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Abstract

In this thesis, studies on the applications of digital micro-mirror devices (DMD) to
enhancement of digital optical microscope images are presented. This involves adaptation
of the fast switching capability and high optical efficiency of DMD to control the spatial
illumination of the specimen.

The first study focuses on a method of using DMD to enhance the dynamic range of a
digital optical microscope. Our adaptive feedback illumination control method generates
a high dynamic range image through an algorithm that combines the DMD-to-camera
pixel geometrical mapping and a feedback operation. The feedback process automatically
generates an illumination pattern in an iterative fashion that spatially modulates the DMD
array elements on a pixel-by-pixel level. Via experiment, we demonstrate a transmitted-
light microscope system that uses precise DMD control of a DMD-based projector to
enhance the dynamic range ideally by a factor of 573. Results are presented showing
approximately 5 times the camera dynamic range, enabling visualization over a wide

range of specimen characteristics.
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The second study presents a technique for programming the source of the spherical
reference illumination in a digital in-line holographic microscope using DMD. The
programmable point source is achieved by individually addressing the elements of a
DMD to spatially control the illumination of the object located at some distance from the
source of the spherical reference field. Translation of the ON-state DMD mirror element
changes the spatial location of the point source and consequently generates a sequence of
translated holograms of the object. The experimental results obtained through numerical
reconstruction of translated holograms of Latex microspheres shows the possibility of
expanding the field of view by about 263% and also extracting depth information
between features in an object volume.

The common challenges associated with the use of DMD in coherent and broadband

tllumination control in both studies are discussed.
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Chapter 1

Introduction

Digital optical microscope techniques enable a wide variety of image acquisition and
enhancement capabilities that collectively represent a major trend in microscope
evolution. Digital control of optical system parameters in the illumination and image
acquisition paths provide high performance and flexibility. These techniques, as well as
the application of digital photographic image processing, have resulted in microscope
images with better resolution, enhanced contrast, and reduction of image impairments.
Recently, a technology that has received wide application in digital optical microscopy is
a class of programmable spatial light modulators (SLM) with capability to modulate a
light source spatially and temporally. Among this class, digital micromirror devices
(DMD) have significant performance advantages over liquid crystal devices (LCD)
technology, due to higher switching speed and wider operating spectral window. This
chapter provides an introduction to digital microscopy techniques, DMD in optical

microscopy, main contributions and outline of the thesis.

1.1 Background of optical microscopy

A microscope is an instrument designed to produce a magnified image of the specimen
with high resolution and contrast. Optical microscopes typically use refractive glass and

occasionally plastic or quartz to focus light and create images of a specimen. Early
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optical microscopes [1-2] suffered from low aperture, lens aberrations, poor illumination,
poor contrast and resolution. Over the years, there has been tremendous progress in terms
of improving on these limitations. Improvements in lens design and use of aberration-
corrected compound lenses have reduced the effect of aberrations in images [3]. Various
illumination methods have been developed to improve the contrast and provide color
variations in the specimen image. As a result, several specialized imaging techniques
have evolved depending on the optical characteristics of the specimen. These include;
fluorescent microscopy, phase contrast microscopy, darkfield microscopy, polarized light
microscopy, Rheinberg illumination and confocal microscopy [4] with applications in
biomedicine, industrial and research. The development of high numerical aperture
objective lenses has improved the lateral image resolution to better distinguish between
fine details of a particular specimen.

Recently, the dependence on traditional photomicrography (using emulsion-based
film) in conventional optical microscopy has increasingly been replaced with electronic
images (using charge-coupled device (CCD) cameras) [4]. Application of digital
photography and digital processing techniques has resulted in microscope images with
better resolution, enhanced contrast, and reduction of image impairments. Also, digital
optical microscopy has improved the acquisition and visualization of the three-
dimensional structure of a specimen [5]. However, the quality of most images acquired in
a digital optical microscope is impaired by optical lens aberrations, imaging device pixel
resolution, and dynamic range of both the microscope system and specimen under
observation [6]. Also, the obtainable field of view and depth of field in the acquired

images are limited [7].
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Recently, there have been growing interests in 3-D imaging, especially in biomedical
and research applications that often require studies of complex objects and structures at a
microscopic level. In optical microscopy, one of the early methods of studying 3-D
structures is to obtain specimen images at different focal planes and manually trace only
the focused part of the specimen [8]. Apart from the time required in tracing, the process
may be tedious and inaccurate for specimens with faint borderlines. Also, the 3-D images
obtained using this technique typically suffer from reduced resolution caused by blurring.
This arises from the dependence of image formation on optical aperture (given by
Rayleigh resolution criteria) and light from outside of the focal plane within the
specimen. Thus, there is need for an efficient method of three dimensional image
acquisitions with improved resolution and better contrast. Application of digital image
processing techniques to reduce the out-of-focus information through a deconvolution
technique is used [9] but with added computational complexity and requirement for
point-spread function (PSF) measurements at different planes. However, with the
invention of confocal microscopy [8, 10-11], it was possible to reduce the blur caused by
out-of-focus light.

Confocal operation involves point illumination and detection that collectively
improve both lateral and depth resolution. This is accomplished by rejecting out-of-focus
light (above or below focal plane). Although confocal microscopy with point illumination
is a powerful technique, the requirement to scan the single illumination point introduces
mechanical complexity and long image acquisition times. Other commonly used non-

invasive optical sub-sampling methods include optical coherence microscopy (OCM) and



4

optical coherence tomography (OCT) [12-13]. However, these methods require scanning
operation to acquire 3-D data of the specimen.

The need for amplitude and phase measurement of three dimensional objects,
combined with trends in digital processing techniques, has generated a renewed interest
in digital holography (DH) [14-16]. The holography process encodes 3D information of
an object into the form of interference fringes on a two dimensional recording screen.
Digital holography (DH) consists of digital sampling of a hologram on an array of
charged-coupled device detectors (CCD), and digital reconstruction of the object field
through a numerical algorithm. Typically, common DH recording set-ups include off-axis
and in-line configurations [15]. Digital in-line holography (DIH) represents the simplest
realization of the DH, allowing for rapid acquisition of hologram images. Recently,
digital in-line holographic microscope (DIHM) with a spherical reference field has
emerged as an attractive tool in 3D microscopic imaging of biological objects, as
demonstrated by imaging micro-spheres with micrometer resolution [17-19]. However,
the pixel and array size of charge-coupled devices (CCD) limit the achievable resolution
and restrict the field of view. Also, the use of a static pinhole in the current configuration
limits the projection of the reconstructed 3-D object to the illumination angle provided by
the pinhole. Thus, it is not possible to use different projections of the object to obtain

axial discrimination between features at different depths.

1.2 DMD in Digital Optical Microscopy

Recently, a technology that has received wide application in digital optical microscopy is

a class of programmable spatial light modulators (SLM) with capability to modulate a
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light source spatially and temporally. Among this class, digital micromirror devices
(DMD) have significant performance advantages over liquid crystal devices (LCD)
technology, due to higher switching speed and a wider operating spectral window [20].
Early application was in projection systems but several emerging applications have
evolved and these include confocal microscopy, high dynamic range imaging, 3D
metrology and holography [20-21].

In attempting to overcome mechanical scanning limitations in confocal microscopy,
several configurations have been proposed utilizing DMD. These include dynamic
illumination and aperture control [20, 22-23], spatial multiple-aperture scanning and
scanning based on illumination pattern generation and detection [24-25]. In all these
configurations, DMD has been used to achieve parallelism in point illumination to
provide faster and efficient scanning means over traditional mechanical methods. Point
illumination is achieved by turning ON a mirror element in the DMD array while
adjacent mirrors remain in off state. In computer vision and photography, DMD-based
spatial light modulators have been implemented in some configurations to vary the scene
radiance received on each camera pixel in a fashion similar to the varying exposure
method [26-27]. This has enabled high dynamic range imaging at high speed, without the
restriction to static scenes imposed by the conventional method. However, none of these
structured illuminations have made an attempt to address the limitation imposed by a
digital camera on the dynamic range of an optical microscope.

