separador del ojo. La finalidad de un microscopio es, pues, la
de proporcionar imágenes de muestras microscópicas con la máxima
resolución posible. Se define la resolución óptica como la capaci-
dad de distinguir dos puntos de un objeto que están cerca entre śı.
Otro parámetro fundamental que determina el funcionamiento de un
microscopio es su profundidad de campo, definido como la longitud
del intervalo axial cuyos puntos producen imágenes con resolución
similar a la del plano objeto. Desafortunadamente, en los microsco-
pios ópticos convencionales, existe un compromiso entre resolución
lateral y profundidad de campo: cuanto mayor es la resolución pro-
porcionada por un microscopio, menor será su profundidad de campo.
Al ser la finalidad de un microscopio proporcionar imágenes con la
mayor resolución posible, la profundidad de campo resulta estar limi-
tada a valores generalmente inferiores a 10 micras. Otra caracteŕıstica
intŕınseca de la microscoṕıa convencional es su falta de seccionado
óptico, que es la capacidad de un sistema de eliminar la luz procedente
de aquellos planos que están fuera de foco. La escasa profundidad de
campo, junto con la falta de seccionado óptico, hacen del microscopio
convencional un instrumento poco adecuado para la observación de
muestras tridimensionales.

Tradicionalmente, este inconveniente se ha superado reduciendo

11



una muestra gruesa a un conjunto de secciones más finas. Es común,
sobre todo en aplicaciones biológicas, cortar secciones delgadas de
una muestra mediante un instrumento llamado micrótomo, para su
posterior observación al microscopio. Esto conlleva varios inconve-
nientes. Primero, inhabilita la observación de organismos vivos. Se-
gundo, tanto la preparación de las secciones como su observación es
un procedimiento que puede llevar mucho tiempo. Además, hay que
considerar que ésta no se puede considerar una observación tridimen-
sional real, en cuanto la muestra se ve alterada por el procedimiento
de corte de las secciones.

Para superar estos inconvenientes, a lo largo del tiempo se han
propuesto varias técnicas de microscoṕıa tridimensional, la mayoŕıa
de ellas basadas en procesos de barrido o en captura de múltiples
imágenes. La más usada de ellas, sobre todo para la observación de
muestras fluorescentes, es seguramente la microscoṕıa confocal. En
ésta, la luz de una fuente láser se enfoca en un punto de la mues-
tra y la luz proveniente de los planos de la muestra que están fuera
de foco se filtra a través de la inserción de un estenope delante del
detector. Esta capacidad de filtrar la luz que proviene de los planos
fuera de foco es la que antes mencionamos como seccionado óptico y
es fundamental para la captura de imágenes 3D. Como el sistema solo
captura la imagen proveniente de un punto (o más verośımilmente de
una pequeña área), para obtener la imagen completa de la muestra
es necesario un barrido en las tres direcciones (las dos laterales y la
axial), dentro de la región de interés.

Otra técnica más reciente que permite obtener seccionado óptico
es la microscoṕıa de iluminación de plano selectivo (SPIM por sus
siglas en inglés). Esta clase particular de microscopios, también de-
nominados de lámina de luz (light sheet), requiere un barrido axial,
y se basa en iluminar en cada paso del barrido una pequeña sección
transversal de la muestra. El camino óptico de detección es similar
al de un microscopio convencional. La posición del detector se fija de
forma que capture la imagen del plano iluminado de la muestra.

Estas técnicas consiguen resultados muy buenos en términos de
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resolución y seccionado óptico, superando los inconvenientes t́ıpicos
de la microscoṕıa convencional en la observación de muestras gruesas.
Sin embargo, ambas padecen un problema común. Basándose en
un proceso de barrido, la captura de toda la muestra no se hace
simultáneamente. Además, en el microscopio confocal se enfoca el haz
de luz en un punto de la muestra, lo cual provoca fotodaño, mientras
para observar algunos espećımenes con SPIM es necesario someterlos
a un proceso de clarificación. A pesar de los avances alcanzados
en ambos sistemas, los inconvenientes mencionados hacen que estas
técnicas no sean apropiadas para la observación de organismos vivos
o para procesos dinámicos rápidos.

Para superar estas limitaciones, recientemente se ha propuesto
una nueva técnica, llamada microscoṕıa lightfield. Ésta se basa en
la inserción de una matriz de microlentes en el camino óptico de
un microscopio convencional. De esta manera, es posible capturar
información espacio-angular de la muestra en una sola toma. La
información tridimensional se extrae computacionalmente del mapa
espacio-angular capturado, mediante distintos tipos de algoritmos.
La microscoṕıa lightfield deriva de la fotograf́ıa integral, una técnica
inventada en 1908 por Gabriel Lippmann para capturar y reconstruir
imágenes 3D, y se propuso por primera vez en Stanford en 2006.
Esta primera implementación se basaba en poner una matriz de mi-
crolentes en el plano imagen de un microscopio corregido a infinito,
y desplazar el sensor al plano focal imagen de las microlentes. La
imagen capturada por la cámara está constituida por una matriz de
microimágenes (las imágenes formadas por las microlentes). Cada mi-
croimagen contiene una información espacial distinta, mientras que
cada ṕıxel de una microimagen contiene información angular distinta
procedente de un punto del objeto. Para registrar la información
angular de los rayos, por lo tanto, es necesario sacrificar parte de
la información espacial. Este compromiso intŕınseco entre resolución
angular y espacial es el cuello de botella de los sistemas lightfield. En
esta implementación de microscopio lightfield, no pudiéndose reducir
excesivamente el tamaño de las microlentes, el factor geométrico (sin
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influencia de los efectos difractivos) es el que determina la resolución
lateral del sistema. En particular, la resolución obtenida con un mi-
croscopio lightfield es aproximadamente ocho veces peor que para un
microscopio convencional con el mismo objetivo y lente de tubo.

A partir de esta propuesta inicial, se han propuesto varias im-
plementaciones de microscopio lightfield. Entre ellas, el microscopio
lightfield de Fourier consigue mejorar resolución y profundidad de
campo y superar algunos de los inconvenientes del primer sistema.
Esta última implementación se basa en un cambio de paradigma: la
matriz de microlentes no se pone en el plano imagen del microscopio,
sino en el plano de Fourier del objetivo (o en un plano conjugado). De
esta forma, hay una trasposición de la información espacio-angular
con respecto a la propuesta original. La imagen obtenida consiste
en una matriz de vistas ortográficas, cada una capturada desde un
ángulo distinto. Ahora las distintas microlentes registran información
angular diferente, mientras que los ṕıxeles detrás de cada microlente
registran la información espacial. En este sistema, la resolución lat-
eral está determinada por el factor difractivo. El empeoramiento
respecto de un microscopio convencional con el mismo objetivo es
aproximadamente de un factor 3, aunque hay trabajos en los que se
reduce a menos de 2,5. Este factor corresponde a la reducción de
la apertura numérica efectiva, debido al submuestreo de la pupila de
salida que se hace con la matriz de microlentes. Como se demostró
en el primer trabajo que propone el microscopio lightfield de Fourier,
el nuevo sistema obtiene mejor resolución a paridad de profundidad
de campo, o mayor profundidad de campo a paridad de resolución,
comparado con la primera implementación del microscopio lightfield.
Además, supera algunos de los inconvenientes técnicos t́ıpicos del
primer sistema. De hecho, el microscopio lightfield de Fourier tiene
una resolución de reconstrucción constante dentro de la profundidad
de campo y además es invariante a desplazamientos laterales. Ambas
caracteŕısticas facilitan la aplicación de métodos de reconstrucción
basados en desconvolución.

La motivación del trabajo que se presenta en esta tesis ha sido
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la de aprovechar el potencial de la microscoṕıa lightfield y extender
su uso fuera del ámbito académico, entre los usuarios generales de
microscopios. El objetivo es el de estandarizar el uso de la tecnoloǵıa
lightfield en aquellas aplicaciones en las que tanto la información 3D
como la resolución temporal son imprescindibles. En estos casos,
la microscoṕıa lightfield representa una solución perfecta, gracias a
su capacidad de capturar información espacio-angular de muestras
gruesas en una sola toma.

Para alcanzar el objetivo que nos propusimos, el primer paso ha
sido el desarrollo del ocular plenóptico. Imagen plenóptica o integral
son distintas formas de llamar a la tecnoloǵıa lightfield. Éste es un
dispositivo capaz de convertir cualquier microscopio comercial en un
microscopio lightfield de Fourier. El ocular plenóptico es un disposi-
tivo patentado. Algunos de los inventores decidieron fundar en 2018
la empresa Doitplenoptic, S.L. (ahora Digital Optical Imaging Tech-
nologies, S.L.), con el intento de comercializar el ocular plenóptico.
Parte del trabajo presentado en esta tesis se ha realizado en dicha
empresa. La idea en la que se basa el dispositivo es simple: com-
parando el esquema óptico de un microscopio convencional y el del
microscopio lightfield de Fourier, se puede notar que la única difer-
encia conceptual es sustituir el ojo del observador con el conjunto
microlentes-sensor. Ya que en cualquier microscopio comercial el oc-
ular es un componente intercambiable, es suficiente sustituirlo por un
sistema compuesto por un acoplamiento ocular, una matriz de micro-
lentes y un sensor para convertir el microscopio convencional en un
microscopio lightfield de Fourier.

La primera fase del desarrollo del ocular plenóptico ha sido la
elección de sus componentes. En particular, hay que elegir la dis-
tancia focal de la lente ocular, el tamaño y la distancia focal de las
microlentes y el tamaño de ṕıxel del sensor. Hay que remarcar que el
objetivo de este trabajo es el desarrollo de un dispositivo de propósito
general, que pueda servir para demostrar la utilidad de la tecnoloǵıa
lightfield en diferentes aplicaciones. Por lo tanto, un paso importante
ha sido el estudio estad́ıstico de los objetivos de microscopio en el
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mercado, con el intento de individuar los más utilizados y adaptar los
componentes del ocular plenóptico a estos objetivos. Para la prueba
de concepto, se ha trabajado pues con un microscopio huésped Nikon
y con dos objetivos, el primero de aumento 20 y apertura numérica
0,50 y el segundo de aumento nominal 40 (aumento real 44) y aper-
tura numérica 0,75. Se ha decidido trabajar con una microlente cen-
trada con el eje óptico, por lo que, para el correcto funcionamiento
del dispositivo, uno de los requisitos es que en el diámetro de la
pupila de salida quepan al menos tres microlentes. Considerado esto
y las ecuaciones fundamentales del microscopio lightfield de Fourier,
se han escogido los parámetros de los componentes del dispositivo.
En concreto, se han elegido distancia focal de la lente ocular de 100
miĺımetros, una matriz de microlentes con paso de 1 miĺımetro y dis-
tancia focal de 7,9 miĺımetros y un sensor con ṕıxeles de lado 2,2
micras. Para el acoplamiento ocular, se ha usado uno de los diseños
clásicos de ocular de microscopio, el llamado ocular Ramsden. Éste se
compone de dos lentes de igual distancia focal, puestas a una distancia
de aproximadamente dos tercios su distancia focal. Este diseño per-
mite reducir aberración cromática y esférica, distorsión, astigmatismo
y coma. Además, permite reducir la longitud total del dispositivo,
porque reduce la distancia entre el plano focal objeto y el plano focal
imagen respecto del caso de usar una lente simple como lente ocular.
La longitud total es un parámetro cŕıtico para el ocular plenóptico.
De hecho, el tubo del puerto ocular de los microscopios está incli-
nado 45 grados, por lo que un dispositivo demasiado largo produce
una desalineación con respecto al eje óptico. Esto puede provocar el
no funcionamiento del dispositivo, porque el sensor no capturaŕıa la
totalidad de la pupila de salida, perdiendo información útil.

Para construir un prototipo de ocular plenóptico, hemos consul-
tado la norma ISO 9345:2019(E), que detalla las dimensiones y dis-
tancias de los componentes de los microscopios. Uno de los datos
fundamentales es el diámetro del puerto ocular, que la norma ISO
fija en 23 o 30 miĺımetros. Ya que la casi totalidad de los microsco-
pios modernos tienen un puerto ocular de 30 miĺımetros de diámetro,
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decidimos adaptarnos a esta medida. Otro dato fundamental para la
adaptación del dispositivo a cualquier microscopio es la posición de
la imagen intermedia, que la norma ISO fija en 10 miĺımetros desde
la superficie de apoyo del puerto ocular. Desafortunadamente, hay
una distancia que no está estandarizada y vaŕıa en cada microscopio,
que es la distancia desde el diafragma de apertura del objetivo hasta
la lente de tubo. Esto hace que la posición de la pupila de salida sea
desconocida. Esta posición es importante, porque la matriz de micro-
lentes tiene que estar exactamente en el plano de la pupila de salida.
De lo contrario, se produciŕıa viñeteado en las microlentes que están
al borde de la pupila y una consecuente pérdida de información.

Teniendo todos los componentes y sus distancias, se ha proce-
dido a construir el primer prototipo de ocular plenóptico, con al-
gunos componentes comerciales y otros construidos por nosotros.
Siendo la posición de la pupila de salida una incógnita, la distancia
desde la segunda lente del ocular hasta las microlentes se ha ajustado
emṕıricamente. Con este primer prototipo se ha procedido a validar
experimentalmente las prestaciones del ocular plenóptico diseñado.
Primero, se ha extráıdo la modulation transfer function experimental
y se ha comparado con la teórica. Estas pruebas se han hecho sólo
con el ocular, sin insertarlo en el microscopio, y luego insertándolo
en el microscopio y usando los dos objetivos mencionados. Los resul-
tados muestran una buena correspondencia entre los valores teóricos
y los experimentales. Los valores de resolución obtenidos, para con-
traste al 10%, han sido de 4,2 µm para el objetivo 20× y 2,0 µm para
el 40×. Posteriormente, se ha extráıdo experimentalmente el valor
de la profundidad de campo con los dos objetivos, que ha resultado
ser de 72,9 µm para el objetivo 20× y 16,8 µm para el 40×, valores
muy parecidos a los esperados según la teoŕıa. Después de validar las
prestaciones en términos de resolución y profundidad de campo, se ha
evaluado la capacidad del ocular plenóptico para capturar imágenes
de muestras tridimensionales. Para demostrar su universalidad y ver-
satilidad, se han observado diferentes tipos de muestra con distintos
microscopios, objetivos y técnicas de iluminación. De una de es-
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tas muestras, fitoplancton vivo moviéndose libremente en agua, se
ha grabado un v́ıdeo y se ha aplicado posteriormente un algoritmo
para la computación de la reconstrucción 3D. Este experimento es de
particular interés, porque demuestra el potencial de la microscoṕıa
lightfield en la observación de muestras tridimensionales dinámicas.

Vistos los buenos resultados obtenidos con el prototipo, se ha de-
cidido construir un primer dispositivo comercial basado en los mismos
componentes. Para hacerlo, hemos contado con una empresa espe-
cializada en ingenieŕıa optomecánica. El motivo principal ha sido el
de resolver el problema de la inclinación del dispositivo cuando éste
se acopla al puerto ocular. El problema de la inclinación ha sido
abordado mediante un doble conjunto tornillo-muelle: actuando so-
bre el tornillo, se ajusta la tensión del muelle, lo cual ajusta el ángulo
del dispositivo con respecto al eje óptico. El ajuste se hace de forma
emṕırica, actuando sobre los dos tornillos hasta ver la pupila cen-
trada en la imagen del sensor. Otro elemento nuevo del dispositivo
comercial respecto del primer prototipo es el sistema de ajuste de
la posición del conjunto microlentes-sensor. Éste es un sistema de
traslación sin rotación, que permite ajustar la distancia evitando el
enroscamiento del cable del sensor y la rotación de la imagen. Junto
con el dispositivo óptico, se ha desarrollado una versión comercial del
software, que permite gestionar los parámetros de la imagen, la cap-
tura de imágenes y v́ıdeos y la visualización en distintas modalidades.

Es importante notar que la microscoṕıa lightfield pertenece a las
técnicas de imagen computacional, ya que la imagen tridimensional
no se captura directamente, sino que se extrae a partir del mapa
espacio-angular. Existe, pues, un esfuerzo constante en la investi-
gación de algoritmos para la reconstrucción del volumen de las mues-
tras observadas con las distintas implementaciones de microscopio
lightfield. Los primeros algoritmos para reconstrucción 3D estaban
basados en óptica geométrica. Estos métodos son capaces de estimar
el volumen de las muestras de una forma rápida y sencilla. Sin em-
bargo, en microscoṕıa los efectos de la difracción no son despreciables.
Por tanto, los métodos de reconstrucción basados en óptica ondula-

18



toria proporcionan mejores resultados en términos de resolución y
seccionado óptico.

En el caso de microscoṕıa lightfield de Fourier, el núcleo de los
métodos de reconstrucción basados en óptica ondulatoria es la de-
sconvolución de Richardson-Lucy. La imagen 2D capturada se de-
sconvoluciona iterativamente con la point spread function (PSF) 3D
del sistema óptico, para obtener una estimación del volumen de la
muestra. En algunos trabajos, esta PSF se captura experimental-
mente. Sin embargo, este procedimiento puede resultar dif́ıcil para
los usuarios de microscopio y además poco flexible, debido a que se
debeŕıa repetir la captura para cada cambio de configuración del sis-
tema. Por estas razones, para un dispositivo comercial como el ocular
plenóptico nosotros optamos por generar la PSF 3D computacional-
mente. Nótese que existen trabajos previos en los que la PSF del
microscopio lightfield de Fourier se genera computacionalmente. En
dichos trabajos este cómputo se basa en el modelo de Debye para ob-
jetivos de alta apertura numérica, y calcula la propagación a través de
los distintos componentes hasta el sensor. Sin embargo, nosotros con-
sideramos que esta manera de calcular la PSF no tiene en cuenta las
peculiaridades del microscopio lightfield de Fourier y añade una com-
plejidad innecesaria, que ralentiza la computación. Por esto hemos
propuesto un protocolo para la reconstrucción 3D basado en un mod-
elo de formación de la imagen simplificado.

El modelo de formación de la imagen simplificado se basa en dos
consideraciones sobre el microscopio lightfield de Fourier. La primera
es que la apertura numérica efectiva del objetivo se reduce en un fac-
tor igual al número de microlentes que caben en el diámetro de la
pupila de salida. La segunda es que, para cada sección 2D del plano
objeto, la PSF de las microlentes laterales es igual a la de la micro-
lente central, a condición de considerar un desplazamiento del disco
de Airy respecto del centro de cada microlente. Este desplazamiento
depende de la profundidad de la sección considerada (o sea de la dis-
tancia hasta el plano objeto del objetivo) y de la distancia del centro
de la microlente considerada hasta el centro de la microlente central.
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Considerados estos dos aspectos, tanto usar el modelo de Debye para
objetivos de alta apertura numérica, como propagar el frente de onda
a través de todo el sistema óptico son procedimientos redundantes.
La PSF 3D del sistema se puede calcular de una forma más sencilla.
Primero, se calcula la PSF 3D de la microlente central mediante un
modelo más sencillo de difracción paraxial. Luego, para cada sección
de la PSF 3D, en cada microlente lateral es suficiente aplicar desplaza-
mientos laterales a la PSF 3D de la microlente central. Este proced-
imiento reduce enormemente el coste computacional. Para generar la
PSF 3D, es fundamental conocer con precisión las posiciones de los
centros de las microlentes con respecto a las coordenadas del sensor.
Para ello, hemos diseñado un proceso de calibrado basado en la cap-
tura de una imagen blanca, o sea iluminando el objetivo sin observar
ningún objeto. Este proceso aumenta la robustez y la facilidad de uso
para los usuarios del ocular plenóptico, con respecto a los calibrados
usados en otros trabajos.

Para demostrar que simplificar el modelo de formación de la ima-
gen no comporta un empeoramiento en la calidad de la reconstrucción,
hemos capturado un test de resolución USAF y lo hemos reconstruido
con dos algoritmos. El primero está basado en modelo de formación
de la imagen complejo, que usa el modelo de Debye para objetivos
de alta apertura numérica y propaga el frente de onda hasta el sen-
sor. El segundo es nuestro algoritmo. Reconstruyendo el test de
resolución puesto a dos profundidades diferentes, los perfiles de in-
tensidad obtenidos con los dos algoritmos son prácticamente idénticos
para cada elemento del test. Esto demuestra que el modelo de for-
mación de la imagen simplificado no empeora la calidad. Después de
esto, probamos nuestro algoritmo reconstruyendo un patrón 3D y una
muestra gruesa. Los resultados obtenidos confirman la capacidad de
seccionado óptico y la precisión de nuestro método, además de su ca-
pacidad de reconstruir muestras que sufren los efectos del scattering.
Finalmente, se han comparado los tiempos de computación para los
dos algoritmos mencionados. La generación de la PSF 3D es hasta
12, 5 veces más rápida en nuestro algoritmo, gracias al uso del mod-
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elo de formación de imágenes simplificado. Además, la estimación
del volumen también es más rápida utilizando nuestro algoritmo, con
una reducción de tiempo que aumenta al incrementarse el número de
secciones de reconstrucción. Esta mejora se incrementa significativa-
mente al implementar la desconvolución en GPU.

En todos los métodos de reconstrucción 3D de imágenes de mi-
croscoṕıa lightfield, tanto los geométricos como los basados en óptica
ondulatoria, la capacidad de seccionado óptico depende, entre otros
factores, de la cantidad de vistas utilizadas en el proceso. Sin em-
bargo, como se ha dicho antes, en los sistemas lightfield existe un
compromiso entre el número de vistas capturadas y su resolución.
Como en microscoṕıa la resolución es un parámetro fundamental, el
número de vistas normalmente está limitado a cantidades apenas su-
periores a tres. En nuestra opinión, la estrategia mejor es la de diseñar
el sistema óptico para optimizar la resolución lateral y aumentar la
resolución angular (o sea, el número de vistas) computacionalmente,
en la etapa de post-procesado.

Existe una gran variedad de técnicas para la generación de nuevas
vistas a partir de un número limitado de imágenes. Las técnicas de
inteligencia artificial proporcionan mejores resultados que las basadas
en métodos geométricos. Entre ellas, una técnica reciente, llamada
Neural Radiance Fields (NeRF), es la que hasta ahora ha demostrado
obtener los mejores resultados. Las vistas generadas con este método
tienen paralaje continuo y transiciones suaves, sin presencia de arte-
factos mayores. Este método se basa en la creación de una repre-
sentación volumétrica de la escena a partir del conjunto de perspecti-
vas reales. En esencia, se modela la dependencia del ángulo de visión
a través de una función continua. Esta función tiene como ingreso
una posición en el espacio 3D y dos ángulos de visión y proporciona
como salida las coordenadas de color y un valor de densidad de volu-
men. El sistema se entrena minimizando la diferencia entre las vistas
sintetizadas y las capturadas por el sistema real. Finalmente, las
nuevas vistas se generan a través de una función de renderizado.

Vistos los buenos resultados que la técnica proporciona para esce-
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nas macroscópicas, hemos decidido aplicar una versión modificada del
método NeRF al conjunto de vistas capturadas por microscoṕıa light-
field de Fourier. En particular, hemos usado la versión denominada
como NeRF--, en la que se optimizan los parámetros de las cámaras
reales en la fase de entrenamiento del sistema. Esto se debe al hecho
de que la aplicación del método NeRF no es trivial para nuestro sis-
tema de captura, debido a las diferencias con un sistema constituido
por multiples cámaras fotográficas. En primer lugar, en un conjunto
de vistas capturado con cámaras fotográficas, el paralaje es nulo para
distancias grandes (idealmente, para objetos en el infinito) y aumenta
para objetos cerca de la cámara. En las vistas capturadas con un mi-
croscopio lightfield de Fourier, el paralaje es nulo en el plano objeto
del objetivo y puede ser positivo o negativo para partes de la muestra
delante o detrás de dicho plano. En segundo lugar, las imágenes cap-
turadas con cámaras fotográficas tienen una perspectiva cónica, o sea
el aumento disminuye al alejarse de la cámara. En cambio, las vistas
capturadas con el microscopio lightfield de Fourier son ortográficas,
o sea el aumento es constante para todas las profundidades.

Para validar la aplicación del método NeRF a imágenes de mi-
croscoṕıa lightfield de Fourier, hemos usado tres muestras con carac-
teŕısticas totalmente distintas. La primera de ellas es una muestra
fluorescente dispersa, la segunda una muestra opaca observada con
luz blanca en reflexión y la última una muestra semi-transparente ob-
servada con luz blanca en transmisión. Para los tres casos, las vistas
sintetizadas son bastante realistas, muestran una transición suave y
las oclusiones presentes en ellas están bien resueltas. Sin embargo,
hay una diferencia notable entre los resultados obtenidos para las tres
muestras. En el caso de la muestra de fluorescencia, la resolución se
mantiene igual a la de las vistas capturadas y solo se observa una
pequeña pérdida de señal. En el caso de las muestras iluminadas con
luz blanca, se observa una pérdida de resolución leve para la muestra
de reflexión y elevada para la muestra de transmisión. Estas diferen-
cias se deben probablemente a las caracteŕısticas de las imágenes y
al número de vistas proporcionadas en ingreso, que en el caso de la
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muestra de transmisión es menor que para las otras dos. Es impor-
tante notar que los resultados más prometedores se obtienen con la
muestra de fluorescencia, que es el tipo de muestra a procesar con el
algoritmo de reconstrucción 3D descrito más arriba.

Como ya se ha mencionado, la microscoṕıa lightfield es una apli-
cación de la fotograf́ıa integral, inventada por Gabriel Lippmann en
1908. La técnica original se basaba en sustituir el objetivo de una
cámara fotográfica con una matriz de lentes, para capturar múltiples
perspectivas de la escena. La idea era la de poner la misma matriz de
lentes delante de la peĺıcula fotográfica revelada para reconstruir una
imagen 3D de la escena. La aplicación de la técnica se vio frenada por
el estado de la tecnoloǵıa de aquella época. Sin embargo, los extraor-
dinarios avances de los últimos veinte años en los dispositivos ópticos
y electrónicos y en los procesos de fabricación de componentes ópticos
han reavivado el interés en la fotograf́ıa integral. En esta tesis, hemos
aprovechado la idea de monitor 3D propuesta por Lippmann para la
observación tridimensional de las muestras capturadas con el ocular
plenóptico.

Los monitores lightfield permiten la percepción 3D de la escena
proyectada creando ópticamente imágenes reales en tres dimensiones.
En este aspecto, son totalmente diferentes de los sistemas estere-
oscópicos. Estos últimos se basan en la proyección de dos imágenes
con distinta perspectiva a los dos ojos del observador, trámite algún
dispositivo especial como las gafas polarizadas. A causa de la dispari-
dad entre las dos imágenes, se cambia la convergencia de los ejes del
sistema visual binocular del observador, para fusionar el par estéreo.
Esto crea una ilusión de profundidad, que permite la percepción 3D
de la escena. Lo que no cambia en la observación del par estéreo es la
acomodación de los ojos, que es el proceso de variación de la poten-
cia del cristalino para enfocar objetos a distintas distancias. Como
el par estéreo está constituido por dos imágenes planas, los ojos no
necesitan cambiar su acomodación. Esto crea el llamado conflicto
convergencia-acomodación: cuando la observación de pares estéreo
es prolongada, el observador experimenta fatiga visual, náusea y do-
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lor de cabeza. Los monitores lightfield, en cambio, producen imágenes
3D trámite la integración real de haces de luz, lo cual evita el conflicto
convergencia-acomodación.

La implementación moderna de monitores lightfield es ligeramente
diferente de la idea de Lippmann. Básicamente, un monitor lightfield
está compuesto por una pantalla pixelada y una matriz de microlentes
pequeñas. En ella, no se proyectan las perspectivas como en la idea
original, sino las que para la primera implementación de microscopio
lightfield llamamos microimágenes. La transformación entre pespec-
tivas y microimágenes es una simple transposición entre información
espacial e información angular. Las microlentes proyectan haces de
luz que se intersecan detrás (virtualmente) o delante (realmente) del
monitor, creando concentraciones locales de luz, que reproducen la
distribución de irradiancia de la escena 3D original. En nuestro labo-
ratorio, hemos implementado un prototipo de monitor lightfield, uti-
lizando una tablet y una matriz de microlentes. La matriz de micro-
lentes se pone a una distancia desde los ṕıxeles ligeramente superior
a la distancia focal de las microlentes, para evitar el efecto sub-pixel,
que es la proyección del patrón RGB de los sub-ṕıxeles al ojo del
observador.

Para la observación 3D de las muestras capturadas con el ocular
plenóptico, es necesario generar la matriz de microimágenes, que lla-
maremos imagen integral. Para hacerlo, hemos propuesto un método
que está basado en la captura de un conjunto de perspectivas a través
de una matriz de cámaras estenopéicas virtuales. Esta captura vir-
tual permite adaptar la imagen integral a cada particular monitor
lightfield. El método está compuesto por cinco pasos. Primero, se
crea una nube de puntos 3D virtual de la muestra, a partir de su
imagen 2D en color y del relativo mapa de profundidad. Luego, se
captura virtualmente un conjunto de perspectivas de esta nube de
puntos, a través de una matriz de cámaras estenopéicas virtuales. El
número de cámaras estenopéicas se iguala al número de ṕıxeles detrás
de cada microlente del monitor lightfield en el que se va a proyectar
la imagen. De cada una de las perspectivas capturadas, se recorta
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una porción. El centro del área recortada está desplazado respecto
del centro de la correspondiente perspectiva. Desplazar el centro del
área recortada permite seleccionar el plano de referencia, que es el
plano de la escena que se reconstruye justo encima de la matriz de
microlentes. De tal forma, se puede decidir la porción de escena que
se reconstruye delante del monitor (imagen real) y la que se recon-
struye detrás del monitor (imagen virtual), cambiando la percepción
3D de la escena. Después, las imágenes recortadas se redimensionan
a la resolución del monitor lightfield, que es el número de microlentes
en la dirección horizontal y vertical. Finalmente, el último paso es la
trasformación de perspectivas a microimágenes, que se hace con una
simple redistribución de ṕıxeles.

La ventaja principal del método descrito es la posibilidad de cam-
biar todos los parámetros de la captura, tratándose de una captura
virtual. Actuando sobre estos parámetros, es posible adaptar la im-
agen final al monitor lightfield usado, seleccionar su campo visual y
cambiar la profundidad con la que se reconstruye la escena. Además,
el método es aplicable a cualquier tipo de escena, sea una muestra
de microscoṕıa o una escena macroscópica, capturadas con cualquier
método que proporcione una imagen en color y un mapa de profun-
didad. De hecho, el método se ha validado proyectando la imagen de
una escena macroscópica capturada con una cámara lightfield comer-
cial y luego de una muestra microscópica capturada con microscopio
lightfield de Fourier.

Con el trabajo presentado en esta tesis, hemos sentado las bases
para una difusión masiva de la microscoṕıa lightfield entre usuar-
ios de microscopio que necesitan observar muestras tridimensionales
dinámicas. El ocular plenóptico desarrollado es un dispositivo com-
ercial de propósito general, que puede demostrar la viabilidad de
la técnica para la observación de este tipo de muestras en distintos
campos. Una vez que su utilidad quede demostrada, el trabajo fu-
turo consistirá en elegir los componentes para optimizar el dispositivo
para cada una de las aplicaciones. El protocolo de reconstrucción 3D
presentado es una herramienta poderosa para la estimación del vol-
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umen de las muestras observadas con el ocular plenóptico. Éste ha
sido diseñado optimizando tres caracteŕısticas fundamentales para su
uso a nivel comercial, o sea robustez, flexibilidad y facilidad de uso.
En el futuro, una de las posibilidades es la de aprovechar el potencial
de las técnicas de inteligencia artificial para la reconstrucción 3D de
las muestras. Finalmente, hemos aprovechado la idea original de la
técnica de fotograf́ıa integral para la observación 3D de las muestras
trámite un monitor lightfield. Actualmente, este tipo de monitores
empieza a comercializarse. Una de las posibles aplicaciones es la ob-
servación 3D en tiempo real de las muestras, que es una tecnoloǵıa
altamente demandada sobre todo en aplicaciones de medicina.
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Acronyms

DOF Depth of field
SPIM Selective plane illumination microscopy
3D Three-dimensional
2D Two-dimensional
MLA Microlens array
FLMic Fourier lightfield microscope
NA Numerical aperture
LMic Lightfield microscope
EI Elemental image
FOV Field of view
MTF Modulation transfer function
lp/mm Line pairs per millimeter
PSF Point spread function
NeRF Neural radiance fields
InI Integral image
VPA Virtual pinhole array
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Chapter 1

Introduction

1.1 Background

Optical microscopy is aimed at providing images of microscopic sam-
ples with the maximum resolution possible. Optical resolution is the
capacity to distinguish two different points of an object that are close
to each other. In a conventional optical microscope, there is a trade-
off between resolution and depth of field (DOF), which is the length
of the axial range whose points produce images with a resolution
similar to that of the object plane. So, to maximize the resolution
provided by the system, the DOF is usually low. Another important
feature of conventional microscopes is the lack of optical sectioning.
This is the capability of the system to filter out the light that comes
from out-of-focus planes of the object. Both the features mentioned,
together, make conventional microscopy unsuitable for the observa-
tion of thick samples. In fact, the image of such samples would be the
sum of the contributions of a thin focused section and a large amount
of out-of-focus light from the rest of the volume. For this reason, it
is common, above all in biology applications, to cut thin slices of the
specimen for their observation.