Applications of DMD to holography have been limited to off-axis digital holographic
recording and reconstruction [28-29]. In these works, DMD have been used to create the

object wave in holographic stereograms and for real-time dynamic display of synthetic
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hologram in optical reconstruction. Results from these experiments show the suitability
of DMD applications to digital holography. DMD applications in DIHM, especially to
overcome the limitation imposed by the static pinhole on the field of view and 3D image

projection view have not been presented prior to this research work.

1.3 Contributions

The goal of this thesis is to exploit the fast switching and re-configurability property of a
DMD to enhance the image quality in digital optical and holographic microscopy. The
specific research area and general contributions are summarized below.

First, a new technique for recovering the digital camera response curve using DMD
has been developed [31]. We demonstrated through a simple algorithm that application of
spatially varying intensity pattern to the DMD combined with DMD characterization
allows for a fast, simple and accurate method of characterizing the camera response
function.

Second, a method of using DMD to overcome the limited ability of a typical digital
camera to capture a wide dynamic range of specimen features in digital optical
microscope has been developed [30-31]. We demonstrated a system that uses precise
DMD control of a DMD-based projector to enhance the dynamic range ideally by a factor
of 573. The proposed method was compared to the traditional multiple exposure capture
(MEC) method and shown to have similar performance. However, our approach provides
the flexibility in spatial control of the illumination in the field of view without changing

the camera exposure as required in MEC. Also, changing the exposure setting will
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potentially offer another degree of freedom in addition to the dynamic spatial
illumination control.

Third, an application of the DMD to programming the source of the spherical
reference field in DIHM has been developed [33-34]. We demonstrated through our
proposed system the possibility of enhancing the limited field of view in DIHM by 263%
at high resolution and magnification. Also, we demonstrated the ability of our proposed
system to extract depth information in 3D reconstruction through acquisition of

holograms with different projection views.

1.4 Thesis organization

The thesis is divided into five chapters. The first chapter provides the introductory
material and an outline of the thesis. The remaining chapters are organized as follows.

Chapter 2 reviews the technology, operations, and characteristics of DMD as spatial
light modulator. Existing applications of DMD to digital imaging are presented.

Chapter 3 presents a technique for enhancing the dynamic range of a digital optical
microscope. Through an adaptive feedback illumination system achieved by
programming the DMD, we show the capability of our system to capture specimen
features that extend beyond the dynamic range of the imaging system. A new method of
characterizing the camera response function as a component of our dynamic range
enhancement process is presented. Experimental results are compared with multiple
exposure capture method.

Chapter 4 presents a technique for programming the point source in DIHM with

spherical reference beam. Application of the proposed system to enhancement of the field



8

of view and extraction of depth features in 3D object reconstructions using holograms
captured at different DMD mirror element position is presented. The proposed system is
demonstrated by reconstructing holograms of Latex micro-spheres deposited on a
microscope slide.

Chapter 5 summarizes the thesis, states the contributions, discusses DMD challenges

on our systems and suggests direction for future research.



Chapter 2

Digital Micromirror Devices

Digital micromirror devices (DMD) are spatial light modulator (SLM) based on MEMS
technology that have found many applications in research and industry. In this chapter,
we discuss DMD technology as developed by Texas Instruments and highlight major
characteristics that have made DMD a key enabling technology in many of today’s digital

imaging applications, including optical microscopy.

2.1 DMD Architecture

A DMD is a silicon-based reflective spatial light modulator that consists of more than a
million individually addressable and switchable aluminum mirror pixels on a
complementary metal oxide semiconductor (CMOS) static random access memory
(SRAM), as shown in Fig.2.1 [20]. This memory retains the binary bits that control the
state of the aluminum mirror pixels. The mirror elements are arranged in a two-
dimensional array with 1 micrometer spacing between neighbouring pixels. Over the
years, driven by the demand for better operating control and optical efficiency, the DMD
technology has experienced major advances. These include increase in array resolution
from 128 x 128 to 2048 x 1152 micromirrors, reduction in pixel size from 17um to
13.68um, increase in mirror tilt angle from £10° to +12° and improvement in the data

rate from single data rate (SDR) to double data rate (DDR) [20, 35]. A DMD chip is
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composed of four stages as shown in Fig.2.1 [28, 36-37]. The CMOS SRAM memory

moves the mirror when a biased voltage (5 V) is applied or removed. Application of a
binary data to the SRAM cell produces an electrostatic charge distribution that causes the
mirror elements to rotate about a diagonal axis in the specified direction, such as shown
in Fig. 2.2. The metal-3 layer is composed of the metal address pads and the landing sites
to allow the electrostatic attraction of the overlying yoke. The yoke is connected to the
overlying mirror element through a mirror post. The suspension of the yoke, which
allows the rotation of the mirror and the address electrode, is achieved by the two torsion
hinges. Thus the tilting of the mirror element is obtained by electrostatic attraction in the
underlying address electrodes that rotates the yoke against a mechanical stop. The degree
of mirror tilt (£10° or £12°) is limited by the position of the mechanical stop (landing
electrode) in the underlying substrate. A rotation of the mirror (Fig. 2.2) from one active
state (i.e. +12°, defined as ON state when the electrode on the right is engaged) to another
state (i.e. -12°, defined as OFF state when the electrode on the left is engaged) allows the
modulation of the light reflected from each mirror element, depending on the binary state

of the SRAM cell.

Mirror

Landing Tip Mirror Layer

Torsion Hinge
Mirror Address o Yoke and

Electrode \.a Yoke Hinge Layer

Yoke Address Via 2 Contact
Electrode 7 to CMOS Metal-3 Layer

Bias/Reset Bus Landing Site

Memory Cell
(CMOS SRAM)

Figure 2.1. DMD architecture layer [36]
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Mirror -12 deg

Mirror +12 deg

Landing Tip Substrate

Figure 2.2. DMD structure of two mirror elements in different switching states [39]

Figure 2.3. Microscopic view of the DMD mirror elements in flat state [43]

2.2 DMD operation

The complete operation of the DMD array is achieved by application of bias voltage and
a sequence of binary data to the SRAM memory cell. Application of a bias is required
before a mirror can be rotated and latched in either ON or OFF state. Generally, a mirror
element can have three possible states; ON, OFF or flat state as shown in Fig. 2.4. The
ON-state is defined by one of the mirror position corresponding to the tilt angle 0 (£12°),
such that the reflected light is directed toward the useful optical path. When a mirror is
positioned at opposite direction to the defined ON-state, the mirror is said to be in OFF-
state. The flat-state denotes the neutral position of the mirror (0°) when the bias is turned

off.
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Flat state OFF-state ON-state

Reflected
\ beam

Reflected
beam

(b) (©)

Figure 2.4. Tllustration of off-axis illumination, flat-state, OFF-state and ON-state

In order to obtain light from the DMD elements, a separate illumination source is
required to illuminate the element array. The common illumination methods direct the
incident beam at an angle (off-axis) or normal to the surface of the chip, depending on the
application. In the configuration shown in Fig.2.4, for a mirror in flat-state, the angle of
specularly reflected light is equal to the incident beam angle i.e. B; = B,. Light reflected
from the mirrors in OFF-state is advanced by an angle equal to the twice the tilt angle (0
=-12°) i.e. Br = Pro + 20°, where P, is the reflected angle in flat-state. Similarly, for ON-
state, the mirror is tilted to +12°, such that the reflection angle is equal to B, = By - 26°.
The transit time from the OFF-state to ON-state is less than 20 microseconds [36],

enabling modulation of incident beam with very high precision.