To solve these issues, several microscopy techniques have been
proposed. Some of them rely on scanning the sample. Confocal mi-
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1. Introduction

croscopy [1,2] is probably the most used technique for the observation
of three-dimensional fluorescent samples. In a confocal microscope,
the coherent light from a laser source goes through a pinhole aperture
and it is focused by the objective onto a point of the specimen. The
fluorescent light emitted from this point passes through another pin-
hole aperture before reaching the detector (usually, a photomultiplier
tube). Both pinhole apertures and the point of the specimen onto
which the light is focused are conjugated. Therefore, the light from
the focal plane of the specimen is focused exactly onto the detector
pinhole aperture and reaches the detector, while the light emitted by
points at different planes of the specimen are focused before or after
the detector pinhole plane. At this plane, the image from these points
are Airy disks whose diameter is greater than the pinhole aperture.
Hence, only a small fraction of this light passes through the pinhole
aperture and is gathered by the detector. Therefore, the light from
out-of-focus planes is mostly filtered out. Since the detector only
images one point of the sample, to image the entire volume it is nec-
essary to scan the sample in both the lateral directions and in the
axial direction.

An emerging technique for the capture of thick samples is selective
plane illumination microscopy (SPIM) [3, 4]. SPIM is a particular
class of light sheet fluorescence microscopes [5, 6], in which only a
thin section of the sample is illuminated with a planar sheet of light
that is orthogonal to the direction of the detection path. In this way,
the image recorded by the optoelectronical sensor, that is conjugated
with the illuminated plane, only contains light emitted from that
plane. To get the 3D volume, the sample must be scanned in the axial
direction. The final 3D image is composed by an array of 2D images,
each one corresponding to a different axial plane of the sample.

Both microscopy techniques provide very good results in terms of
lateral resolution and optical sectioning. However, they have some
drawbacks. Firstly, the scanning procedure is time-consuming. In
addition, in the case of confocal microscopy, focusing the laser beam
onto a point of the sample, provokes severe photodamage. In the
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1.1. Background

case of SPIM, instead, the sample needs to undergo a clearing process.
Thus, both techniques are not appropiate for the observation of living
samples and fast dynamic processes.

To overcome these limitations, lightfield microscopy was recently
proposed [7]. It is based on the insertion of a microlens array (MLA)
in the optical path of a microscope, to capture a radiance map of the
sample in only one shot. This ability to capture spatio-angular in-
formation in a single shot makes it perfectly suited to the acquisition
of thick dynamic samples. This capability has awaken the interest of
many biologists, for whom, in many applications, 3D information and
time resolution are essential [8–10]. Since its first proposal at Stan-
ford in 2006, many different implementations of lightfield microscope
have been presented [11–14], aimed at improving the optical perfor-
mances of the system. Fourier lightfield microscope (FLMic) [15–17]
is a recent implementation that provides better resolution and DOF
and overcomes some of the limitations of the original lightfield mi-
croscope. Thanks to these improvements, FLMic is establishing itself
as the standard set-up. In fact, recently it has been used in diverse
applications, such as neural activity [18, 19], single molecule local-
ization [20] and particle imaging velocimetry [21], just to mention a
few. In addition, there is a constant effort in researching innovative
algorithms for the 3D reconstruction of the samples captured with
these systems. In fact, lightfield microscopy belongs to the compu-
tational microscopy techniques, as the 3D information is not directly
registered, but it has to be extracted from the spatio-angular map.

Lightfield microscopy is an application of integral photography, a
technique invented by Gabriel Lippmann in 1908 [22]. He proposed to
replace the objective of a photographic camera with an array of small
lenses. In this way, multiple perspectives of the scene are recorded on
the photographic film. Lippmann’s idea was to place the same lens
array in front of the revealed film and illuminate this with a light
source, to get a 3D reconstruction of the scene captured. Despite the
great potential of this technique, its development was slowed down
by the limitations of the technology of that period. In the last few
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1. Introduction

decades, instead, there has been an extraordinary growth in optical
and electronics technologies. The advances in the optical manufactur-
ing, which permit to fabricate arrays of small microlenses with good
optical quality, the introduction of digital sensors and screens and the
huge increase in the computation power of processors have revived the
interest in integral photography. A great effort to the development of
the technique was given by Adelson and Bergen, that in 1991 reported
the plenoptic function to describe the radiance of any ray in the space
as a function of position and angle [23]. Some years later, Levoy and
Hanrahan renamed the plenoptic function as lightfield [24]. Integral
photography, plenoptic imaging and lightfield imaging are different
names of the technique originally proposed by Lippmann. In this
dissertation, we will mainly use the last of them. Based on lightfield
parametrization, Ng, in 2005, was the first to report the lightfield
camera [25] as a handheld camera. Since then, a huge amount of
papers have been published in high-impact journals that apply light-
field concept to several research fields, such as photography [26–28],
microscopy [7, 15], endoscopy [29–32], laparoscopy [33, 34], ophthal-
mology [35] and 3D display [36–38]. As a further demonstration, in
the last years many companies have been founded that commercialize
lightfield cameras [39,40], displays [41–43] or even augmented reality
glasses [44].

1.2 Objectives

As mentioned before, lightfield microscopy has awaken the interest of
research community, for its ability to capture thick dynamic samples.
However, this interest is mainly limited to the academic environment.
Raytrix was the only company that commercialized lightfield cameras
for microscopes, but mainly focused on industrial application like 3D
metrology. Due to this fact and given the deep knowledge of lightfield
microscopy systems, in 2018 some components of the 3D Imaging and
Display Laboratory of the University of Valencia decided to found
the company Digital Optical Imaging Technologies, S.L. (DOIT for
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1.2. Objectives

its initials, and formerly Doitplenoptic, S.L.) [45]. The aim of the
company is to commercialize the lightfield eyepiece, a portable device
capable of converting any conventional microscope into an FLMic.
Part of the work presented in this thesis, since the beginning of 2019,
has been carried out while working in this company.

The motivation of this thesis overlaps with that of the company:
we tried to exploit the potential of lightfield microscopy and extend
its use out of the academic environment, among general microscope
users. The objective of this thesis has been to develop the lightfield
eyepiece and all the dedicated algorithms for the 3D reconstruction
and visualization of the samples observed with the device. All the
work has been carried out taking into account that the final users
would have been microscopists from different backgrounds and work-
ing in different applications. For this reason, both in the optical and
the computation parts, we always seeked to optimize performances,
robustness and flexibility.

The objectives mentioned are presented in the rest of the disser-
tation as follows. In Chapter 2, the state of art is analyzed. The
fundamentals of conventional microscopy are discussed, then the first
implementation of lightfield microscope is briefly presented. Finally,
the optical set-up of the FLMic is shown and its advantages are ex-
plained. In Chapter 3, the lightfield eyepiece is presented. The idea
on which the device is based is given. Afterwards, the election of all
the components that form the lightfield eyepiece is discussed, based
on the fundamental equations of FLMic. We explain the improve-
ments obtained on the first prototype and we show the first commer-
cial device. In Chapter 4, a robust and flexible 3D reconstruction
method is described. Here, a simplified wave optics-based image for-
mation model for FLMic is proposed. We demonstrate the great
improvements of our algorithm in terms of computation speed. Af-
terwards, the application of a machine learning-based method for the
generation of views from the images captured with FLMic is shown,
aimed at overcoming the intrinsic trade-off of lightfield systems be-
tween spatial and angular resolution. In Chapter 5, a method for the
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generation of images for lightfield displays is presented. First, the
working principles of lightfield displays are briefly explained. Then,
the implementation of the algorithm is discussed in detail. Finally,
Chapter 6 summarizes the main findings of this work and proposes
some ideas for future works.

38



Chapter 2

State of art

All the different implementations of lightfield microscope are essen-
tially made placing a microlens array at different locations of the
optical path of a conventional microscope. Therefore, to fully under-
stand the functioning of lightfield microscopy, it is necessary to know
the fundamentals of conventional microscopy. In this chapter, we in-
troduce these fundamentals and highlight the reasons that prevent
conventional microscopy from being suitable for the observation of
three-dimensional samples. Then, we show the first implementation
of a lightfield microscope. Finally, we analyze in detail the Fourier
lightfield microscope, which is the system used along all the realiza-
tion of this work.

2.1 Conventional microscope

Generally speaking, an optical microscope is defined as an instrument
for the observation of small objects, whose details are far from be-
ing distinguishable with the resolving power of the eye. The optical
set-up of an infinity-corrected microscope is shown in Fig. 2.1. We de-
cided to omit the finite conjugate set-up, since in the last decade all
the microscope manufacturers have moved to the infinity-corrected
design. The operation principle of the microscope is simple: the ob-
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Figure 2.1: Optical set-up of a conventional microscope.

jective gathers the light proceeding from the sample placed at its
front focal plane and produces bundles of parallel rays (or of plane
waves, if expressed in terms of wave optics). The tube lens focuses
these parallel beams at its back focal plane, producing a magnified,
real image of the sample, called intermediate image. The eyepiece
lens, whose front focal plane coincides with the intermediate image
plane, sends that image to the infinity, so that the observer can focus
it onto the retina. The object plane (Π0), the intermediate image
plane (Π′

0) and the final image plane (Π′′
0) are conjugated, while the

exit pupil is the image of the aperture stop. In modern microscopes,
after the tube lens there is a switchable mirror to send, alternatively,
the image directly to a digital sensor. In this case, the microscope
set-up is reduced to the objective, the tube lens and the sensor, which
is placed at Π′

0.

2.1.1 Microscope magnification

The magnification of a microscope is the result of a two-stage process:
the object is first magnified by the objective-tube lens coupling and
further magnified by the eyepiece-eye coupling. The first magnifica-
tion stage, known as objective magnification, is

MOb =
fTL

fOb
. (2.1)
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In this formula we have removed a minus sign, which accounts for
the image inversion, but which is often omitted. Most commercial
objectives are designed so that the aberrations are minimized for a
given value of the tube lens focal length. Thus, the magnification
value provided by manufacturers is associated to such focal length.

The second magnification stage, known as the eyepiece magni-
fication, is defined as the quotient between the angular size of the
image of an object placed at the eyepiece front focal plane and the
angular size of that object when observed directly, assuming that it
is placed at the standard near point plane. The distance from the
standard near point plane to the eye is 250 mm. Thus, the eyepiece
magnification is

MEP =
250 mm

fEP
. (2.2)

The total magnification of the microscope is the product of both
terms:

MTot = MObMEP . (2.3)

2.1.2 Lateral resolution

To get a precise description of the real structure of microscopic im-
ages, we must take into account the wave nature of light. Given an
optical system with a circular-shaped exit pupil, the image of a point
object formed by the system has an irradiance distribution that is
described matematically by the Airy disk function [46]:

E(r′) =

∣∣∣∣∣∣∣∣∣∣
J1

(
2π

n′sinσ′

λ
ρ′

)

π
n′sinσ′

λ
ρ′

∣∣∣∣∣∣∣∣∣∣

2

. (2.4)

Here, J1 is the Bessel function of the first kind, n′ is the refractive
index of the medium of the image space, ρ′ is the radial coordinate
in the image space and λ is the wavelength of the light emitted by
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Figure 2.2: The impulse response of a microscope having a circular-shaped
exit pupil to a point object.

the object. Such an irradiance distribution is usually named as the
impulse response (or the point spread function – PSF) of the mi-
croscope. As shown in Fig. 2.2, it consists of a central disk, which
contains the 84% of the energy, and multiple side lobes. The radius
of the central lobe can be expressed as:

ρ′Airy =
0.61λ

n′sinσ′ . (2.5)

The optical resolution of a system is defined as its capacity to dis-
tinguish two points that are close to each other. In other words, the
resolution limit is the distance between two point objects, whose im-
ages can be distinguished. A classic definition for the resolution limit
is Lord Rayleigh’s criterion, which establishes that two Airy disks are
distinguishable if the distance between their centers is greater than
or equal to their radius. Thus, according to Rayleigh, the resolution
limit of a microscope is given by the conjugate, in the object space,
of Eq. 2.5, that is

ρAiry =
0.61λ

nsinσ
. (2.6)

Another criterion is due to Ernst Abbe, who evaluates the spatial
frequencies that pass through the system aperture stop, and then
defined the resolution limit in the object space as

ρ =
λ

2nsinσ
. (2.7)
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Both definitions are commonly used in microscopy. In this thesis,
Abbe criterion will be used from now onwards. In microscopy, the
resolution limit is usually expressed as a function of the objective
numerical aperture (NA), that is

NA = nsinσ. (2.8)

Hence, the resolution limit as formulated by Abbe, is expressed as

ρ =
λ

2NA
. (2.9)

NA is an important parameter for microscope objectives, as it ex-
presses numerically its light gathering capability. The NA of an ob-
jective is engraved on it, together with its magnification, often in the
format MOb × /NA, which will be used also along this thesis. The
relation between objective constitutive parameters is

NA =
ΦAS

fOb
, (2.10)

where ΦAS is the diameter of the aperture stop.
For the computation of the resolution limit, geometrical optics

factors also have to be taken into account. This is because pho-
toreceptors are discrete. Therefore, Nyquist criterion must be taken
into account. According to Nyquist, for two point objects to be dis-
tinguishable, their images must fall at two different, non-adjacent
photoreceptors. In the case of a pixelated sensor, the resolution limit
in the object space is

ρ =
2δPx

MOb
, (2.11)

where δPx is the side of the sensor’s pixel. Note that, in this case, the
total magnification of the microscope is equal to that of the objective,
as the camera sensor is placed at the plane Π′

0 of Fig. 2.1. Therefore,
taking into account both ray optics and wave optics effects, the final
expression for the resolution limit of a microscope is

ρ = max

{
λ

2NA
,
2δPx

MOb

}
, (2.12)
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In conventional microscopy, and due to the high magnifications in-
volved, the value given by the Nyquist criterion is usually much
smaller than that given by wave optics. Thus, it can be neglected
in most cases.

2.1.3 Depth of field

Both wave optics and ray optics also appear in the characterization
of the DOF of a microscope. The DOF is defined as the distance
between the nearest and the farthest planes whose point objects pro-
duce images with a resolution similar to that of the object plane.
This can be expressed as the sum of both contributions [47]:

DOF =
nλ

NA2
+

nδPx

MObNA
. (2.13)

For high NA objectives, wave optics influences the DOF much more
than ray optics does, while for low NA values the contrary occurs.
Note also that the values of the DOF for microscopes are usually
very low (lower than 10 µm). This makes conventional microscopy
inadequate to the observation of three-dimensional samples, for two
reasons. The first one is that only a small portion of a thick sample is
in focus when observed with the microscope. The second one is that
conventional microscopes do not have optical sectioning capability.
Optical sectioning is the ability of a system to filter out the light
coming from out-of-focus planes. Therefore, the image of a thick
sample would be the sum of a huge amount of defocused images of
out-of-focus planes and the sharp image of the portion of the sample
that falls within the DOF.

2.2 Lightfield microscopy

Lightfield microscopy (LMic) is an emerging technique for the obser-
vation of 3D samples. It is based on Lippmann’s integral photogra-
phy [22] and it was first proposed at Stanford in 2006 [7]. The optical
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2.2. Lightfield microscopy

Figure 2.3: The optical set-up of a lightfield microscope.

set-up of this first implementation is shown in Fig. 2.3: an MLA is
placed at the image plane of a conventional microscope and the sen-
sor is displaced to the back focal plane of the MLA. In this way,
the system captures a radiance map of the sample in only one shot.
This allows to record thick dynamic samples in real time, which is
impossible with 3D microscopy techniques based on multiple image
captures, such as confocal microscopy, SPIM or structured illumi-
nation microscopy [48, 49]. The captured image consists of a set of
microimages: each microimage contains the spatial information of the
sample, while the pixels that compose each microimage contain the
angular information of the rays.