The production of gray scale (light intensities) from the DMD mirror elements is
based on binary pulse width modulation (PWM) [20, 36]. In this technique, the reflected
light from each mirror is pulse width modulated by the sequence of binary data (“ON” =
1 and “OFF” = 0) loaded into the SRAM memory over the operating refresh time. The
frame refresh period and the amount of time each mirror stays in ON-state depends on the

video frame rate (i.e. refresh period = 1/ frame rate) and the number of addressing bits
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(i.e. 4-bit, or 8-bit video), respectively. Figure 2.5 and 2.6 shows an illustration of a
binary PWM sequence pattern using an example of 6-bit and 4-bit video respectively. At
the start of a video frame, the most significant bit (MSB) in the binary bit sequence is
sent to all the mirrors. The entire mirror remains in the state defined by the MSB for half
of a refresh time. When the next less significant bit (or next MSB) is loaded, the mirrors
are held for one-quarter of the refresh time. For each less significant bit loaded into the
SRAM memory, the mirrors spend 2 times shorter period in the given state. This pattern
continues for all bits in the sequence such that the least significant bit (LSB) consumes
the shortest time during the total refresh period (i.e. 1/ (2N'1), where N is the number of
bits). Since the refresh period is much faster than the human visual system, the pulsed
light resulting from the ON-state in the binary sequence is integrated to form the
perception of desired intensity. Thus the perceived gray scale is given by the percentage

of time the mirror is switched “ON” during one operating refresh period.

LSB > time MSB
\01 2 3 4 5

A
v

One frame refresh period

For binary bit sequence 100101, the integrated intensity = 37/63 (59%)
10 1 0 0 1
Integrated intensity = 2°+ 0 + 2%+ 0+ 0 + 2°=37 = 59%

Figure 2.5. An illustration of binary PWM sequence pattern using an example of 6-bit video



14

{Mote: for clarity, only central column is

DMD Projection Lens

Vi
e Figyq Tin
L]

1111}

{1001} (Sensations of Gray Shades
{0100) By Viewer's Eye)
{no1o) {4-Bit Example)

{0001 )

{0000}

Figure 2.6. An example of gray level production with 4-bit video [36]

Color operation is achieved by using color filters either rotating (using color wheel) or
stationary (using system of prisms with dichroic interference filters deposited on their
surfaces) to split the light by reflection or transmission into red, green and blue (RGB)
components. These filters are used in combination with one, two or three DMD chips.
For one-chip or two-chip system, the rotating color wheel is used to time multiplex the

colors. The dichroic filters are usually used in three-DMD based systems.

2.3 Optical Properties of DMD

The reflective properties and the very nature of the DMD as a SLM have been attributed
to its superior performance over other types of SLM [20, 28-29, and 38-39], with no

detrimental effect resulting from the mirror movement. We present the principal optical
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properties of a DMD in comparison to liquid crystal display (LCD) technology as

demonstrated in [28].
2.3.1 Diffraction Efficiency

The blazed diffraction grating properties of the pixelated ON-state mirrors allows the
redistribution of the DMD reflected light into a certain diffraction order. This occurs
when the Fraunhofer diffracted light coincides with a specific diffraction order (blazed
condition). In this case, the DMD can couple more than 88% of the diffracted energy into
a single order. This is twice the diffraction efficiency of an LCD SLM. In other cases,

light efficiency greater than 68% can be achieved, as compared to 50% in LCDs.
2.3.2 Light throughput

The light throughput from an SLM depends on the fill factor — SLM pixel area that can
actively reflect light to create a projected image. The DMD pixel size (16 umz) and 1um
gap between the mirror elements combined with high mirror reflectivity gives the DMD a
higher fill factor (90%) as compared to 70% for an LCD. Also, it has been demonstrated
in [28] that the DMD is capable of producing 6.6 times more light intensity than an LCD
SLM from an incident light. For high power application, DMD is capable of handling

significantly higher incident power than an LCD SLM.
2.3.3 Contrast ratio

Due to high reflectivity and low background scatter (Section 2.5.2), the DMD provide

superior contrast relative to the LCD SLM. In projection application, the DMD had 11
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times the contrast of the LCD and approximately 3.3 times better than the LCD in

holography application.
2.3.4 Optical clarity

The optical images obtained from DMDs are free from woodgrain-texture artifacts that
are commonly produced by LCD SLM. This effect is due to the interference resulting

from the reflections between the LCD optical structures (layers of glass that hold the LC).

2.4 Advantages

The following highlights the major advantages of using a DMD as a SLM in several

applications [20, 22, 39]:

I. The mirrors are reflective and have a high fill factor (90%) resulting in high optical
efficiency at the pixel level.
II. The fast switching speed (approximately 15us) between mirror states allows for fast
display between illumination patterns of any shape and sizes.
III. By switching the mirror ON and OFF rapidly with respect to its refresh time, it is
possible to obtain wider dynamic range of gray scale values.
IV. Due to its broadband capability, the DMD can be made to modulate light somewhat
independently of wavelength. These include operation in ultraviolet and infrared

windows thereby allowing operation outside the visible spectrum.
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Having discussed the major advantages of DMDs over LCDs as a SLM, however,

LCD-based SLMs exist in both transmission and reflection mode and are capable of
producing amplitude and/or phase modulation of the incident light [40]. This makes
LCDs a preferred choice in applications that requires phase control of the incident field.
In contrast, the DMD produces amplitude-only modulation of the incident field in

reflective mode.

2.5 Challenges of DMD

Challenges resulting from the use of DMD may be attributed to the pixelated structure of
the DMD technology. This leads to light diffraction and scattering, as commonly

observed in the DMD applications.

2.5.1 DMD Diffraction analysis

The two-dimensional (2-D) periodic array of square micromirrors aperture spreads the
incident beam into several diffraction orders that replicate the indent beam profile. As a
result, the DMD acts like a 2-D diffraction grating (in flat-state) with period (d) and
aperture size (g) equal to the mirror pitch and size respectively. From the diffraction
analysis of the DMD array (all mirrors in flat-state) using 1-D representation [38], the

incident light on the DMD is diffracted according to the grating equation [41] such that

mA=dsiny . (2.1)
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where 4 is the wavelength of the incident beam, v is the diffraction angle measured from
the DMD chip normal, and m is the diffraction order number. The maximum diffracted

order, which correspond to w=90°, can be expressed as
d

m__~t—. 2.2
P (2.2)

This shows that the number of diffraction orders generated from the DMD is dependent
on the A and d. For a small angle approximation, the angular separation (4y) between
each order ranges from 1.5° to 3° over the visible wavelength. Thus for a given
wavelength, the diffraction orders are fixed in space and any changes to the states of the

mirror elements redistributes the reflected-light intensity among these orders.

A
Ay ~—. 2.3
W (2.3)
For broad-spectrum applications, the presence of these diffraction orders creates a
background noise that affects the DMD image contrast. In coherent imaging applications,
these orders can potentially interfere with the reflected light from an ON-state element to

create unwanted interference fringes at the image background. This effect will be treated

extensively in Chapter 4.
2.5.2 DMD Scattering

Light scattering from the mirror edges, via (hollow in the mirror post, see Fig. 2.2) and
substructure between the mirror gaps is a major source of contrast degradation in DMD
applications [42]. Light incident within the 1um gaps between the mirror elements is

scattered from the backplane of the DMD. This is more pronounced with the mirrors in
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OFF-state where 23% of the incident light falls within the gaps. Due to recent advances

in technology, recent solutions to DMD light scattering include the reduction of the gaps
between the mirror elements and depositing a dark layer on the backplane of the DMD

mirror elements [42].

2.6 Applications of DMD

Recently, DMD have served as a key enabling technology in digital imaging. Early
application was in projection systems but several emerging applications with need for
spatial light control have evolved. Here we classify these applications into two broad

areas of projection and non-projection display applications.

2.6.1 Projection Display Applications

The introduction of DMDs at the heart of digital light processing technology has
revolutionized the projection display market by providing all-digital display technology
with superior performance over the existing alternatives such as film [36, 43-45]. This
has enabled digital projection and display of images with an exceptional visual quality
(i.e. brighter, higher contrast and sharper images). The common components in a digital
projector configuration are the light source, RGB color wheel (for color imaging),
illumination optics, DMD, projector lens and DMD control circuit, as shown in the one-
chip projection system in Fig. 2.7. In a projector configuration, the DMD control circuit
converts the applied video signals (VGA or SVGA input) into pulse-width modulation
format that produces the perceived light intensities. Light reflected from the ON-state

mirrors are collected by the projector lens and imaged on a screen. The number of DMD
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chips (one, two or three) employed in the system depend on the trade-off between cost,
light efficiency, power dissipation, weight, and volume [36]. In three-DMD systems, dichroic
mirrors are used (instead of the color wheel used in one DMD-chip projectors) to split the

RGB colors, with each color illuminating the designated DMD.

2.6.2 Non-projector applications

The earliest non-projector application was digital photofinishing, in which the DMD
replaced the film based equipment [20]. Since then, several applications that require light
modulation have emerged. These include volumetric displays, lithography,
telecommunications [46], optical microscopy [47-52], 3-D metrology and astronomy
[53], spectroscopy [38, 54], high dynamic range imaging (HDRI) [26-27, 55] and
holography [28-29]. While a broad range of application areas has been mentioned, in the
next chapter we provide detailed review of existing DMD applications in HDRI and
optical microscopy, with a view of using DMDs to enhance the dynamic range in a digital

optical microscope.

DLP Board

Projection
Lans

...-—""':-

e

: / Light Source
Color Filter "

Figure 2.7. A one-chip DLP projection system [36]
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Chapter 3

High Dynamic Range Imaging in Digital Optical Microscope

High dynamic range imaging (HDRI) has gained high interest in the fields of computer
graphics, computer vision, and commercial display devices. Recently, the application of
DMDs to digital optical microscopy has allowed greater flexibility and control in the
optical path thereby resulting in better image quality. In this chapter, we present a
technique of enhancing the dynamic range of a digital optical microscopy using a DMD.
We begin by reviewing the existing application of the DMD in HDRI and digital optical

microscopy.

3.1 Introduction

In recent years, interest in HDRI has opened up a new frontier in research and industry
that has underlined the path to the next generation of imaging capture and display
devices. Real-world scenes produce a wide range of brightness variations that far exceed
the available dynamic range provided by digital still and video CCDs [20, 55]. Dynamic
range of an imaging device can be defined as the ratio between the maximum and
minimum possible brightness values of light intensity that can be detected. A typical
conventional digital camera provides 8 to 16 bits of brightness data per color channel at
each pixel. When these cameras are used, these result in low dynamic range (LDR)

images that are too dark in some areas and possibly saturated in others. Since human eye



22

is capable of detecting and interpreting large dynamic range with subtle contrast
variations, the LDR images of these detectors poses a severe limitation on what can be
accomplished with computational vision. Thus some methods that increase the dynamic
range of these detectors to capture high dynamic range (HDR) images are required. Such
a method will benefit imaging application tasks such as photography, human vision
studies, remote sensing, medical imaging and digital optical microscopy [56].

Applications of digital photography and digital processing techniques have resulted in
microscope images with better resolution, enhanced contrast, and reduction of image
impairments [6]. Factors that often impair the quality of optical images are optical lens
aberrations, imaging device pixel resolution, and dynamic range of both the microscope
system and specimen under observation [6]. The type of detectors used in optical
microscopes depends on the area of application. This ranges from the use of photon
counting detectors in low light imaging applications [57-58] to solid state detectors
commonly used in digital fluorescence microscopy. However, with the use of solid state
detectors and CCD cameras in digital microscopy, it may be difficult to capture subtle
variations in the specimen because of the limited available brightness values offered by
the CCD. This phenomenon accounts for loss of signal in the dimmest or brightest part of
the specimen. Therefore, enhancement of dynamic range will not only improve the
qualitative visual observation of the specimen but also the quantitative measurement of
their intensity levels.

We first present a brief review of the existing signal-processing-based techniques for
capturing a HDR image with a low dynamic range detector in computer vision and

photography applications. One of such techniques utilized DMDs as spatial light
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modulators to achieve adaptive HDRI. Secondly, a review of some background work in
DMD applications to digital optical microscopy will be discussed. Then we present the
proposed approach of applying DMDs to achieve dynamic range enhancement in digital

optical microscope. Finally, we discuss the future work and conclusion.

3.2 Background Work

In computer vision and photography, the most common approach to HDRI is multiple
exposure capture (MEC) method [55-56, 59-60]. A sequence of differently exposed
images of a scene (LDR images) is captured such that useful information in the bright
scene areas is provided by the low exposure images and information in the dark scene
region is captured in the high exposure images. These images are combined through an
algorithm to generate a single HDR image. To display the generated HDR image, a tone
mapping algorithm [55] is applied such that the HDR image data are compressed to a
form reproducible by the intended display device. However, the visual appearance of the
HDR scene on a display device greatly depends on the employed visual model in the tone
mapping algorithm [61-62].

The combination of LDR images to produce the HDR radiance map depends on how
accurately a camera response function can be recovered. This function relates the actual
scene radiance to the digital camera pixel value in the image. Methods of estimating the
camera radiometric response function from the set of multiple images have been reported
[63-65]. The common procedural steps required in this process will be discussed in

Section 3.4.3 on camera response function characterization. While the MEC method has
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proved to be efficient, it requires the observed scene, radiances from the scene and digital
camera to be static during image acquisition process.

Another technique for HDRI uses multiple image detectors to overcome the
restriction imposed by the static camera/scene in the MEC [66-67]. Each detector is
positioned such that multiple copies of the optical image of the scene, produced by using
a beam splitter, are generated. The exposure of each camera is preset by adjusting the
exposure time or using an optical attenuator. While this method is capable of producing a
HDR image in reduced time, the use of multiple detectors and requirements for good
alignment between the detectors makes this approach expensive and complicated.

An HDR image can also be obtained from a spatially varying pixel exposure method
[68]. In this technique, different exposures are assigned to neighbouring pixels on the
image detector. Thus, the spatial as well as the exposure dimensions of the scene are
sampled simultaneously by using a detector array with spatial varying exposures. The
main disadvantage of this method is the trading off of spatial resolution for enhancement
in brightness.

Recently, a method of adaptive dynamic range imaging was introduced [27]. This
method overcomes the static scene restriction and spatial resolution trade off imposed by
conventional methods. In this approach, the exposure of each pixel is controlled based on
the scene radiance measured at the pixel. The light from the observed scene is transmitted
through a controllable device which modulates the irradiance measured by the detector
pixels. Early implementation of this technique utilized an LCD attenuator whose
transmittance is controlled by the brightness measured in each pixel. When the detector

register saturation for a pixel, the light transmitted through the corresponding region in
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the LCD is adjusted such that the detector pixel becomes unsaturated. However, due to
the structure and working principle of LCD, the system suffered from low optical
efficiency (50% of the light is admitted into the system), image blurring that results from
the diffraction effects produced by the attenuator cell and difficulty in achieving pixel-
level attenuation due to defocusing by the optical system.

These limitations were alleviated by replacing the LCD with the DMD [26, 69]. The
pixel-level control is achieved by focusing the observed scene on the DMD and then re-
imaging the modified scene onto the image detector. Since the optical efficiency of the
DMD is close to 90%, more light from the scene is admitted into the system. The high fill
factor of the DMD (90%) compared to LCD (70%) minimizes the blurring and diffraction
effects. Similar to the LCD system, the control of the DMD is achieved through an
algorithm that estimates the modulation function (variation in the reflectance of each
DMD element) from the captured image. The modulation image and acquired image are
used to compute an image that has an effective dynamic range equal to the product of the
detector and DMD dynamic range.