From the microimages it is possible to extract 3D information of
the sample in different ways. First of all, a set of different perspective
views can be extracted. In this thesis, we will call them elemental
images (EIs). This is done by just reordering the pixels of the image,
following this equation:

ps,t(EIu,v) = pu,v(µIs,t), (2.14)

where ps,t(EIu,v) is the pixel of index (s, t) of the EI of index (u, v)
and pu,v(µIs,t) is the pixel of index (u, v) of the microimage of index
(s, t). This transformation corresponds to a transposition between
spatial and angular information. In the resulting images, the amount
of EIs is equal to the amount of pixels of each microimage, and the
amount of pixels of each EI is equal to the amount of microimages.
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Apart from the EIs, it is possible to calculate a focal stack of the
sample, that is a collection of images each one focused at a different
depth of the sample. The simplest way to do it is by means of a back-
propagation algorithm, applying the Abel transform [50], but also
wave optics-based approaches have been proposed [51,52] to enhance
the quality of the reconstruction.

2.2.1 Lateral resolution and DOF

To find the resolution and DOF of the LMic, we adapt the analysis of
Section 2.1 to this system. In the case of LMic, the spatial informa-
tion is sampled by the microlenses of the MLA. Hence, the resolution
limit of the EIs is

ρEI = max

{
λ

2NA
,

2p

MOb

}
, (2.15)

where p is the pitch of the microlenses. If we express the ratio between
the MLA pitch and the resolution limit given by diffraction in the
image space as µ and we assume that its value is greater than 1, the
resolution limit of an EI is

ρEI = µ
λ

NA
. (2.16)

The typical value of µ, in the works that make use of LMic, is about 4.
This leads to a worsening in the resolution of a factor 8, if compared
to that of a conventional microscope. For microlenses smaller than 4
times the radius of the Airy disk, the paraxial approximation is no
longer valid and diffraction effects must be taken into account.

Concerning the DOF of an EI, the wave optics term of Eq. 2.13
remains unchanged, while the ray optics term is increased:

DOFEI =
nλ

NA2
+

np

MObNA
=

nλ

NA2

(
µ2

2
+ 1

)
. (2.17)

This leads to an increase in the DOF of approximately µ2.
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2.2.2 Limitations

We started the section dedicated to LMic highliting its capability
to capture spatio-angular information in only one shot. However,
it is worth pointing out its technical limitations, which led to the
development of other implementations of lightfield microscopy.

First of all, as mentioned in the previous section, LMic has a
worsening in the lateral resolution of about 8 times respect to a con-
ventional microscope, when the same objective is used. Lateral reso-
lution is the most important factor in microscopy, as it characterizes
the capability of the system to resolve the finest details of the speci-
men. In LMic, lateral resolution is sacrificed in order to get angular
information of the sample. In fact, there is a direct trade-off between
lateral and angular resolution of the system. The lateral resolution
depends on the pitch of the microlenses: smaller microlenses provide
better resolution. However, the pitch cannot be reduced too much.
The first reason is that, as mentioned above, the pitch should be
at least 4 times the radius of the Airy disk to neglect the effect of
diffraction. The second reason is that reducing too much the size of
the microlenses would introduce severe aberrations, as their optical
quality would be worsened.

In addition, in LMic, the NA of the microlenses and that of
the objective (in the image space, NA’) must be matched. In fact,
if NAMLA < NA′, the microimages overlap. On the contrary, if
NAMLA > NA′, the size of the microimages are too small and some
angular information would be lost. As it is easy to guess, matching
the NAs is complicated, because the amount of MLAs available in
the market is reduced.

Finally, another important drawback of LMic is that the reso-
lution of the refocused images is not constant along the DOF. In
fact, near the object plane, the resolution gets worse, because of the
redundant angular information.
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Figure 2.4: The optical set-up of a Fourier lightfield microscope.

2.3 Fourier lightfield microscopy

Recently, a new implementation of lightfield microscope has been
proposed [15,16]. Here, the MLA is placed at the Fourier plane of the
microscope objective. For this reason, it is called Fourier lightfield
microscope (FLMic), or Fourier integral microscope (FiMic) by its
inventors. The optical set-up of the FLMic is shown in Fig. 2.4. The
lenses L1-L2 form a double telecentric relay used for two reasons.
One is to conjugate the aperture stop with the MLA, because it is
physically difficult to insert the MLA into the aperture stop of the
objective. The second one is to place a field stop at the intermediate
image plane Π′

0, to avoid overlapping between the images formed
behind each microlens. The image captured with FLMic consists
of a set of ortographic views, each one captured from a different
viewing angle, somehow similar to those obtained with LMic after
applying the transformation of Eq. 2.14. Hence, in FLMic, the EIs
are directly captured and do not need to be calculated. Respect to
LMic, there is a transposition in the information captured by the
microlenses and by the pixels. In FLMic, the different EIs capture
different angular information, while the pixels of each EI contain the
spatial information.

2.3.1 Lateral resolution and DOF

As for the LMic, to derive the expressions of the lateral resolution
and the DOF provided by this system, we make use of the analysis
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of Section 2.1. In FLMic, the aperture stop of the objective is sub-
sampled by the MLA. There is a reduction of the effective NA, that
can be written as

NAEff =
NA

N
, (2.18)

where N is the number of microlenses that fit into the diameter of
the exit pupil:

N =
f2ΦAS

f1p
. (2.19)

For the geometrical term, instead, it must be taken into account that
the total magnification of the system is now

MFLMic =
f1fMLA

fObf2
. (2.20)

Therefore, the resolution limit for an EI captured with an FLMic is

ρEI = max

{
λ

2NAEff
,

2δPx

MFLMic

}
. (2.21)

If we choose a sufficiently small pixel size, we have

ρEI =
λ

2NAEff
=

λ

2NA
N, (2.22)

which is the resolution of a conventional microscope, worsened by a
factor N . For the system to work correctly, we must have N ≥ 3.
However, in recent works, the FLMic has been implemented in a
triangular configuration, with no microlenses in the optical axis [53].
This permits to reduceN to a value slightly greater than 2. Therefore,
for an optimized FLMic, the resolution limit is approximately 2.5
times lower than that of a conventional microscope with the same
objective. This means that the resolution of a FLMic can be more
than 3 times better as compared to that of an LMic.

Concerning the DOF, if we introduce theNEff andMFLMic terms
in Eq. 2.13, we have:

DOFEI =
nλ

NA2
N2 +

nδPx

MFLMicNA
N. (2.23)
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Thus, there is an increase of a factor N2 approximately, compared to
a conventional microscope.

As can be seen, the performance of the FLMic is better than that
of the LMic. As demonstrated in [16], if both microscopes operate at
similar lateral resolution, the DOF of the FLMic is better than that
of the LMic. Similarly, if they operate at similar DOF, the resolution
of the FLMic is better than that of the LMic.

Besides, the FLMic set-up overcomes the technical limitations
described in Section 2.2.2. In fact, in FLMic, the resolution does not
depend on the pitch of the microlenses. Hence, bigger microlenses
can be used, with superior optical quality. In addition, there is no
need to match the NA of the microlenses with that of the objective:
the same MLA can be coupled to any objective, as long as N ≥ 3.
The overlapping between EIs is avoided by simply controlling the
diameter of the field stop, ΦFS :

ΦFS

f2
=

p

fMLA
. (2.24)

Besides, the resolution of the refocused images is the same at all
the planes of the stack, provided they fall within the DOF of the
system. Finally, the FLMic is a lateral shift-invariant system. This is
an important feature, as it permits the application of deconvolution-
based reconstruction methods with a computationally generated 3D
PSF, which is not possible in LMic. We will leave the discussion about
these algorithms to Chapter 4. For all these reasons, this entire work
has been realized using FLMic set-up, to optimize the performances
of the optical system and the reconstruction algorithms.
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Chapter 3

The lightfield eyepiece

Let us take a step back and compare the optical set-up of the FLMic
(Fig. 2.4) with that of the conventional microscope (Fig. 2.1). The
only difference between them is that, in the FLMic, the observer’s
eye has been replaced with the system composed by the MLA and
the sensor. In commercial microscopes, the eyepiece is interchange-
able. Therefore, replacing the conventional eyepiece with a system
composed by the field stop, the L2 lens, the MLA and the sensor, a
commercial microscope can be converted into an FLMic. Some of the
inventors of the FLMic had this idea and patented this device, with
the name of plenoptic eyepiece [54]. In 2018, some of the compo-
nents of the 3D Imaging and Display Laboratory of the University of
Valencia, including some of the inventors of the patent, founded the
company Doitplenoptic, S.L., with the intent to commercialize the
plenoptic eyepiece. Note that in this thesis we will call it lightfield
eyepiece, from now onwards. The idea was to exploit the potentials
of FLMic that, until then, were confined to academic research en-
vironment, commercializing a device that converted any commercial
optical microscope into an FLMic. The advantages of offering such a
device respect to the entire FLMic system are multiple. First of all,
the lightfield eyepiece is much cheaper than it would be the entire
FLMic. Its main strength is its versatility: it can be used with multi-
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ple objectives and illumination systems and it permits to use all the
components of the commercial microscope, such as the sample stage
or the filter cube turret. Finally, consider that, as the customers are
microscopists, they already have at least one commercial microscope
in their laboratory. Thus, an entire FLMic system would be unneces-
sarily expensive and bulky. On the other hand, building such a device
is challenging, as it must be adapted to diverse host microscope of
different manufacturers, with different or unknown features. Most of
the work presented in this thesis has been realized while working in
Doitplenoptic (now Digital Optical Imaging Technologies, S.L.), with
the objective of developing a minimum viable product of the light-
field eyepiece. In this Chapter, this process will be analyzed and the
results will be shown.

3.1 Parametrization

The first stage in the development of the lightfield eyepiece proto-
type was the election of all its components. In Fig. 3.1 the FLMic
is shown with the components of the lightfield eyepiece included in a
box. All the parameters of these components must be chosen, trying
to maximize both the universality of the device and its optical perfor-
mances. When we speak about universality, we mean the possibility
of the device to be used with the maximum amount of microscopes
and objectives possible.

First of all, we conducted a research on the microscope objectives
commercialized. It came out that more than 85% of the objectives on
the market have magnification less than or equal to 40, indicating that
these are general-purposes objectives, while those with higher mag-
nifications are actually application-specific objectives. Then, for our
proof of concept, we worked with two routine objectives: a 20×/0.50
objective (CFI Plan Fluor 20X from Nikon) and a 40×/0.75 objec-
tive (UPlanFl N 40X from Olympus). The host microscope used was
a Nikon TE2000-U. Note that, using an objective from a different
manufacturer than that of the host microscope, its effective magnifi-
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Figure 3.1: The optical set-up of a Fourier lightfield microscope, with the
lightfield eyepiece indicated.

cation changes. In fact, the magnification is given related to the focal
length of the tube lens, that changes depending on the manufacturer.
Olympus microscopes have fTL = 180 mm, so a 40× objective has
fOb = 4.5 mm. Nikon microscopes, instead, have fTL = 200 mm, so
the magnification of the 40× Olympus objective inserted in a Nikon
microscope is 44.4.

The lateral field of view (FOV) of the EIs depends on the MLA
pitch:

FOV =
p

MFLMic
. (3.1)

Hence, we set a minimum pitch of 1 mm to have a FOV similar to
that of a conventional microscope. Besides, we decided to work with
a microlens centered with the optical axis. So, for the system to work
correctly, we must have

N =
fEPΦAS

fTLp
≥ 3. (3.2)

From Eq. 2.10, we derived that the 40× objective has ΦAS = 6.75mm,
so we solved Eq. 3.2 to get the minimum value of fEP . We put a safety
margin of 10%, because if we set exactly N = 3, slight misalignments
of the MLA respect to the optical axis would lead to the nonfunc-
tioning of the device. We get fEP > 97.78 mm, so we chose a focal
length of the eyepiece lens fEP = 100 mm.
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For the MLA, we chose the array having the maximum focal
length, between those having p = 1 mm of the manufacturer Amus
Microoptics, in order to have the maximum total magnification pos-
sible. We decided to choose among the MLAs of the mentioned man-
ufacturer for two reasons. Firstly, because in previous experiments
they proved to have excellent optical quality. Secondly, because their
reduced price make them adequate for a cheap commercial device.
Finally, we chose an MLA with p = 1 mm and fMLA = 7.92 mm.
From Eq. 2.24, we derived the diameter of the field stop, which we
set to ΦFS = 12.50 mm.

Finally, we had to choose the size of the pixels of the sensor.
To do so, we matched the resolution limits given by diffraction and
by geometrical effects (Eq. 2.21). Considering λ = 600 nm in the
equation, we get δPx = 2.37 µm, so we picked a CMOS sensor with
δPx = 2.20 µm, wich is very close to the required value.

3.2 Optical design

Once we chose the focal length of the eyepiece lens, we focused on
its optical design. Usually, conventional eyepieces do not consist of
a single lens, but they are made of a combination of lenses. This
permits to significantly reduce aberrations. We chose Ramsden eye-
piece among the classic eyepiece designs. Ramsden eyepiece design
decreases chromatic and spherical aberrations, distortion, astigma-
tism and coma [55, 56]. In addition, using a combination of lenses
instead of a single lens, reduces the total distance between the object
and the image focal planes. Consequently, the total physical length
of the device is reduced. This is a critical parameter for the lightfield
eyepiece. In fact, the eyepiece port of the microscopes, in which the
device is inserted, is inclined 45 degrees. Hence, an excessive length of
the device would produce severe tilt, that provokes the misalignment
of the MLA respect to the optical axis.

One of the possible implementations of the Ramsden eyepiece is
composed of two identical lenses, separated by a distance of approx-
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imately two thirds their focal length. The effective focal length of a
two-lens compound is:

fEff =
fafb

fa + fb − e
, (3.3)

where fa is the focal length of the first lens, fb is the focal length of the
second lens and e is the separation between the lenses. In our case,
we chose fa = fb = 125 mm and we need fEff = 100 mm, so we get
e = 93.75 mm. In this Ramsden eyepiece, the distance between the
object plane and the first lens (sF ) is equal to the distance between
the second lens and the image plane (sF ′):

sF = sF ′ =
1− ePa

PEP
, (3.4)

where Pa = 1/fa and PEP = 1/fEP . Then, the total distance between
the focal planes is LFF ′ = sF + e+ sF ′ = 143.75 mm. In the case of
an eyepiece made of a single lens of 100 mm focal length, it would be
LFF ′ = 2f = 200 mm. Hence, using the Ramsden design, we get a
reduction of more than 27%.

To demonstrate the optical improvements given by the Ramsden
implementation compared to a single lens, we simulated both systems
with the optical design software OpTaliX. Note that we compared
just the two-lens compound mentioned above with a single lens of
100 mm focal length, without adding any other component. As sug-
gested in [57], to analyze the performances of both systems, we placed
the object at the infinity and we studied the image formation. We
extracted the modulation transfer function (MTF) at the center of
the FOV, the MTF at the edge of the FOV and the lateral color dis-
placement along the FOV. We show all the results in Fig. 3.2. It is
apparent that the Ramsden eyepiece outperforms the single lens. In
fact, in the Ramsden eyepiece the MTF is much closer to the ideal
one than in the single lens case. In addition, in the Ramsden eyepiece
the lateral color displacement is approximately 2.7 times smaller than
in the case of using a single lens.
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Figure 3.2: The comparison between the performances of a single lens and
the Ramsden eyepiece used in the lightfield eyepiece. (a) The MTF at the
center of the FOV. (b) The MTF at the edge of the FOV. (c) The lateral
color displacement along the FOV.