Recently, the DMD has been applied to a variety of techniques in optical microscopy.
Early motivation for DMD application in microscopes was to replace the Nipkow disk of
common spinning disk confocal microscopy for flexible and programmable operation
[70-71]. Another configuration applied the DMD to control aperture iris and field stop to
compensate for illumination uniformity across the sample [48, 72-74]. The integration of
a DMD and a fiber-optic bundle has been used as a confocal endoscope [75]. In [25, 50,
and 76], the DMD has been applied to epi-fluorescence confocal microscopy for

biological applications with extensive studies on the comparison between the
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programmable array illumination and conventional confocal laser scanning microscopy.
Another DMD-based fluorescence configuration achieved optical sectioning by
employing a DMD to control the emission patterns in the observed specimen [77]. In all
these configurations, greater flexibility and control over the mechanical or geometrical
structures of the optical path have been demonstrated, in addition to improving image
quality. However, none of these structured illuminations have made an attempt to address
the limitation imposed by a digital camera on the dynamic range of an optical

microscope.

3.3 HDRI Applications in Optical Microscopy

The advantages of a high dynamic range (HDR) imaging depend on the characteristics of
the specimen and the microscopy technique being used. In industrial applications, many
products (microchips, ceramics, polymers etc.) are characterized by high opacity and
imaging such specimens in transmitted-light microscope (brightfield) is difficult. Images
of these products during inspection are obtained using reflected-light techniques. Objects
such as integrated circuits consist of components with a wide range of light-reflectance
properties that may produce poor images if only conventional low dynamic range (LDR)
techniques are used. Thus application of HDR imaging is required. Most biological
specimens (such as tissues and cell culture) often exhibit poor contrast because they are
very transparent to light in a traditional brightfield microscope. These do not require
HDR imaging, and special imaging techniques (such as Fluorescence, phase contrast,
differential interference contrast (DIC), etc.) have been developed to increase contrast.

However, some biological fluorescence specimens and objects with highly transparent
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and opaque regions often posses a high contrast range that may require dynamic range
improvement in brightfield imaging. For example, images of a honeybee leg (claw) are
shown in multiple exposures in Fig. 3.1. In (a) the transparent part of the tarsus can be
seen, but the features in the shadow that correspond to the dark region are not visible.
Dark features are revealed in (b), but the transparent part is saturated. Therefore an image

that combines features in both transparent and dark region is necessary.

(b)

Figure 3.1. Images of Honeybee leg captured at low (a) and high (b) exposure settings

In this work, we present a simple experimental setup of using a DMD to achieve
dynamic range enhancement in a transmitted-light spatially controlled illumination
microscope configuration. The ability of our system to rapidly modulate the spatial
profile of light emitted from the DMD, based on camera output and without necessarily
changing the camera exposure, makes our approach faster and more flexible than MEC
methods. A method of using a DMD to recover the camera response function will be
treated as a component of our dynamic range enhancement process. Our adaptive
feedback illumination control (AFIC) technique utilizes the recovered response curve to

produce an HDR image using the DMD to spatially control specimen-light interaction
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characteristics. To the best of our knowledge, DMD technology has not been used to

enhance the dynamic range of optical microscope images. We demonstrate
experimentally a dynamic range enhancement of a honeybee leg, and discuss factors
limiting performance. Ideally, AFIC is capable of achieving a dynamic range which

equals the product of the dynamic ranges of the DMD and the camera.

3.4 Spatially Controlled lHlumination Microscopy

3.4.1 Experimental Setup

Figure 3.2 shows the transmitted-light mode of an optical microscope setup where the
source of the white light illumination is provided by a 130W tungsten lamp in the DMD-
based digital projector (PLUS U3-810W). The projector has a contrast ratio of 650:1 and
incorporates one of the early versions of the Texas Instruments DMD chip with 800 x
600 pixels. Each mirror is roughly 16 x 16 microns in size with 17um pitch. Reflected
light from the “ON” DMD elements is directed through an optical system towards the
projector output lens. Based on the working principle of the DMD, the light intensities
reflected from the DMD are produced by pulse-width modulating the ON-state time of
the mirror elements over the operating refresh time. Thus the perceived intensity gray
level is proportional to the period of time the mirror is switched “ON” during the refresh
time. For projector applications, the DMD is pulse-width modulated through a procedure
that converts the applied video signals into pulse-width modulation format. Hence we
achieved modulation of the light intensities from the mirror elements through application

of an 8-bit image (800 x 600 resolutions) via the VGA input (30fps). The image
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displayed on the DMD is projected to the Iris plane by an achromatic lens L. This plane is

conjugate to the specimen plane S and image plane. An infinity-corrected objective lens
O1 (Mitutoyo Plan Apo, 0.28, 20x) illuminates the specimen plane with a de-magnified

illumination pattern on the DMD plane. The light transmitted through the specimen is

L

sl 2 2 3 BN RS N B 8

Og(ph]e.ctwe 5 3
»

L

ens O1 gin. 5L L R T
(1: > v 3 a Fl;ube cy CCD camera

i@
LA T '
. $arr'1ple. stqge &

stage

Projector, lens

L
DMD i ﬂ
S
—>

Iris ol 02 Image plane

Computer system

(b)

Figure. 3.2. Adaptive feedback control illumination: (a) photograph of the setup, (b) Schematic diagram of

the setup

focused on the camera plane by an infinity-corrected objective lens O2 (Mitutoyo Plan
Apo, 0.28, 10x). To avoid flickering, camera exposure times were chosen to be greater

than the video rate of the projector, hence much greater than the period of the pulse-width
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modulation. Our CCD camera is a monochrome Qimaging Retiga 2000R (1600 x 1200

resolution, 7.4um x 7.4pm pixel size) interfaced with Matlab. All images are captured,
saved, processed and displayed on the DMD via the VGA input. A computer system with
Windows XP, Intel Pentium (R) D CPU, 3.40 GHz and 2GB of RAM is used for the

processing and control.

3.4.2 Adaptive Feedback Illumination Control

Control over the illumination source in Fig. 3.2 is achieved by modulating the DMD bit
levels with a feedback from the output of an algorithm that operates on the captured
images. This configuration allows for structured illumination with a wide range of
flexibility in the specimen plane. Our adaptive feedback illumination control (AFIC)
technique consists of geometric mapping and an adaptive feedback operation between the

DMD and camera elements through the optical system.

(a) Geometric Mapping

Geometric mapping involves determining the mapping between DMD elements and
corresponding group of CCD camera pixels as illustrated in Fig. 3.3. The number of
registered camera pixels per ON-state DMD element depends on the camera pixel size

A, and net magnification M between the illumination and imaging arms of the system.

Figure 3.4 shows demonstration images of a single and parallel point-source illumination

captured on the camera.
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Fig. 3.3. Schematic diagram of DMD and Camera array

Figure. 3.4. Single and parallel spatial illumination pattern

Let C (m, n) and D (i, j) represents the camera region of interest (ROI) and DMD
array respectively with equal dimensions such that m, i = {1,2,...,600} and n, j =
{1,2,...... ,800} (see Fig. 3.3). Calibration begins by specifying the camera intensity
threshold level followed by registration of the spatial locations of the group of camera
pixels with levels higher than the given threshold, as illustrated in Fig. 3.5. The position
of the single “ON” DMD mirror (i.e. in Fig. 3.4 (a)) is shifted to the next location and the
calibration process is repeated in sequence. From the characterized point-spread function
(PSF) of the setup (shown in Fig. 3.6), we note that the light reflected from one DMD

element Dj; (when a single DMD element is turned “ON” while other elements are
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switched “OFF”) is spread over a group of approximately 4x4 camera elements
(measured at 30% of the maximum intensity). The dimension of the registered camera
elements depend on the preset threshold intensity in the algorithm if the overlapping from
the neighbouring DMD element is neglected. Generally, i # m and j # n, due to offset
between DMD and camera array geometry and limited field of view (FOV) as defined by

lens and/or iris aperture.
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Figure. 3.5. Flowchart of the geometric mapping algorithm

The spreading of the light on the camera is determined by the diffraction in the optics and
magnification of the system. Based on the configuration in Fig. 3.2, a single DMD mirror

is de-magnified (by lens L and objective lens O1) to approximately 2.55um size on the
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specimen plane and magnified (by 10x objective lens O2) to approximately 25.6um size

on the camera plane.

If we let U and V represent vertical and horizontal spatial coordinates of the
registered camera group of pixels such that U = {m,.....m+Y}, V = {n,...... ,n+Z}, then
the algorithm populates the third dimension of a look-up table (LUT) with these camera
pixel’s 2-D spatial coordinates corresponding to each element D;; on the DMD array.
Since light from one DMD element is mapped to 4x4 camera elements, Y=Z=3.
Therefore, the spatial mapping function can be represented in a 3-D LUT (shown in Fig.
3.7) as Djj with the third dimension (k) added to accommodate 2-D camera pixel spatial
coordinates U and V and the intensity level (I) corresponding to these camera elements
C(U, V). Therefore, two dimensions of camera elements (U, V) are thereby mapped to

one dimension in the LUT.
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Figure 3.6. PSF of the AFIC system
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Figure 3.7. Schematic diagram of LUT

To reduce calibration time, we perform the spatial calibration on every tenth DMD
element (in both dimensions) and linearly interpolate to obtain estimates of both intensity
and spatial coordinates of all DMD elements. The calibration process is completed when
a look-up table (LUT) has been populated with both intensity and spatial locations
(measured or interpolated) of camera elements corresponding to each DMD element
position. This entire operation allows us to exercise pixel-by-pixel level of control on the
DMD array and to correct for any geometrical shifts in the imaging process. Figure 3.8
shows a demonstration result of using the LUT to correct for geometrical shift between
the DMD and camera plane. A pattern of four squares generated in Matlab (Fig. 3.8 (a))
is applied to the DMD. From the acquired image of the squares shown in Fig. 3.8(b), we
observed a geometrical shift along the two dimensions of the squares. However, the
geometrical shift was removed through an inverse operation that transforms the pixel
location in the image to the DMD space using the DMD-camera mapping coordinates in

the LUT.
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Figure 3.8. Demonstration of geometric mapping algorithm: (a) Original four squares applied to the DMD,
(b) Captured image with geometrical shift, (¢) Output of the geometrical mapping algorithm.

(b) Adaptive Feedback Modulation

The adaptive feedback algorithm operates on the captured LDR specimen image to
generate an appropriate DMD modulation array as illustrated in Fig. 3.9. When applied to
the DMD, this array spatially modulates the field of illumination to capture specimen
features in the saturated regions of the LDR image.

The DMD is initialized by setting all elements to illuminate the specimen with
maximum light intensity (i.e. 255 digital levels for 8 bits DMD image control). For an
HDR specimen, the image captured under this illumination condition is what we call an
initial image and it shows saturation in the brightest region and detail in the darkest

region of the specimen. To eliminate saturation, the light-intensity emitted from the
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corresponding DMD elements is reduced by a constant factor (e.g., 1/2) by setting its

level appropriately based on the DMD transfer function. The result is an array of new
values that modulates the DMD elements such that saturated regions of the initial image
are illuminated with lower light intensity. This process is repeated until none of the pixels
in the final compressed image are saturated. The number of iterations required to produce
the final compressed image will depend on the observed specimen characteristics, the
size of the intensity reduction between iterations, and the available imaging system
dynamic range. Typically, using an intensity step-size of 1/2, only 3-4 iterations are
acquired.

To determine the maximum achievable dynamic range for our system, we note that

the highest pixel value B, __ is registered in locations corresponding to the most

max

transparent region in the specimen when illuminated with minimum DMD

illumination D_, . Similarly, the minimum pixel value B _, is registered in locations

corresponding to the darkest region in the specimen when illuminated with maximum

DMD illumination D Hence the DR is given by the ratio of maximum to minimum

max ?

pixel brightness as

Bmax Dl’naX
DR i =(B _ *D J (3.1)

This expression shows that the dynamic range of our system is equivalent to the product
of the dynamic ranges of the camera and the DMD expressed in a ratio. In practice, DMD
background light or overlapping from neighboring elements and noise limits the useable

projector and camera dynamic range. This is discussed in detail in Section 3.5.
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Figure 3.9. Adaptive feedback illumination control algorithm

3.4.3 HDR Radiance Map Construction

Given the final compressed image and final DMD modulation array acquired in the
previous Section 3.2.2, it is necessary to construct an HDR radiance map that gives the
actual level of expression of the pixels in the final compressed image. This process

requires the knowledge of the camera and DMD response functions to expand
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mathematically the compressed data. In this context, we employ an algorithm to
characterize the camera response function that gives the relationship between irradiance
and registered pixel value. The irradiance value is obtained by measuring the optical
power corresponding to the registered digital pixel value. Since the camera pixel
measures the irradiance and converts to output digital levels, it is necessary to
characterize the relationship between the digital values applied to the DMD and the

corresponding irradiance on the image plane.
(a) DMD Characterization

The characterization of the DMD is obtained by using an optical power meter (UTD
instruments) to measure the output power at the image plane as we sweep the applied

DMD levels sequentially from D, to its maximum value D _, . The relationship can be

expressed as:
P, =T f(D) (3.2)

where P,is the measured optical power, D e [O, Dmax] is the DMD level, T is the

transfer coefficient that accounts for the losses in the optical setup. The ratio of the

maximum power P, to minimum power Pui, corresponding to DMD level D,

and D_. , respectively, gives the dynamic range (DR) of the projector.

The projector used in our experiment is controlled with 8 bits, so D, , =1 and

D,..=255. We measured the optical power on the image plane starting from D . with

n

an increment of 1 level until D__  1s reached. The dynamic range was measured based on

the given definition to be 572.8 with the projector in standard gamma setting mode.
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It is possible in some projectors to adjust the gamma setting to a more linear response
function. In doing so, however, the dynamic range of the projector, and therefore the
maximum achievable dynamic-range enhancement, would be reduced to 255. The
corresponding response function shown in Fig. 3.10 reveals the non-linear gamma
response of the projector used. We employ this result to estimate the irradiance on the
camera plane to be used in camera response function characterization process.

It should be noted that the use of an optical power meter to obtain irradiance value
assumes uniform illumination across the field of view (FOV) on the image plane. This is
because the sensor area on the power meter is very small compared to the dimension of
the illuminated field on the CCD camera. However, a measurement of the FOV showed
very small and slow variation across the field of view that we have neglected in this
demonstration. A large intensity variation in the FOV will consequently lead to scaling of
the relationship represented in Fig. 3.10 for each camera pixel location. The gamma curve
of the projector used can be changed to different settings (normal, natural, real and
custom) to obtain different response curves. In our demonstration, the standard setting
(normal) is used and the device dynamic range calculation is based on the measurements
in this mode. The use of different setting will result in changes to the gamma curve in

Fig. 3.10.

(b) Camera Response Characterization

The calculation of a HDR radiance map depends on how accurately a camera response
function can be recovered. Image data from a digital camera is an array of intensity

values representing the output of a nonlinear mapping of the radiance in the imaged scene
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to the camera response. This nonlinear mapping is usually unknown beforehand and

uniquely differentiates one imaging device from another. Therefore, there is need for a
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Figure 3.10. DMD Output power on the image plane vs. applied digital level

process that determines this response function especially in qualitative imaging
applications, where the true measurements of relative radiance in the scene are required

across multiple exposure settings.

The conventional approach of determining the camera response function from a scene
of unknown irradiance values involves capturing a scene at multiple different exposure
settings and examining the recorded value of a subset of the images pixels [63-64]. The
sequence of recorded values for each pixel maps out a subset of the response curve. By
shifting each curve by an amount proportional to the relative brightness (usually
unknown) of each pixel, a complete camera response curve is obtained. This process

requires a complex algorithm to estimate the response curve from the data. For a scene
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containing uniform areas of known relative irradiance (e.g., [SO14524 contrast chart), the
camera response curve may be determined with minimal computation. However, the
accuracy of the result may be compromised by the limited number of irradiance values in
the scene. A method that retrieves the response function from a single image by spatially
varying the camera exposure has been proposed [68]. This method uses a spatially
varying exposure mask to simultaneously sample the spatial and exposure dimensions of
the scene. One major advantage of this technique is the reduction in the number of
captured images, but this comes at the expense of spatial resolution. Our approach
exploits the MEC and spatially varying the illumination pattern to characterize the
camera response function. We exploit the spatial control capability of the DMD to
generate a set of images that sample the camera response function at different exposures.
This approach is fast, simple and eliminates the complex algorithms used in the existing
methods.