3.3 First prototype

Once the components of the lightfield eyepiece were all chosen, we
started to design the first prototype. To do so, we referred to ISO
9345:2019(E), which details the dimensions and distances of the imag-
ing components of the microscopes. From this ISO, we know that the
diameter of the eyepiece port of the microscopes can be either 23 or
30 mm. However, modern microscopes usually have 30 mm diame-
ter eyepieces, so we decided to adapt the device to this dimension.
Another fundamental data that we learnt from the ISO norm is that
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the intermediate image of a microscope is formed inside the eyepiece
port at a distance of 10 mm from the eyepiece locating surface of the
viewing tube. Nevertheless, there is a dimension that is not stan-
dardized and can vary from one microscope to another. This is the
so-called mechanical tube length, which is the distance between the
objective and the tube lens. In fact, in commercial microscopes, the
front focal plane of the tube lens does not coincide with the aperture
stop plane. Therefore, the exit pupil is not located at the back focal
plane of the eyepiece. The distance between the surface of the last
lens of the eyepiece and the exit pupil is called eye relief. In FLMic,
this distance is fundamental, because the MLA must be placed ex-
actly at the exit pupil plane. Placing the MLA at a plane different
from the exit pupil plane provokes vignetting effects that can pro-
duce information loss. In Fig. 3.3(a), we show the actual set-up of
the FLMic, with the Ramsden eyepiece instead of a single lens and
a distance between aperture stop and tube lens different from fTL.
In Fig. 3.3(b), (c) and (d) the effect of the diverse positioning of the
MLA is shown: placing the MLA at a plane different from that of
the exit pupil provokes vignetting effects in the microlenses that are
close to the edge of the exit pupil. On the contrary, if the MLA is
placed exactly at the exit pupil plane, the image of the aperture stop
appears sharp (Fig. 3.3(b)) and no information of the EIs is lost. The
eye relief, lER, depends on the actual mechanical tube length:

lER = sF ′ +

(
fEP

fTL

)2

(fTL − d). (3.5)

However, as d is unknown, the correct positioning of the MLA is
an empirical procedure, that must be done moving the MLA-sensor
compound until the exit pupil appears focused in the image.

The first prototype of the lightfield eyepiece is shown in Fig. 3.4.
In Fig. 3.4(a), the device is shown and all its components are in-
dicated. This first prototype was built with off-the-shelf optome-
chanical components and self-built components, such as the eyepiece
adapter, which is a hollow cylinder with the outer diameter slightly
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Figure 3.3: (a) The real optical set-up of the FLMic, with a Ramsden eye-
piece. The tube lens has a distance from the aperture stop that is different
from its focal length, which makes that the exit pupil is not located at the
back focal plane of the Ramsden eyepiece. (b) The result of placing the
MLA behind the exit pupil plane. (c) The result of a correct positioning of
the MLA. (d) The result of placing the MLA beyond the exit pupil plane.

lower than 30 mm. Inside the eyepiece adapter, a 3D-printed field
stop was inserted at the distance indicated in the ISO 9345:2019(E).
In Fig. 3.4(b), we show the device coupled to the host microscope
mentioned in Section 3.1. The results obtained with this device will
be shown in the next section.

3.4 Experimental validation

3.4.1 Lateral resolution and DOF

Once we built the first prototype, we verified its performances in
terms of resolution and DOF and we compared them with the the-
oretical values. First of all, we analyzed the MTF of the system.
The total MTF is the product of two contributions, the MTF of the
optical system and that of the sensor. We consider an ideal optical
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Figure 3.4: (a) The prototype of the lightfield eyepiece, with all its compo-
nents indicated. (b) The lightfield eyepiece coupled to the host microscope
used in the proof of concept.

system, limited only by diffraction, and an ideal sensor, limited only
by the pixel size. We have that the theoretical MTF, evaluated in
the object space, is [58]:

MTFTh =
2

π

cos−1

(
ω

ωD

)
−

√
1−

(
ω

ωD

)2( ω

ωD

)× sinc(ωδO),

(3.6)
where ω is the frequency in the object space measured in line pairs per
millimeter (lp/mm), ωD is the cut-off frequency given by diffraction
and δO is the pixel size in the object space. We evaluated the MTF
in three cases. First, we evaluated the MTF of the lightfield eyepiece
alone, without being inserted into the host microscope. We did this
to analyze the quality of the device, without being influenced by other
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Figure 3.5: (a) The intrinsic MTF. (b) The extrinsic MTF with the 20×
objective. (c) The extrinsic MTF with the 40× objective.

external components. We call this intrinsic MTF. Then, we coupled
the lightfield eyepiece to the host microscope and we evaluated the
MTF for both the 20× and the 40× objective. To measure the MTF,
we placed a USAF resolution target at the object plane, and we
measured the contrast of the highest resolution resolvable elements in
every configuration. We set the frequency at which the MTF is equal
to 0.1 as the limit, because the measurements show good linearity
until that point.

The results for the intrinsic and extrinsic MTFs are shown in
Fig. 3.5, in which both the theoretical and experimental MTFs are
shown for every case. Let us compare the theoretical and exper-
imental values of the frequency at which MTF = 0.1, which we
will write as ω0.1. For the intrinsic case, in Eq. 3.6, we have ωD =(

λ
2NAMLA

fEP
fMLA

)−1
and δO = δPx

fEP
fMLA

. Considering λ = 600 nm,

we get a theoretical value of ω0.1,th = 12.88 lp/mm. From the
measures shown in Fig. 3.5(a), we have an experimental value of

ω0.1,ex = 10.84 lp/mm. For the extrinsic cases, we have ωD =
(
λN
NA

)−1

and δO = δPx
MFLMic

. So, we get ω0.1,th = 252 lp/mm for the 20× ob-
jective and ω0.1,th = 560 lp/mm for the 40× objective. The exper-
imental values are ω0.1,ex = 238 lp/mm for the 20× objective and
ω0.1,ex = 502 lp/mm for the 40× objective, that correspond to a
resolution of ρ = 4.20 µm and ρ = 1.99 µm, respectively.

After the lateral resolution, we measured the experimental DOF
of the system with both objectives. To do so, we placed the USAF
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target at the object plane and then we displaced it axially, in both
directions. We measured the contrast at a fixed frequency (i.e., a
fixed element of the USAF target) when the object is axially shifted.
The DOF is defined as the interval in which the contrast loss is lower
than a factor

√
2. For the 20× objective, we measured the contrast of

the element 7.2 of the USAF (ω = 143.7 lp/mm) when the object was
displaced in a certain range, by a constanst step of 5 µm. The same
experiment was repeated for the 40× objective, but displacing the
object by an axial step of 2.5 µm and measuring the contrast of the
element 8.2 (ω = 287.4 lp/mm). The theoretical DOF of the FLMic
is defined in Eq. 2.23, from which we calculate DOFth = 73.89 µm
for the 20× objective and DOFth = 14.96 µm for the 40× objective.

The experimental results are shown in Fig. 3.6. From the ex-
perimental values, we extracted the line of best fit of the contrast.
For both the objectives used, we solved this equation to find the val-
ues of the axial shift at which the contrast is c = cMax/

√
2, where

cMax is the value of the contrast when the USAF is placed at the
object plane. We get DOFex = 72.92 µm with the 20× objective
and DOFex = 16.77 µm for the 40× objective. These values are
very close to the theoretical ones. For the 40× objective, we get an
experimental value of the DOF that is greater than the theoretical
value, which might seem strange. However, it must be noted that the
experimental values of the DOF were extracted from a line of best fit
calculated on a small amount of measured contrast values. In fact,
to displace the object, a manual displacer was used. So, the axial
step could not be as small as it was needed. This can explain an
experimental value of the DOF greater than the theoretical one.

3.4.2 3D samples imaging

After verifying the performances of the device, we imaged some 3D
sample. The lightfield eyepiece was inserted in different host mi-
croscopes and different kind of samples were observed, with several
objectives and illumination techniques. In this way, we seeked to
demonstrate the universality and versatility of the device. As men-
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Figure 3.6: (a) The experimental DOF of the FLMic with the 20× objective.
(b) The experimental DOF of the FLMic with the 40× objective.

tioned in Section 3.3, the distance between the objective and the
tube lens is unknown and it changes depending on the host micro-
scope. Thus, we needed to adjust the position of the MLA-sensor
compound, in order to have the MLA right at the exit pupil plane.
This was the only adjustment needed when the device was moved
from a host microscope to another.

The first sample that we imaged was the condenser of a chip. It
was illuminated with white light and observed with a Nikon 10×/0.45
objective, in the host microscope used for the proof of concept. The
image captured is shown in Fig. 3.7(a). With the objective used, we
have N = 9, but in the image we only see a small amount of the EIs
that fit into the exit pupil. This is because of the size of the sensor,
that is 5.632×4.224 mm2 (2560×1920 pixels). The exit pupil has a
diameter of 9 mm, so it is cropped by the sensor. In Fig. 3.7(b),
we show three different EIs of the sample. Specifically, the leftmost,
the central and the rightmost EI of the central line of Fig. 3.7(a) are
shown. Even though they are not the outermost EIs (as these are cut
due to the sensor size), the parallax between the views is evident.

The second specimen was Arabidopsis Thaliana. The sample was
prepared as explained in [59] and it was observed with a 20×/1.0
water inmersion objective from Olympus. The host microscope was
a Leica TCS LSI. The image captured is shown in Fig. 3.8(a). In
Fig. 3.8(b), we show the sample reconstructed at three different depths,
with the method described in [60]. The entire 3D reconstruction can
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Figure 3.7: (a) The image of a condenser captured with the lightfield eye-
piece. (b) From the left to the right, the leftmost, the central and the right-
most EIs of the sample, extracted from the central EIs line captured by the
sensor.

be found in Video S4 of the Supplementary Material of [61]. Despite
the intrinsic loss of resolution of FLMic, the cell walls of the plant
sample can be still observed with a good contrast.

The last sample observed was living Phytoplankton, freely moving
in water. It is surely the most interesting sample, as it demonstrates
the unique feature of the FLMic of capturing 3D information in a sin-
gle shot. The sample was illuminated with darkfield illumination and
observed with a 20×/0.40 objective in an Amscope T670Q-PL-FL mi-
croscope. A video of the sample moving was recorded: in Fig. 3.9(a)
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Figure 3.8: (a) The image of the hypocotyl of Arabidopsis Thaliana captured
with the lightfield eyepiece. (b) The sample reconstructed at different depths.

the first frame of this video is shown. In Fig. 3.9(b) we show the vol-
ume reconstruction of the sample, computed from Fig. 3.9(a). The
algorithm used was the same as that of the Arabidopsis sample and
the total depth of reconstruction is 201.4 µm. Video S2 and Video
S3 of the Supplementary Material of [61] contain the first 50 frames
of the video recorded with the lightfield eyepiece and the 3D volume
reconstruction of the moving Phytoplankton, respectively.

We demonstrated the universality of the lightfield eyepiece, imag-
ing diverse samples in three different microscopes, each with a differ-
ent illumination technique (brightfield, fluorescence and darkfield).
The possibility to use all the microscope components is one of the
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Figure 3.9: (a) The first frame of the video of living and freely moving
Phytoplankton, recorded with the lightfield eyepiece (b) The volume recon-
struction computed from the first frame, as seen from above and from two
side views.

main strength of the lightfield eyepiece, as it gives the possibility to
adapt the device to several applications.

3.5 Commercial device

After validating the proof-of-concept device, we decided to develop
the first commercial device. To do so, we turned to a specialized
optomechanical engineering company. The main reason for which we
needed to employ an external company was to solve the mechanical
issue of the tilt suffered by the device when it is coupled to the eye-
piece port, which is inclined at 45 degrees. In fact, this tilt provokes
the misalignment of the device respect to the optical axis. In addition
to the increase of aberrations, this misalignment produces a major
issue. In fact, if the sensor is not aligned with the exit pupil, the
useful information is lost. Moreover, a company specialized in op-
tomechanical engineering can offer a much more robust device, which
is appreciated by the potential customers.
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3. The lightfield eyepiece

Figure 3.10: The first commercial lightfield eyepiece.

The commercial device is shown in Fig. 3.10. It is a totally closed
device and it has all the components needed for the adaptation to
every host microscope. The tilt was solved through two screw-spring
pairs. The tilt adjustment is an empirical procedure: the user actu-
ates on the screws to adjust the tension of the springs (which changes
the angle of the device respect to the optical axis) until the exit pupil
is centered in the image. To adjust the position of the MLA-sensor
compound (in order to place the MLA at the exit pupil plane) the
device has a non-rotating translation system, that in the figure is in-
dicated as ExPupadjustment. This permits to adjust the position of
the MLA-sensor compound, without rotating it, which avoids cable
twist and image rotation. Again, the adjustment is empirical: the
distance must be varied until the exit pupil appears focused in the
image.

Along with the optical device, a dedicated software is provided
that manages all the functions of the lightfield eyepiece. First of all,
it permits to control the parameters of the camera, such as frame rate
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Figure 3.11: The graphical user interface of the commercial software of the
lightfield eyepiece.

and exposure time and to capture an image or record a video. Several
visualization modes are provided in real-time, such as point-of-view
rotation or digital refocusing with different algorithms. In addition,
it is possible to calculate a depth map of the sample. The graphical
user interface of the software is shown in Fig. 3.11.

67



3. The lightfield eyepiece

68



Chapter 4

3D reconstruction

Until here we have explained the optical functioning of the FLMic
and the lightfield eyepiece. As we mentioned before, lightfield mi-
croscopy belongs to the family of computational imaging techniques.
Thus, the algorithms for the extraction of the 3D information of the
samples are as important as the optical system used for capturing
them. For this reason, a considerable effort is put into the research
of 3D reconstruction techniques. When we talk about the 3D recon-
struction, we mean the computation of a discrete volume composed
by an array of 2D images, each one being a section of the sample
at a different depth. As far as FLMic is concerned, the first recon-
struction algorithms were based on ray optics. In [16], the inven-
tors of the technique used a classic back-propagation algorithm to
compute the volume, which they call focal stack. In [62], this focal
stack is deconvolved with a purely geometric reconstruction 3D point
spread function (PSF). In this way, optical sectioning is obtained for
fluorescent samples. In [60], a geometrical reconstruction method is
proposed, that provides optical sectioning in real time for sparse sam-
ples on black background. Ray optics-based algorithms have proved
to be able to reconstruct the 3D volume in a simple and fast way.
However, as discussed before, in FLMic diffraction effects cannot be
neglected, so wave optics-based methods provide better results in
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terms of lateral and axial resolution. Therefore, they are preferred to
ray optics-based techniques for reconstructing fluorescent samples.

Wave optics-based reconstruction methods rely on Richardson-
Lucy deconvolution [63,64]. The 2D image captured with the FLMic
is iteratively deconvolved with the 3D PSF of the system, to get an es-
timation of the sample volume. As for the 3D reconstruction, the 3D
PSF consists of a set of 2D slices. To get a good 3D reconstruction,
it is fundamental to have a precise 3D PSF of the FLMic. In some
works that use the FLMic set-up, the 3D PSF of the system is ex-
perimentally captured [17,65]. Thanks to the lateral shift-invariance
of the FLMic, for capturing the 3D PSF of the system it is sufficient
to capture the image of a point object axially displaced at different
depths. This method povides a precise estimation of the 3D PSF,
because the real features of the optical and electronic components of
the system are taken into account. In the case of [65] this is essen-
tial, because a diffuser with unknown microlenses is used instead of
a regular MLA.

Reconstructing the volume with an experimentally captured 3D
PSF lacks flexibility. In fact, for any change in the optical set-up or
even for any misalignment of the components due to use, the 3D PSF
capture must be repeated. This process is excessively tricky for simple
FLMic users. An easier way to get the 3D PSF of the FLMic is to
generate it computationally, based on a wave optics image formation
model. This method is used in [66] and later modified in [67] to
obtain super-resolution.

For the 3D reconstruction of the samples captured with the light-
field eyepiece, we decided to work with a computationally generated
3D PSF because of the inherent features of the device. In fact, the
commercial device is sold to the customers and it is coupled to their
host microscopes and used with different objectives. Experimentally
capturing the 3D PSF is impractical or even impossible, because the
customers should capture the 3D PSF by theirselves, for every ob-
jective with which they work. In this Chapter, we detail the 3D
reconstruction protocol used with the lightfield eyepiece, featuring
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increased robustness and computation speed. In addition, we show
the application of a machine learning method to the images of FLMic
for the synthesis of novel EIs, that can help to increase the optical
sectioning capability of the 3D reconstruction.