Given our experimental setup in Fig. 3.2, we characterize the camera response
function by utilizing the programmable capability of DMD to spatially modulate the
illumination. This is achieved by applying a spatially varying intensity (SVI) pattern
(generated in Matlab and not gamma corrected) with the DMD. A typical SVI pattern
used in the characterization process consists of 9 different intensity patches along each of
10 rows as shown in Fig. 3.11. The intensity patches increases monotonically, in this
case, from Dy, = 22 to Dpmax = 200 with interval of 2 levels between successive patches.
It should be noted that 22 and 200 are somewhat arbitrary, as any sufficiently large range

of values could be used.
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Starting with an initial exposure value E;, the image of the pattern is acquired and a
simple automated algorithm is used to extract the registered intensity in each patch. If the
brightest patch in the captured frame is unsaturated, the SVI frame is reapplied to the
DMD and the camera exposure is increased by a constant factor to E,. This process
continues until saturation is detected in some of the patches at certain maximum exposure
value En, where N represents the number of times the SVI pattern is applied to the DMD.
A typical image of the SVI with some saturated patches is shown in Fig. 3.12. The
accuracy and signal-to-noise ratio (SNR) of the measurement are improved by averaging
over 100 pixels in each patch as indicated with marked squares in Fig. 3.12. Higher
accuracy can be obtained by averaging over more pixels but at the expense of more

processing time.

Row intensity patches

300 350 400 450
Column intensity patches

Figure 3.11. Raw SVI pattern with 10 and 9 intensity patches along row and column respectively before

application to the DMD.



43

100
w 200
fi axy
£
8 300
2
@
S 400
E n u n
= m Inm
% 500
o - mElm m Inm ] (] =
600 -Lllnllll ll n = lm
| = | = m |m |m [m =

700
100 200 300 400

Column intensity patches

Figure 3.12. Camera SVI pattern image with 10 and 9 intensity patches along row and column respectively.
The marked squares represent the 100 pixel monitoring areas.

In this context, we define the relationship between the registered camera intensities in

each exposure set and corresponding irradiance on camera pixels as:
B=g(P,*E) (3.3)

where B denotes the registered camera level in each intensity patch, £ is the camera

exposure value for a given set and P, is the incident optical power corresponding to the
applied SVI pattern. Hence, the camera response function g relates the irradiance as a

product of DMD element output power on the image plane and camera exposure to the
image brightness in each intensity patch.

Figure 3.13 shows the results of using our algorithm and the experimental setup to
determine the response function of our monochrome digital camera. In the demonstration,

only two camera frames corresponding to exposures E; and E, were required to complete
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the characterization process. Regions on the graph that represent the registered intensities
from the two exposures are differentiated with markers. The lower part of the response
(asterisks) is recovered with exposure E; while the upper part of the curve (circles)
corresponds to recovery with exposure E,. The interpolated curve between the registered
data (shown in black line) gives the retrieved camera response curve. Based on the data in
Figure 3.13, the dynamic range of the camera was measured to be 250 (10"%/10%%),
We obtained this value by dividing the irradiances corresponding to maximum (255) and
minimum (1) intensity value on the camera.

The automatic alignment between the two regions into a single smooth curve
indicates a high degree of accuracy in the exposure calibration of our monochrome digital
camera. However, for a low cost digital camera, error in the exposure calibration may
lead to a discontinuity between the two regions. This situation may be corrected by
multiplying the lowest exposure set of data with the amount of estimated discontinuity.
From these, the calibration errors may be characterized.

It should be noted that the method used to estimate the irradiance in DMD and
characterize the response curve assume uniform illumination and response across the
image field of view respectively. A variation in the camera response curve with respect to
pixel location in the image can be characterized by sequentially modulating all the DMD
elements with a uniform intensity frame (instead of SVI pattern) from 0 to 255. However,
this process takes long time to complete since the response function for each pixel in the
camera image is required. For color digital cameras, the response curve of the three pixel
types (red, green and blue) can be extracted separately from the RGB filtered SVI image.

Thus a color sensitivity discrimination of such camera can be obtained.
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Figure 3.13. Recovered response curve of the camera used in the setup

We note that the accuracy of the recovered response curve using this method can be
affected by the lens aberrations. Thus high quality lenses that are well corrected for all
aberration types are desirable. We minimized the effect of lens aberration on the
recovered response curve by using an achromatic lens L and Plan-Apochromat objective
lenses. The barrel distortion, observed as decrease in the image magnification with
distance from the optical axis in the captured SVI pattern (Fig. 3.12) is introduced by lens

L.
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(c) HDR Radiance Map Calculation Steps

Given the final compressed image, the camera response functiong, and the initial and

final DMD intensity modulation arrays, the HDR radiance map of the acquired final
image can be calculated in the following steps. For each camera pixel at position (x, y) in
the final image:

(i) Obtain the relative output power from each element in the DMD array via the

DMD response function shown in Fig. 5 as follows.

P, =£(D.) (3.4)

<n

where f denotes the DMD response function and D,, is the bit-setting of the

DMD element in position &£7.
(i1) Use the geometric mapping between the DMD and camera detector to obtain the

relative illumination power P, on each pixel element xy of the camera.
(ii1) From Fig. 3.11 and inverting (3.3), convert the pixel value B, recorded in the

camera to irradiance R, as follows.

_g'(8,)
o T (3.5)

(iv) Thus, the recovered HDR radiance map is computed as the ratio of the

transmitted DMD power to the irradiance detected at the camera:

_ Pny _ fil(Din)E

"R, ¢'(8,)

(3.6)
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3.5 Experimental Results and Discussion

Operation of our AFIC system is demonstrated in transmission mode by imaging a
prepared microscope slide of a honeybee leg. The sample has a dynamic range
considerably greater than our camera detector range. While the dynamic range of this
specimen may not fully utilize the theoretical dynamic range enhancement factor of 572.8
offered by the DMD-based projector (Section 3.4.3 (a)), it demonstrates the application
of our proposed method. As explained in Section 3.2, the summary of the process here is
to modulate the DMD, capture the corresponding image, and if there is saturation in the
image, the algorithm will recalculate and apply the new modulation pattern to the DMD
until the final image is produced. The DMD light intensity for saturated pixels was
reduced by 1/2 between iterations, and four iterations were necessary to produce the final
image, with each image taken at a fixed exposure value of 150 ms. The signal to noise of
the final image and also of the HDR radiance map was improved by combining images
taken in each iterative step. We obtain the value of a particular pixel in the recalculated
final compressed image by taking its average over all the images and ignoring any
saturated pixel.

Figure 3.14(a) shows the initial image under maximum illumination (255), where
limited camera dynamic range resulted into saturation in regions 1, 2, 3, and 4. From this
image, the DMD-modulation pattern shown in Fig. 3.14 (b) is computed. Application of
this image to the DMD results in the recovery of some features in region 1 and 2 (shown
in Fig. 3.14 (c)). The presence of saturation in this image requires the generation of
another DMD modulation pattern in Fig. 3.14 (d) and application to the DMD generates

the image in Fig. 3.14 (e). This Figure shows a complete recovery of features in region 1,
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2 and 3 with some saturation in region 4. Complete elimination of saturation in the final
image (Fig. 3.14 (1)) is achieved through application of the DMD modulation pattern
shown in Fig. 3.14 (h).

Fig. 3.14 (j) shows the calculated HDR data tone-mapped to 8-bit intensity levels for
low dynamic range display purposes. The HDR data H,, is calculated using the

expression in equation (3.6), where £ = 150 ms, and where B,, and D,, are represented in

Fig. 3.14 (g) and (h) respectively.