4.1 Wave optics-based reconstruction proto-
col

The first work that reported a wave optics image formation model
of FLMic was [17]. Here, the Debye model for high NA objectives
is used to compute the wavefront at the intermediate image plane.
Then, the wavefront is propagated through the components of the
system, to get an estimation of the 3D PSF. However, in this work, an
experimentally captured 3D PSF is used to reconstruct the samples.
Similarly, in [67] the Debye model for high NA objectives is used to
compute the wavefront at the aperture stop. Again, the wavefront
is propagated till the sensor. These methods provide an accurate
estimation of the 3D PSF. However, they do not take into account
the particularities of FLMic, so they add unnecessary complexity that
slows down the computation of the 3D PSF. In addition, in [67], the
calibration process to know the position of the microlenses is based
on placing a plane object exactly at the object plane. This can lead to
a bad estimation. In fact, due to the extended DOF of the FLMic, it
is difficult to place a sample exactly at the object plane. For all these
reasons, we developed a new 3D reconstruction protocol for FLMic,
with the aim of improving the robustness and the computation speed.
This was achieved through a simplified image formation model and a
different calibration procedure, that we will explain below.

4.1.1 Image formation model

Based on the singularities of the FLMic, we simplified the image
formation model, to speed up the computation of the 3D PSF of the
system. As mentioned before, the existing methods use the Debye
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model for high NA objectives to calculate the wavefront at some
plane and then propagates it till the sensor plane, through all the
components of the optical system. As explained in Section 2.3.1,
in an FLMic the effective NA is reduced, because the aperture stop
is sampled by the MLA (Eqs. 2.18, 2.19). Moreover, the FLMic is
an optical microscope that works with low magnification. Taking
into account Eq. 3.2, the total magnification of the system is usually
confined to values lower than 3 [68]. Thus, the Airy disk at the image
plane, whose radius is

r′Airy = 0.61
λ

NAEff
MFLMic, (4.1)

is usually comparable to the pixel size. So, the Airy disk is clearly
undersampled. The reduction of the effective NA and the undersam-
pling of the Airy disk made us consider that both using the Debye
model for high NA objectives and propagating the wavefront through
all the components of the FLMic are redundant. The image forma-
tion model can be simplified without worsening the quality of the
reconstruction.

Let us consider the FLMic set-up of Fig. 4.1, in which the L1-L2

relay has been omitted for the sake of simplification. As is known from
the geometrical analysis of the FLMic [16], in the lateral microlenses,
the image of an axial point source is shifted from the center of the
corresponding EIs. This shift depends on the depth of the point
source and on the distance of the lateral microlens considered from
the central microlens. As far as wave optics is concerned, the effect
of diffraction is equal for all the microlenses. Therefore, to generate
the 3D PSF of the FLMic, it is sufficient to compute the 3D PSF of
the central microlens.

Thanks to the lateral shift invariance of the system, the 3D PSF
of the central microlens corresponds to the impulse response to a
point source axially displaced. Since we consider that the effective
NA is low, we can apply the paraxial approximation. Thus, for each
slice of the 3D PSF, the wavefront is computed using the Fraunhofer

72



4.1. Wave optics-based reconstruction protocol

Figure 4.1: The images of axial point sources with different depths in the
central and lateral microlenses.

model of diffraction [69]. For the lateral microlenses, it is sufficient
to apply a lateral shift to the Airy disk, respect to the center of the
corresponding EI. For a given microlens and a given distance z from
the reference object plane, the shift to apply is:

s =
z

∆z
d, (4.2)

where d is the vector of the distance of the microlens considered from
the central one divided by the pitch p and ∆z is the axial distance
corresponding to a 1-pixel shift:

∆z =
fMLA

p

δPx

M2
FLMic

. (4.3)

Applying Eq. 4.2 to all the microlenses, at every PSF slice, the FLMic
3D PSF is generated.

The Richardson-Lucy algorithm is used to get the estimation of
the 3D volume of the sample from the 2D image captured with the
FLMic. This algorithm consists of two stages. In the first one, each
slice of the discrete 3D volume is convolved with the corresponding
slice of the FLMic 3D PSF. The contributions of all the slices are
summed to get an estimated 2D image. In the second stage, the real
2D image captured is divided by the estimated 2D image, to get the
error matrix. This error matrix is convolved with all the slices of the
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inverse FLMic 3D PSF. The results of each 2D convolution operation
are the slices of the estimated volume. This two-stages operation is
iteratively repeated for a numer of iterations that can be selected at
will. Increasing the number of iterations, the quality of the volume
reconstruction is improved.

4.1.2 MLA calibration

In order to generate the FLMic 3D PSF, it is fundamental to know
the exact position of all the microlenses, that is the pixel coordinates
of the centers of the EIs. To do so, we designed a robust and easy
calibration procedure. Since we know all the parameters of the sys-
tem, we know the pattern of the EIs and we only need the translation
and the rotation of the MLA with respect to the sensor.

Our calibration procedure is based on the capture of a so-called
blank image, that is the image obtained with the system when the
objective is illuminated without observing any sample. This image
consists of an array of whitish circles, whose centers correspond to the
centers of the EIs. An example of blank image is shown in Fig. 4.2(a),
for an FLMic with N slightly greater than 3. With all the parameters
of the system, a binary image is created, that has the same pattern
of the blank image. An example of this binary image is shown in
Fig. 4.2(b). In the binary image, the central EI is placed exactly at
the central pixel of the image and the lateral EIs are placed on a
perfectly horizontal line.

A correlation matrix of the blank and the binary images is calcu-
lated. From the position of the maximum of the correlation matrix,
the translation of the MLA with respect to the sensor is calculated.
Then, the binary image is rotated by a constant angle, in a certain
range of angles and a correlation matrix is calculated between the
blank image and each rotated binary image. The correlation matrix
having the highest maximum value corresponds to the rotation of
the MLA. Once the translation and the rotation angle are found, the
coordinates of the centers of all the EIs can be calculated.

This calibration method is easy, because it is sufficient to capture
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Figure 4.2: (a) A blank image captured with an FLMic having N slightly
higher than 3. (b) The binary image created to calibrate the system.

an image with the sensor, without having to place any sample. In
addition, it is a robust method because it is based on correlating
two patterns to get the translation and the rotation factors. This
gives much more precise results if compared to the methods that find
the coordinates of each EI one by one. The calibration process only
needs to be made before the first use of the lightfield eyepiece. In
fact, the translation and rotation of the MLA only depends on the
precision of the device assembly. If we talk about FLMic in general,
the calibration only needs to be repeated if the MLA or the sensor are
changed or moved, but not when the objective or other components
are changed or misaligned, because in this case the position of the
EIs does not vary.

4.1.3 Experimental validation

The reconstruction protocol was implemented in C++. It includes
the calibration, the FLMic 3D PSF generation and the Richardson-
Lucy deconvolution. The deconvolution was implemented in GPU to
increase the computation speed. To validate the proposed method,
the results were compared with those obtained with the algorithm
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of [67]. As explained before, in this algorithm the 3D reconstruction
is also made with the Richardson-Lucy deconvolution, but the FLMic
3D PSF is generated based on a much more sophisticated image for-
mation model. For this reason, both methods are first compared
in terms of lateral resolution, to demonstrate that simplifying the
image formation model does not lead to a decrease of the reconstruc-
tion quality. Then, the 3D reconstruction capability of the proposed
method is tested with different 3D samples. Finally, the computation
times of the algorithm are provided and compared to those of [67].

Lateral resolution

To measure the lateral resolution provided by the reconstruction
method, we imaged a USAF 1951 resolution target and we com-
pared the results obtained with our algorithm and that of [67] without
super-resolution. The target was placed at the object plane and at -
50 µm from the object plane, to test the algorithm at different depths.
The sample was not observed with the lightfield eyepiece: the param-
eters of the FLMic used are given in Table 4.1. Note that the total
DOF of the system is 72 µm. So, when the sample was placed at -50
µm, it was out of the DOF. The results are shown in Fig. 4.3. For
both algorithms and for both depths, we show the image obtained
and the intensity profiles of all the elements of the group 7. The
intensity profiles obtained with both algorithms are essentially iden-
tical for each element, meaning that the contrast of the reconstructed
images is equal. Hence, our method equalizes the performance of [67]
in terms of lateral resolution. This demonstrates that the assump-
tions made are appropiate and that simplifying the image formation
model does not worsen the quality of the reconstruction. Note also
that the contrast of the elements of (b) are much lower than those of
(a). This is because in the case of (b), the object was placed outside
the DOF. Thus, at a fixed frequency the contrast loss is greater than
a factor

√
2.
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Figure 4.3: The comparison of the results of the reconstruction methods for
(a) the USAF resolution target placed at the object plane and (b) the USAF
resolution target placed at -50 µm from the object plane.
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fOb 10.0 mm

ΦAS 10.0 mm
f2
f1

0.50

p 1.0 mm

fMLA 6.4 mm

δPx 2.2 µm

Table 4.1: The data of the FLMic used for imaging the USAF resolution
target.

3D samples reconstruction

To test the precision of the 3D reconstruction, we used the 3D pattern
Sphere of the Argo-HM test from Argolight. It is composed by three
circles on three orthogonal planes, mimicking two meridians and the
equator of a sphere. The diameter of the circles is 50 µm. The
parameters of the FLMic used to capture this sample are given in
Tab. 4.2. The table includes the data of the axial step, that is the
axial distance between the slices of the reconstructed volume, and
the total depth of the reconstructed volume. The axial step (or z-
step) is chosen when the 3D PSF is generated. We chose to use a
z-step equal to ∆z for all the samples. The image captured with the
FLMic is shown in Fig. 4.4(a). Then, different visualizations of the
3D PSF are shown. Note that in Fig. 4.4(d), if we focus on the top
and bottom lines, two identical PSFs can be seen, that are close to
each other. The same happens in the central line, this time with
three PSFs. This is because the MLA is rotated with respect to
the sensor. So, if the 3D PSF is observed from a side, the PSFs of
each microlens can be distinguished, because they are on different
y coordinates. In Fig. 4.4(e), the sample reconstructed at different
depths is shown. The result shows the optical sectioning capability
of the reconstruction method. As expected, the total depth of the
sample is approximately 50 µm and the central meridian is exactly
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at half this distance, which demonstrates the precision of the 3D
reconstruction.

We used the algorithm to estimate the volume of a hydrogel sam-
ple with embedded fluorescent cells that was observed with the light-
field eyepiece. The parameters of the capture and the reconstruction
are given in Tab. 4.2. The image captured with the device is shown
in Fig. 4.5(a). The sample was very thick, which produces severe
scattering effects, that are evident from the strong background of the
EIs. Despite this, the algorithm is capable of reconstructing the vol-
ume of the sample, as can be seen in Fig. 4.5(b). In fact, in FLMic
ballistic photons (the photons that follow a straight line when trav-
elling through a scattering medium) are the only ones that follow
the image formation model presented. To improve the quality of the
reconstruction, we applied the background subtraction algorithm ex-
plained in [70], that is essentially a tophat filtering, to the image of
Fig. 4.5(a). The image obtained is shown in Fig. 4.5(c), while in
Fig. 4.5(d) the central EI of the original image is compared to that
of the background-subtracted image. In Fig. 4.5(e) and (f) the vol-
ume of the sample is shown, calculated from the original and the
background-subtracted images, respectively. In both volume visu-
alizations, the slices of the reconstruction were spaced 5 pixels and
interpolated. This was done to respect the ratio between the ax-
ial dimension of the voxels (the z-step) and their lateral dimension
( δPx
MFLMic

). As expected, in Fig. 4.5(f), the cells are visualized bet-
ter, thanks to the increased signal-to-background ratio. On the other
hand, applying the background subtraction algorithm, some signal
from the cells of the deeper layers may be lost, because this signal
has lower contrast and occupies a greater area as compared to the
signal of the superficial layers.

Computation speed

To demonstrate the improvement obtained by our method in the
computation speed, we compared the times needed by our algorithm
and by that of [67]. All the experiments were conducted on a MSI
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Figure 4.4: (a) The image of the Sphere pattern captured with the FLMic.
(b) The 3D PSF of the central microlens from a side view. (c) The FLMic
3D PSF from the top view. (d) The FLMic 3D PSF from a side view. (e)
The 3D object reconstructed at different depths.
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Figure 4.5: (a) The image of the sample captured with the lightfield eyepiece.
(b) The 3D sample reconstructed at different depths. (c) The image after
applying the background subtraction algorithm. (d) The difference between
the central EI before and after the background subtraction. (e) The volume
of the sample from top view and side views, calculated from the original im-
age. (f) The volume of the sample calculated from the background-subtracted
image.
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Sample Sphere Hydrogel

fOb 4.5 mm 9.0 mm

ΦAS 5.4 mm 7.2 mm
f2
f1

0.55 0.55

p 1.0 mm 1.0 mm

fMLA 6.4 mm 7.9 mm

δPx 2.2 µm 2.2 µm

λBF 455 nm 420 nm

z-step 2.1 µm 6.9 µm

z range [-21.3, 34.1] µm [-138.8, 138.8] µm

Table 4.2: The data of the FLMic used for imaging each sample and the
parameters used for the reconstruction. λBF is the wavelength of the barrier
filter.

GL 63 8RC, equipped with 8th Gen. Intel Core i7 processor, 16 GB
RAM and NVIDIA GeForce GTX 1050 with 4 GB DDR5 GPU.

First, we compared the time elapsed for the calibration. For the
algorithm of [67] it was 45.9 seconds, while for our algorithm it was
3.8 seconds. Apart from the huge improvement in the speed of the
calibration, it must be remembered that our procedure is more robust,
for the reasons exposed in Section 4.1.2.

Then, we measured the time needed for the generation of the
FLMic 3D PSF. Since it depends on the amount of slices, this time
was measured in a range of slices that goes from 21 to 41. The times
were measured only for odd numbers of slices and the values obtained
were interpolated to obtain the curves of best fit. The result of the
comparison is shown in Fig. 4.6. The improvement given by our algo-
rithm is apparent: our algorithm is approximately 12.5 times faster
generating the FLMic 3D PSF. Both curves have a linear dependence
of the time on the number of slices, so the ratio between both times
is constant. For the case of 41 slices, our algorithm takes 5.46 sec-
onds to generate the FLMic 3D PSF, while the other one takes 68.23
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seconds. This improvement is due to the image formation model
proposed, that simplifies the generation of the PSF.

Figure 4.6: The comparison between the time taken by our algorithm and
that of [67] to compute the FLMic 3D PSF, varying the number of recon-
struction slices.

Finally, we compared the total times needed for the reconstruc-
tion. We chose to exclude the calibration stage to make the com-
parison more fair, since the calibration does not need to be repeated
at each execution. The PSF generation, instead, is included. The
times were measured reconstructing the hydrogel sample and varying
the reconstruction slices from 21 to 41, as before. The reconstruc-
tion was made with 10 iterations of the Richardson-Lucy algorithm.
The result is shown in Fig. 4.7. Again, the improvement of our al-
gorithm is evident, but this time it depends on the number of slices.
In fact, while the curve of our algorithm is still linear, the curve of
the other algorithm has a quadratic dependence. The ratio between
the computation times is 3.6 for 21 slices and 6.5 times for 41 slices.
This improvement is mainly due to the GPU implementation of the
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Richardson-Lucy deconvolution and in part to the faster PSF gener-
ation.

Figure 4.7: The comparison between the time taken by our algorithm and
that of [67] to compute the 3D reconstruction of a sample, varying the num-
ber of reconstruction slices.

4.2 Machine learning-based view synthesis

The optical sectioning capability of the different reconstruction tech-
niques increases for a higher number of EIs [60]. Unfortunately, in
FLMic there is a trade-off between the number of EIs and their lat-
eral resolution. In fact, increasing the amount of EIs, the effective
objective NA is decreased, so the lateral resolution is consequently
decreased. Lateral resolution is fundamental in microscopy. As a
consequence, the number of views in FLMic is usually low.

In our opinion, the best approach to address this trade-off is to de-
sign the optical system optimizing the lateral resolution and increase
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the number of EIs computationally. Several techniques exist that
generate novel views from a finite amount of images of macroscopic
scenes captured from multiple perspectives [71–75]. Also artificial
intelligence-based methods have been proposed [76–79], that obtain
better results than geometric-based approaches. Among them, Neu-
ral Radiance Fields (NeRF) method [80] has demonstrated obtaining
high quality results, providing smooth transition and continuous par-
allax between the synthesized views and avoiding major artefacts.

NeRF method creates a volumetric representation of the scene
from a sparse set of perspective views. The scene is represented
through a fully-connected deep network. Given a 5D coordinate
(x, y, z, θ, ϕ) as input, where (x, y, z) are the spatial coordinates of
the 3D scene and (θ, ϕ) are the viewing angles, the system’s output is
a 4D vector (R,G,B, σ), containing the RGB values and the volume
density of the scene voxel. The novel views are synthesized with clas-
sic back-propagation techniques, querying the 5D coordinates along
the synthetic cameras’ rays.

Many techniques have been created recently that are based on
the original NeRF method [81–85]. Given the quality of the results,
we decided to apply the NeRF method to the set of EIs captured
with the FLMic. The adaptation to the images of the FLMic is not
trivial, because of their differences with the images captured with
photographic cameras. In fact, these latter images have only positive
disparity. The disparity between different perspectives is zero for
very far objects (ideally placed at infinity) and increases for closer
objects. In the EIs captured with an FLMic, the disparity is zero for
the reference object plane and can be positive or negative for points
that are behind or beyond this plane (as illustrated in Fig. 4.1). In
addition, the images captured with a photographic camera show a
conical perspective, which means that the magnification decreases
proportionally to the distance. The EIs of the FLMic, instead, are
orthographic views, meaning that the magnification is constant for
any object depth.

We decided to use a modified version of NeRF, called NeRF-- [85].
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NeRF-- can be used without any knowledge of the acquisition system,
thanks to the joint optimization strategy applied during the training
stage. We chose NeRF-- because adapting the acquisition system
model used in NeRF to the FLMic system is complex. Our aim,
instead, was a proof-of-concept trial to demonstrate the usefulness of
applying NeRF to the images captured with FLMic. In the following
sections, some details about NeRF-- will be given and the results
obtained for different kind of samples will be shown and discussed.

4.2.1 NeRF--

The first step of novel view synthesis algorithms is to build a volu-
metric representation of the 3D scene. NeRF method adopts a neural
network to construct a so-called neural radiance field from a sparse set
of input views. Essentially, it models the view-dependent appearance
of the 3D scene through a continuous function F : (x,u) → (c, σ).
Given a 3D location x = (x, y, z) and the viewing direction u = (θ, ϕ)
as inputs, this function provides a radiance color c = (R,G,B) and a
density value σ as output. To render the novel views from the NeRF
volumetric model, the color at each pixel p on the image plane of
each synthetic camera is obtained with a rendering function R. This
function aggregates the radiance along a ray coming from the cam-
era position o and passing through the pixel p into the volume [86].
Given the scene representation F (x,u) and the rendering function
R, NeRF is trained by minimizing the difference between the input
views and the synthesized views, under known camera parameters.
In the original NeRF method, these camera parameters are estimated
by COLMAP [87,88] in a pre-processing stage.

Our first approach was to use the original NeRF method. Nev-
ertheless, COLMAP failed to estimate the intrinsic camera param-
eters. This issue is most probably due to the differences between a
set of photographic images and the EIs captured with a FLMic, that
we explained before. Hence, we decided to use the modified version
NeRF--. In NeRF-- the pre-processing stage is omitted: given only
a sparse set of views as input, the system optimizes both the scene
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Figure 4.8: Schematic representation of NeRF--.

representation and the camera parameters during the training stage.
Then, the novel views are synthesized with a rendering function, just
like in the original NeRF. In Fig. 4.8, a schematic representation of
NeRF-- is shown: a NeRF model and the camera parameters are op-
timized simultaneously, minimizing the error between captured and
synthesized views and after that, the pixels of the novel views are
rendered.

4.2.2 Experimental validation

To validate the application of NeRF-- to the EIs captured with an
FLMic, we used three samples with different features. The images
of the samples captured with the FLMic are shown in Fig. 4.9. In
these images we shadowed the non-complete EIs, because they were
not used as input in the training stage. The first sample is composed
of cotton fibers stained with the fluorescent ink of a highlighter. The
second one is the condenser of a chip, which we already saw in Section
3.4.2. The third one is a sample of shark skin tissue. We will call
these samples fibers, chip and shark, respectively. The parameters of
the FLMic set-ups used to capture each sample are summarized in
Tab. 4.3.

The appearance of each sample in Fig. 4.9 can be correlated to
the illumination technique used, that is specified in Tab. 4.3. The
fibers sample was illuminated using epi-fluorescence mode, that is, it
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was illuminated through the objective with a monochromatic beam,
having λ = 480nm. The light emitted by the fluorescent fibers was
collected by the same objective, blocking out the illumination beam
by means of a dichroic mirror. For this reason, the image has black
background and the only signal is that of the sample. The chip sam-
ple was epi-illuminated in reflection mode with white light. Here, the
background of the image is the printed circuit board of the electronic
chip. Finally, the shark sample was observed with brightfield illumi-
nation. The EIs have a yellowish background, because the sample
was trans-illuminated with white light. We observed different kind of
samples with different illumination techniques because our aim was
to analyze if there was a dependence of the results of NeRF-- on the
type of specimen. Note also that the total number of EIs for the first
two samples is 13, while for the shark it is 7.

Sample fibers chip shark

fOb 20.0 mm 20.0 mm 9.0 mm

ΦAS 18.0 mm 18.0 mm 7.2 mm
f2
f1

0.50 0.50 0.55

p 1.0 mm 1.0 mm 1.0 mm

fMLA 6.4 mm 7.9 mm 6.4 mm

δPx 2.2 µm 2.2 µm 2.2 µm

Illumination Epi-Fluorescence Epi-Reflection Brightfield

Table 4.3: The data of the FLMic used for imaging each sample.

NeRF-- was applied to each sample, using the complete EIs as
input for the training. The number of epochs was 500 for the fibers
sample and 1000 for the other two samples. The number of epochs in
machine learning means the number of complete passes of the training
dataset through the training algorithm. 200 new perspective views
were synthesized for each sample. To perform the tests, we used
Google Colab, because it offers greater computational power than our
computers. The training time was 12 minutes for fibers, 20 minutes
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Figure 4.9: The FLMic images of (a) fibers, (b) chip and (c) shark samples.
The non-complete EIs are shaded because they were not used in the training
stage.

for chip and 9 minutes for shark.

In Fig. 4.10, we show some preliminary result for all the samples.
Specifically, for each sample, we show one captured EI, one synthe-
sized view and the position of the cameras as inferred by the algo-
rithm in the training stage. We can see that the hexagonal geometry
of the MLA is reproduced, with some small inaccuracies. Compar-
ing the captured EI and the synthesized view for all the samples we
found that in (a) NeRF-- preserves the resolution in the case of epi-
illuminated sparse fluorescent sample, but with some loss of signal,
in (b) for the epi-illuminated sample with reflected light there is a
slight fall in resolution, in (c) the resolution loss is much higher in
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the case of trans-illuminated brightfield sample.

Figure 4.10: Left column: one captured EI. Central column: one synthesized
view. Right column: the positions of the cameras of the input views as
inferred by the algorithm. These results are shown for (a) fibers, (b) chip
and (c) shark.

To demonstrate effectively the result of the application of NeRF-
-, it is more useful to show a video comparing the parallax between
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the captured EIs with that of the synthesized views. These videos
can be found in the Supplementary Material of [89]. The observer
can see a much more smooth transition and continuous parallax be-
tween the synthesized views. From the observation of these videos,
we found that, generally, the synthesized views are realistic, the per-
spective change is smooth and continuous and the occlusions are well
resolved. On the other hand, as anticipated by the static representa-
tion of Fig. 4.10, we noted that in the case of fibers (Video S1 of the
Supplementary Material) the resolution is mantained. In the case of
chip (Video S2), in addition to the slight resolution degradation, an
artefact can be noted: in some of the perspective views, the condenser
appears somehow transparent, indicating that the density value σ is
not well estimated. Finally, the video representation of shark (Video
S3) shows that this is clearly the worst result in terms of resolution
and artefacts. Since this dynamic representation is impossible in the
text, in Fig. 4.11 we report some of the synthesized views of fibers.

The artefacts of the synthesized views of chip and shark are most
probably due to the nature of NeRF--. The inherent characteristics
of the photographic images of macroscopic scenes are very different
from those of the microscopic samples captured with the FLMic. The
estimation of the 3D model is difficult for images with low contrast
and lack of features, which are intrinsic characteristics of the EIs,
especially for biological samples illuminated with brightfield such as
shark. This kind of artefacts can be observed also in the results
presented by the authors of the original NeRF method in [90]. In
those areas of the scene that present lack of features, low contrast
or defocus, the resolution of the synthesized views is significantly
decreased. This effect is more evident in images having a low number
of pixels (our EIs have 455×455 pixels). In the case of shark there are
additional problems that might have led to a bad estimation of the 3D
model of the sample and, consequently, to reconstruction artefacts.
In fact, it must be reminded that the total amount of images for
the training stage (that is, the EIs) is 7, while for the other samples
it was 13. In addition, the repetitive pattern of the specimen and
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Figure 4.11: Twelve of the 200 synthesized views of the fibers sample.

the yellowish background typical of the images of trans-illuminated
samples could have worsened the estimation of the 3D representation.

The application of NeRF-- to the views captured with FLMic have
shown promising preliminar results, especially for sparse fluorescent
samples, which are those that are 3D-reconstructed with the wave
optics-based method explained in Section 4.1. Nevertheless, there
are still some artefacts that discourage the use of the syntesized views
as an input for the 3D reconstruction method mentioned. For this
reason, following this research line, we are studying the adaptation
of the original NeRF method to the FLMic acquisition system. Our
aim is to model the FLMic system in order to introduce the camera
parameters in NeRF, without passing through COLMAP nor other
pre-processing stage.
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Chapter 5

3D display

As we said in Chapter 1, lightfield microscopy is an application of
integral photography concept. The proposal of the inventor of this
technique, Gabriel Lippmann, was to replace the camera’s objective
with an array of lenses, to capture multiple perspectives of the 3D
scene. Lippmann’s idea was to place the same lens array in front of
the revealed photographic film, and to illuminate this from behind.
Doing so, the light transmitted through each perspective is integrated
by the lens array, producing a 3D image of the originally captured
scene. In this Chapter, we will explain the working principles of the
modern implementation of this 3D display, that we will call light-
field display. Then, we will present a method for the creation of the
images for lightfield displays, that permits the 3D visualization of
microscopic samples and macroscopic scenes.

5.1 Lightfield display

Lightfield displays allow the 3D perception of the scene by optically
creating real 3D scenes. In this respect, they are completely different
from stereoscopic systems. In fact, these are based on the projection
of two different perspectives to the left and right eye of the observer,
by means of some special device, such as polorized glasses or a head-
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gear. Because of the disparity between both perspectives, the con-
vergence of the binocular visual axes is changed, in order to fuse the
stereo pair. This produces a 3D perception of the scene, adding the
illusion of depth. This depth illusion comes at the cost of decoupling
the natural process between binocular convergence and eye accomo-
dation. The accomodation is the process with which the eye changes
its optical power to focus objects at different depths. In fact, stereo
pairs are flat images. Hence, the eye does not need to change its
accomodation to focus the further and closer objects that are repre-
sented. This provokes the so-called convergence-accomodation con-
flict: when the observation of stereo pairs is too long, the observer
experiences visual fatigue, headache and nausea. On the contrary,
lightfield displays produce real 3D images, through the integration
of light beams. This avoids the convergence-accomodation conflict,
making the 3D observation naturally comfortable.

The modern implementation of lightfield displays exploits the ex-
traordinary advances in optoelectronic technologies. Pixelated screens
are used instead of a photographic film. In addition, current manufac-
turing processes permit the fabrication of small lenses with good opti-
cal quality. Modern lightfield displays do not project the perspective
views, as in Lippmann’s first proposal, but an array of microimages.
The transformation between the perspective views (EIs) and the mi-
croimages is a simple transposition between the spatial and angular
information, as explained in Chapter 2. The microlenses produce
light beams that intersect at different points in front of (real inter-
section) or behind (virtual intersection) the MLA. These intersections
produce local concentrations of light, that reproduce the irradiance
distribution of the original 3D scene.

The spatial resolution of the 3D image is given by the number of
microlenses of the MLA. Thus, it is convenient to choose an MLA
with a small pitch, to maximize the amount of microlenses. On the
other hand, the angular resolution is determined by the number of
pixels behind each microlens. Thus, the pitch of the MLA cannot
be too small, otherwise the angular resolution would be excessively
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Figure 5.1: The lightfield display prototype.

low. Values above 10 pixels per microlens (in one lateral direction)
provide sufficiently smooth parallax [91].

In our laboratory, we implemented a lightfield display prototype
with a tablet and an MLA. The tablet is a Samsung SM-T700, whose
screen has 2560×1600 pixels, with 359 ppi (14.15 pixels per mm).
The MLA has 151×151 squared microlenses with 1 mm pitch and 3.3
mm focal length, in a square-shaped distribution. Thus, there are
14.15×14.15 pixels per microlens. In Fig. 5.1, the display prototype
is shown. Since one side of the screen is smaller than the MLA side,
the spatial resolution is reduced to 151×113 microimages. As can be
seen, the MLA is physically spaced from the pixelated screen. The
separation is slightly greater than the focal length of the microlenses,
in order to avoid the sub-pixel effect, that is the projection of the
RGB sub-pixel pattern to the observer’s eye.
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5.2 Microimages generation method

To display the 3D image of the scene, an array of microimages must
be generated, with the characteristics of the lightfield display used.
Following the notation of [92], we will call this array integral image
(InI). Several methods have been proposed for the generation of InIs.
In [91], a macroscopic scene was captured with a lightfield camera
prototype similar to that of [25]. With this camera, microimages are
directly captured, but they need to be adapted to the lightfield dis-
play: the InI was upsized, to get 15 pixels/mm and the microimages
were rotated by angle π to avoid the pseudoscopic effect. This is the
inversion of depth produced when the InI captured with a lightfield
camera is projected directly onto a lightfield display: the objects that
are closer to the camera are reconstructed further by the display, and
viceversa. In [93, 94], the authors proposed to capture an array of
EIs with a synthetic aperture system [95] and transform them to mi-
croimages through a smart pixel mapping. Here, the number of EIs
to capture is set equal to the number of pixels per microlens of the
lightfield display, and the depth of the reconstructed 3D image can be
varied by controlling the pitch of the moving camera. Moreover, the
reference plane can be set at will. The reference plane is the plane
that is reconstructed right onto the MLA. If it is set in the middle of
the scene, there are objects that are reconstructed as real images in
front of the MLA and objects that are reconstructed as virtual images
behind the MLA. In [96–98], a completely different approach is used.
The macroscopic 3D scene is captured with a Kinect camera, that
provides an RGB and a depth image of the scene. These are merged
to create a virtual 3D point cloud. From this, the InI is computa-
tionally generated using a virtual pinhole array (VPA). This approach
has several advantages. First, the capture stage is reduced to a single
shot and the amount of data to process is greatly reduced, as only
two images (the RGB and depth images) are required. Besides, the
amount of microimages and the number of pixels per microimage can
be adapted to those of the lightfield display by simply setting the pa-
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rameters of the VPA. However, this method has a major issue. The
number of voxels of the point cloud is limited by the resolution of the
capturing device. Since, to capture microimages, the VPA must be
set close to (or inside) the point cloud, the angle of the voxels with
respect to the pinholes is high. Hence, it is highly probable that the
rays going from the voxels to the center of the pinhole cameras do
not impact any pixel. Therefore, the information of these voxels is
lost and large areas of black pixels appear in the final InI.

Based on some of these techniques, we proposed a method that
makes use of the advantages of [97], overcoming its drawbacks and
including additional flexibility. The method is based on virtually
capturing EIs of a 3D point cloud with a VPA. The 3D point cloud
is generated merging the color and depth information of a scene,
that can be obtained with any capturing method. For instance, to
3D-display microscopic samples captured with an FLMic, we made
use of the depth estimation method proposed in [99], which provides
accurate results for different kind of samples.

5.2.1 Algorithm

The algorithm for the generation of the InI is composed of five steps.
The first one is the creation of the virtual 3D point cloud. Given the
RGB image and the depth map of the scene (or the sample), the point
cloud created merging both images have a total amount of voxels
that corresponds to the amount of pixels of the input images. Each
voxel is a 6D vector (x, y, z, R,G,B) containing the spatial and color
information. For each pixel with (x, y) coordinates, the associated
z coordinate is the value of that pixel in the depth map, while the
(R,G,B) coordinates are the values of that pixel in the color image.

Once the 3D point cloud is created and stored in a multidimen-
sional array, the second step is the virtual capture made with a
VPA. This microimages generation method is based on a change of
paradigm of the virtual capture. In fact, here we do not capture di-
rectly the microimages, but an array of EIs. This is done to overcome
the black pixels issue that arises when the VPA is placed close to the

97



5. 3D display

point cloud. The number of virtual pinhole cameras is set equal to the
number of pixels per microlens of the lightfield display. For instance,
in the case of our prototype, that has 14.15 pixels per microlens side,
we set an array of 15×15 pinhole cameras. To capture the EIs, the
VPA is placed far away from the point cloud. There is a trade-off
between the absence of black pixels and the lateral resolution of the
EIs, that depends on the distance of the VPA to the point cloud. As
the VPA is moved further from the point cloud, the black pixels dis-
appear, but the resolution of the EIs gets worse. For this reason, the
position of the VPA is set empirically, at the minimum distance from
the point cloud at which the black pixels issue is no longer observed.

Once the EIs are captured, a portion of (L× V ) pixels of each of
them is cropped as illustrated in Fig. 5.2. We will call these cropped
images sub-EIs. The ratio between L and V corresponds to the ratio
between the horizontal and vertical number of microimages of the
lightfield display. As can be seen in Fig. 5.2, the center of each sub-
EI is shifted from the center of the corresponding EI by a number of
pixels α(u, v), where α is a constant number and (u, v) is the index of
the EI. Varying α allows setting the reference plane of the 3D image
at will [94]. In this way, it is possible to select the portion of the
scene that is reconstructed in front of and behind the MLA.

After this operation, the sub-EIs are resized to the resolution of
the lightfield display. For instance, for our prototype, each sub-EI
is resized from (L× V ) to 151×113 pixels. Finally, the pixels of the
resized sub-EIs are resampled, following this equation:

pu,v(µIx,y) = px,y(sub− EIu,v), (5.1)

where pu,v(µIx,y) is the pixel with coordinates (u, v) of the microim-
age of index (x, y) and px,y(sub−EIu,v) is the pixel with coordinates
(x, y) of the resized sub-EI of index (u, v). In our case, for instance,
from 15×15 EIs having 151×113 pixels, we get an InI with 151×113
microimages having 15×15 pixels each. As the lightfield display pro-
totype has 14.15 pixels per microlens, the InI is resized to the reso-
lution of the screen (2560×1600) before being projected.
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Figure 5.2: The crop operation of the EIs. The cropped region of each EI
(green pixels) is shifted from its center by a number of pixels that can be
varied to control the reference plane.

The main strength of the proposed method is the possibility to
choose all the parameters of the VPA, that permits to adapt the
image to any lightfield display and to control the depth sensation
of the scene. In fact, changing some parameters it is possible to
choose the reference plane, the field of view and the depth of the
reconstructed 3D image. The parameters that can be controlled are
the gap of the pinhole cameras (g), the pitch of the VPA (p), the
position of the VPA, the size of the sub-EIs (L × V ) and their shift
(α). g and p control the parallax between the EIs, which changes
the depth with which the 3D scene is reconstructed by the lightfield
display.

The reference plane can be set at will at any depth, inside or
outside the 3D scene. Once it is set, the algorithm automatically
selects α. In Fig. 5.3, a geometrical illustration of the virtual capture
of the EIs is shown, and the sub-EIs indicated in green. From this
scheme, we can write α as a function of the other parameters:

α =
pg

zV PA − zRef
. (5.2)
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Figure 5.3: Geometrical illustration of the virtual capture and cropping of
the EIs. Note that, for convenience, in this image the pitch of the pinhole
cameras is equal to the camera size. Actually the pitch is smaller than the
camera size. Also note that the scene is represented here as continuous, but
actually it is a discrete 3D point cloud.

As said before, the position of the VPA was initially set to the
minimum distance from the scene at which the black pixels issue
disappears. α is the number of pixels of shift that makes all the
sub-EIs converge onto the selected reference plane. Note that its
value must be obviously an integer number, so it has to be rounded:
α′ = round(α). Hence, the position of the VPA must be corrected,
to place the reference plane exactly at the selected plane:

z′V PA =
pg

α′ + zRef . (5.3)

The values of α′ and z′V PA are calculated automatically by the algo-
rithm, based on the depth of the reference plane, that is chosen by
the user.

The field of view is controlled by the number of pixels of the
sub-EIs, (L × V ). Let us assume that we want to represent all the
useful scene given by the 3D point cloud. If the point cloud has a
total width W (in pixels), the number of pixels of the sub-EIs in the
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horizontal direction, must be:

L =
g

z′V PA − zRef
W, (5.4)

where g
z′V PA−zRef

is the magnification of the pinhole camera. As said

before, the number of pixels in the vertical direction depends on the
spatial resolution of the lightfield display:

V =
Ry

Rx
L, (5.5)

where Ry and Rx are the number of microimages in the vertical and
horizontal directions, respectively. To reduce the field of view of the
reconstructed 3D image, it is sufficient to reduce L and calculate V
with Eq. 5.5.

5.2.2 Experimental validation

To demonstrate the effectiveness of the microimages generation tech-
nique, we applied the algorithm to reconstruct both a macroscopic
scene and a microscopic sample. The macroscopic scene was captured
with a Lytro Illum, a commercial lightfield camera. In Fig. 5.4 we
show the set-up of the experiment and the RGB and depth images of
the scene, which were extracted with the Lytro Desktop software.

In Fig. 5.5, we show the results obtained, when the reference plane
is set at the background, in the middle and at the foreground of the
virtual 3D point cloud. The results of our algorithm are compared
with those obtained with the algorithm of [97]. The improvement
given by our method is apparent. In the images obtained with the
algorithm of [97], the information of the objects that are close to the
reference plane is lost, producing large areas of black pixels. This
effect disappears when our algorithm is used.

The let-most image of Fig. 5.5(b), projected with the lightfield
display, is shown in Fig. 5.6. Since the reference plane is set at the
background of the scene, the city map, the doll and the colored bow
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5. 3D display

Figure 5.4: (a) The set-up of the capture of the macroscopic scene. (b) The
RGB image of the scene. (c) The depth map of the scene.

are reconstructed onto the MLA. The rest of the objects are recon-
structed floating in front of the MLA, at a depth that depends on
their distance from the reference plane. Obviously, it is impossible
to perceive the depth sensation of the 3D image observing a 2D im-
age such as Fig. 5.6. For this reason, we prepared a video, moving
a photographic camera in the horizontal and vertical direction while
focusing at the 3D image, that can be found in [100]. In this video,
the depth sensation is given by the changing parallax of the objects
placed at different depths. Since the camera recording the video was
focusing the MLA, the objects near the reference plane show zero par-
allax. The parallax increases for objects in the middle of the scene
and it is maximum at the foreground.

To further demonstrate the potential of our algorithm, we show
the 3D image when some parameters are changed. In Fig. 5.7(a), we
reduced the FOV by a factor 2. In Fig. 5.7(b), instead, we increased
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5.2. Microimages generation method

Figure 5.5: The InIs generated (a) with the algorithm of [97] and (b) with
our algorithm, with the reference plane set at three different depths. In the
left-most images, the reference plane is at the background. In the central
images, the reference plane is in the middle of the scene. In the right-most
images, the reference plane is at the foreground.

Figure 5.6: The left-most InI of Fig. 5.5(b) projected with the lightfield
display.

103



5. 3D display

the pitch of the pinhole cameras by a factor 5. Increasing the pitch
increases the disparity between the EIs. The effect on the projected
3D image is that the objects are reconstructed with a greater total
depth. However, if the pitch is set to an excessively high value, the
depth of the 3D image exceeds the depth of focus of the lightfield
display [101] and the objects are not well reconstructed. It is the
case of Fig. 5.7(b): the pitch was intentionally set to a very high
value, to show the effect on the reconstruction. As can be seen, the
objects at the foreground show a reconstruction artefact similar to
defocus, that gets worse when the distance from the reference plane
increases.

Figure 5.7: (a) The InI with reduced FOV and its projection with the light-
field display. (b) The InI with p 5 times bigger and its projection with the
lightfield display.

Finally, we applied the algorithm to the image of a microscopic
sample captured with FLMic, specifically a portion of an electronic
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5.2. Microimages generation method

chip containing two solder edges. The RGB image (that is, the central
EI captured with the FLMic) and the depth map, obtained with the
algorithm of [99], are shown in Fig. 5.8(a) and (b), respectively. The
InI generated is shown in Fig. 5.8(c). The reference plane was set at
the background of the sample, so the sample is reconstructed floating
in front of the MLA. The 3D image projected with the lightfield
display is shown in Fig. 5.8(d). As for the macroscopic scene, we
prepared a video, to demonstrate the 3D sensation given by the 3D
image, which can be seen at [102].

Figure 5.8: (a) The central EI of the sample captured with the FLMic. (b)
The depth image, calculated with the algorithm proposed in [99]. (c) The InI
generated with our method. (d) The 3D image projected with the lightfield
display.
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Chapter 6

Conclusions

Three-dimensional information is fundamental in many microscopy
applications, but it cannot be captured with conventional optical
microscopes. For static samples, several microscopy techniques can
be used that rely on scanning procedures. Nevertheless, these tech-
niques are not suitable for the observation of biological living samples
or dynamic processes. For capturing this kind of samples, lightfield
microscopy has been proposed, which permits the capture of spatio-
angular information in a single shot.

In lightfield microscopy, the capture of angular information comes
at the cost of losing lateral resolution. For this reason, many different
implementations have been proposed to alleviate this issue. Among
them, Fourier lightfield microscopy achieves the best performances
in terms of resolution and depth of field. In addition, it avoids the
reconstruction artefacts typical of the original implementation and fa-
cilitates the use of deconvolution-based algorithms for the 3D volume
estimation, thanks to its lateral shift invariance.

Despite the great improvements achieved by Fourier lightfield mi-
croscopy, it has not yet spread among microscope users as a standard
technique for the capture of 3D dynamic samples. The main motiva-
tion of this thesis has been to contribute to the diffusion of Fourier
lightfield microscopy among microscopists, through the development
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of a commercial device and the related algorithms for the 3D recon-
struction and visualization.

For a better understanding of the functioning of the Fourier light-
field microscope, we started describing the principles of conventional
microscopy, focusing on two essential parameters such as lateral res-
olution and depth of field. Then, we introduced the first implemen-
tation of lightfield microscope, stressing its technical limitations. So,
we explained the optical set-up of the Fourier lightfield microscope,
which is based on shifting the microlens array from the image plane of
the microscope to the aperture stop of the objective. We motivated
our choice to work with this system, highlighting the improvements
provided in terms of resolution and depth of field.

Based on this introduction, we presented the lightfield eyepiece, a
device capable of converting any commercial optical microscope into
a Fourier lightfield microscope. We detailed the election of all the
components of the device, based on the fundamental equations of
the Fourier lightfield microscope. So, we showed the performances
of the device in terms of lateral resolution and depth of field and
we demonstrated its universality and versatility, imaging several 3D
samples with different host microscopes, objectives and illumination
techniques. Finally, we showed the first commercial lightfield eyepiece
and the dedicated software. It has to be remarked that this device is
a minimum viable product, whose aim is to demonstrate the applica-
bility of Fourier lightfield microscopy to those applications in which
both 3D information and time resolution are essential. Once its use-
fullness is proved in each one of these use cases, the future work will
be to develop a device whose components are chosen to optimize its
performances for that particular application.

The 3D information of the samples captured with the lightfield
eyepiece must be extracted computationally from the spatio-angular
map. In this thesis, we presented a wave optics-based protocol for
the 3D reconstruction. The volume estimation is achieved by decon-
volving the 2D image captured with the 3D point spread function of
the optical system. To provide the method with the maximum flexi-
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bility and user-friendliness, the 3D point spread function is generated
computationally. In addition, to improve the computation speed, we
introduced a simplified image formation model with respect to previ-
ous similar approaches. We demonstrated that the simplified model
does not lead to a worsening of the reconstruction quality, while it
substantially reduces the computation times. To improve the perfor-
mances of the 3D reconstruction protocol in terms of axial resolution,
we demonstrated the application of a machine learning-based method
for the generation of novel views from the set of elemental images
captured with a Fourier lightfield microscope. In fact, the axial res-
olution for any reconstruction algorithm depends on the number of
views used. Since in lightfield imaging there is an intrinsic trade-
off between lateral and angular resolution, we proposed to design
the optical system optimizing the lateral resolution and increase the
angular resolution computationally, in a post-processing stage. The
application of the novel view synthesis algorithm showed promising
results for fluorescent sparse samples, but the presence of artefacts
discouraged the use of the generated views in the 3D reconstruction.
Hence, we are currently working on adapting the novel view synthesis
method to the Fourier lightfield microscope acquisition system.

Finally, we exploited the lightfield concept for the observation of
microscopic samples and macroscopic scenes with a 3D display. We
discussed briefly the working principles of lightfield displays. Then,
we presented an algorithm for the computation of integral images for
this kind of displays. The algorithm is applicable to the images cap-
tured with any 3D capturing system that provides a color image and
a depth map of the objects. All the parameters for the computation
of the integral image can be changed at will, which permits to adapt
the image to any lightfield display as well as to control the depth
sensation of the reconstructed 3D image.

With the work presented in this thesis, we layed the foundations
for a massive diffusion of lightfield microscopy. The lightfield eye-
piece is a general purpose device that can demonstrate the viability
of the technique for the observation of thick dynamic samples in di-
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verse working fields. However, once its utility has been demonstrated,
it must be optimized for each different application. The 3D recon-
struction protocol proposed is a powerful tool for the estimation of
the volume of the specimens observed with the lightfield eyepiece.
Since it is associated to a commercial device, it has been designed
optimizing three fundamental features, namely robustness, flexibility
and ease of use. In the future, one possibility will be to exploit the
potential of artificial intelligence to further improve the quality of the
3D reconstruction. The lightfield eyepiece is perfect for this task, as
it can be used in a microscope together with a confocal module. Cap-
turing the samples with both systems provides a perfect dataset for
the training stage. Finally, we used the original idea of Lippmann for
the 3D observation with a lightfield display prototype. Nowadays,
lightfield displays are already available on the market. One possi-
bility for the future will be to use these commercial devices, whose
performances are really impressive, for the real time 3D observation
of the samples, which is a highly demanded technology above all in
medical applications.
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[II] N. Incardona, Á. Tolosa, G. Scrofani, M. Martinez-
Corral, and G. Saavedra. The Lightfield Microscope
Eyepiece. Sensors 21(19), 6619 (2021).

[III] J. Rostan, N. Incardona, E. Sánchez-Ortiga, M.
Mart́ınez-Corral, and P. Latorre-Carmona. Machine
Learning-Based View Synthesis in Fourier Lightfield
Microscopy. Sensors 22(9), 3487 (2022).

123



Contribution articles

[IV] L. Palmieri, G. Scrofani, N. Incardona, G. Saavedra,
M. Mart́ınez-Corral, and R. Koch. Robust depth es-
timation for light field microscopy. Sensors 19(3), 500
(2019).

[V] S. Hong, N. Incardona, K. Inoue, M. Cho, G.
Saavedra, and M. Mart́ınez-Corral. GPU-accelerated
integral imaging and full-parallax 3D display using
stereo–plenoptic camera system. Optics and Lasers in
Engineering 115, 172-178 (2019).

Conference participations

[VI] G. Scrofani, J. Sola-Pikabea, A. Llavador, E. Sanchez-
Ortiga, J.C. Barreiro, J. Garcia-Sucerquia, N. Incar-
dona, and M. Martinez-Corral. 3D integral microscopy
based in far-field detection. Proc. SPIE 10666, 0Z
(2018).

[VII] M. Martinez-Corral, A. Llavador, G. Saavedra, N. In-
cardona, J. Garcia-Sucerquia. ”Exploring the limits
of integral microscopy. Resolution and depth of field”.
SPIE conference on 3D Imaging, Visualization and Dis-
play. Orlando (USA). April 2018.

[VIII] N. Incardona, S. Hong, I. Kotaro, M. Cho, G.
Saavedra, M. Mart́ınez-Corral, “Generación de mi-
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[XI] N. Incardona, Á. Tolosa, G. Scrofani, M. Martinez-
Corral, G. Saavedra. “The Lightfield Eyepiece: an
Add-on for 3D Microscopy”. Optica conference on
Imaging and Applied Optics Congress. Vancouver
(Canada). July 2022.

125



126