The histograms of the raw HDR data obtained from our method (AFIC) and
traditional multiple exposure capture (MEC) are shown in Fig. 3.15. The dynamic range
of the specimen is calculated to be approximately 1251 (ratio between maximum and
minimum value in the HDR data), which is approximately 5 times larger than that of the
digital camera alone. It should be noted that the calculations and results obtained in this
demonstration are based on the measurements taken with projector gamma settings in
standard mode. This is responsible for the theoretical maximum enhancement factor of
573 as obtained in the DMD characterization process. In practice, achieving this
maximum enhancement factor is difficult. Apart from the specimen characteristics,
camera noise and scattering from the projector and optics limits the achievable dynamic
range enhancement factor.

The processing time in acquiring the final image depends on the number of iterations
as well as the exposure time. In this case, with four iterations and exposure time of 150
ms, the final image was captured in total time of approximately 0.8 seconds with
negligible time required to grab camera frame, calculate and apply the DMD modulation

array.
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Figure 3.14. Results from dynamic range enhancement process of Honeybee leg: (a) the initial image with
saturation in region 1, 2, 3, and 4, (b) calculated modulation array from the initial image, (c) second image
showing saturation in region 2, 3, and 4, (d) calculated modulation array from (c), (e) third image showing
saturation in the region 4, (f) calculated modulation pattern from (e), (g) fourth image captured with
application of (f), (h) calculated modulation array from (g), (i) final image with raw output, (j) 8 bit tone
mapped HDR data from the final image.
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To compare to the conventional (standard) MEC method for obtaining HDR images,

Fig. 3.16(a)-(1) shows the sequence of multiple exposure capture of the same honeybee
leg taken at 9ms, 19ms, 38ms, 75ms, and 150ms accordingly. These images are combined
using the traditional multiple exposure algorithm [55] to generate the corresponding HDR
data. The tone mapped image (8-bit intensity) of the HDR data is shown in Fig. 3.17.

The final HDR images and their corresponding histograms are quite similar for both
the AFIC method and the multiple-exposure method. However, our system provides the
flexibility in spatial control of the illumination in the field of view without changing the
camera exposure. Changing the exposure setting will potentially offer another degree of

freedom in addition to the dynamic spatial illumination control.
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Figure 3.15. Normalized histograms of the calculated HDR data for AFIC and MEC method

Future work will involve further improvement on the factors that limit the achievable

dynamic range of the system. One possibility is to numerically reduce the overlapping
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effect between the groups of camera pixels that corresponds to neighboring DMD
elements. From the geometrical mapping operation, we note that a DMD element spreads

into roughly a 4x4 group of camera pixels, which partially overlaps the group of pixels

i

&

(a) (b) (©)

(d) (e)

Figure 3.16. Multiple exposure capture images of Honeybee leg

Figure 3.17. Tone mapped image of multiple exposure capture HDR data of Honeybee leg

that corresponds to the neighboring DMD elements. These overlapping pixels may
sometimes be driven into saturation since their intensity contribution comes from more

than one DMD clements. Under this circumstance, it is difficult to achieve the desired
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intensity for some camera pixels in the adaptive feedback algorithm. We alleviated this
problem by lowering the desired intensity to where saturation is eliminated for these
pixels. In principle, more elegant methods for managing this can be devised. This
overlap, which results from the imperfections in the optical imaging system, can also be
reduced by improvements in optical system design. Our use of an off-the-shelf projector
in white-light mode creates two problems. We have limited control over the internal
optics, hence suffer significant aberrations that lead to overlap in the image plane. This is
exacerbated by the use of broad spectrum illumination. Maximizing the SNR of the final
image will depend on how successful the overlapping effect can be reduced. This process
will allow the DMD intensity-modulation range to be maximized without resulting in
saturation in the image. A custom-built imaging system operated with a monochromatic
source could decrease overlap significantly.

Another possible improvement is to maximize the signal to noise ratio (SNR) of the
final image. This process requires a combined knowledge of the camera and DMD noise
(the two main sources of noise in the final image). Light scattering from the DMD chip
and optical components of the projector results in the increase of the detected background
noise, especially for low DMD levels. This phenomenon limits the lowest usable DMD
levels and the maximum desired intensity for some camera pixels in the adaptive
feedback algorithm. Thus a process that utilizes the characterization of the DMD-based
projector noise will improve the SNR of the final image. The effect of camera noise (dark
and read out noise) in our measurement was reduced by combining contributions from all

images captured in the iteration process.
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3.6 Conclusions

In this chapter, we have presented an application of DMD to dynamic range enhancement
of a digital optical microscope through an adaptive feedback illumination system. By
achieving precise spatial control over DMD-pixel intensities at the illumination source,
and thorough system mapping, we capture specimen features that extend beyond the
dynamic range of the imaging system. Our demonstration in transmitted-light mode
shows that using a precisely-controlled DMD in this way allowed for an imaging system
with a dynamic range that was in principle 573 times larger than that of the digital
camera.

Also, a method of characterizing the camera response function, a component of our
dynamic range enhancement process, has been presented. We have shown that by
utilizing the spatial control capability of the DMD to apply a spatially varying intensity
pattern in multiple exposure capture fashion, it is possible to recover the response
function of a digital camera with ease and accuracy. It is our hope that these combined
techniques will provide a useful path forward for improved quantitative measurements

through digital optical microscopy.
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Chapter 4

Application of DMD to Digital In-Line Holographic

Microscope

We aim to apply DMDs to programming the point source in the simplest digital
holography configuration — an in-line holographic microscope. In the previous chapter,
we exploited the fast reconfigurability of the DMD to modulate the amplitude of the light
source at the specimen plane and thus enhance the dynamic range in a transmitted-light
digital optical microscope. In this chapter, we describe a technique of translating the
source of the spherical reference field in digital in-line holographic microscope using a
reconfigurable point source achieved with the DMD. Holograms recorded at different
point-source positions are processed to retrieve new information about the field of view

and extract depth information about the object.

4.1 Introduction

In 1948, Dennis Gabor invented holography to overcome the limitation of lenses in
electron microscopy [78-80]. Derived from Greek words ‘holos’ and ‘graphein’,
holographic imaging allows the amplitude and phase information of three dimensional
(3D) objects to be obtained for display and optical measurements. The holography
process encodes 3D information of an object into the form of interference fringes on a

two dimensional recording screen. These fringes usually contain high spatial frequencies
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that represent the mixing between the scattered object field and a coherent reference
wave. A reconstruction process is performed on the recorded hologram to recover the
object wave.

An early holographic configuration proposed by Gabor, in-line holography, locates
the object and spherical reference beam along the axis normal to the recording screen. In-
line holography represents the simplest realization of the holographic methods as it can
be done without the use of lenses. Holograms obtained from this configuration exhibited
numerous distortions and image quality after reconstruction suffers from the
superposition of a twin image. Also, conventional photographic recording and optical
reconstruction of recorded holograms required chemical processing and mechanical
refocusing of the reconstructed image. These problems have delayed applications of
holography as a method of recording and reconstructing the amplitude and phase of an
object field.

Attempts at overcoming these problems led to various schemes of off-line holography
[81-85]. Recently, trends in digital processing techniques have renewed interest in both
in-line and off-line holography, opening new frontiers in digital holography with
promising applications in research and industry.

Digital holography consists of digital sampling of a hologram on an array of charged-
coupled device detectors (CCD), and digital reconstruction of the object field through a
numerical algorithm [14-15]. Advantages of digital holography include fast acquisition
speed in recording holograms and ease of numerical manipulation of the reconstructed
object field parameters. Existing applications include shape and deformation

measurement [86-87], color display [88-89], information storage [90], object recognition
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[91-92], information encryption [93-94], optical scanning holography [95] and

microscopy [96-100].

Recently, digital in-line holographic microscopy (DIHM) with a spherical reference
field has emerged as an attractive tool in 3D imaging of biological objects and micro-
spheres with micrometer resolution [17-19,101-103]. An underwater version of DIHM
has been developed for imaging biological specimens in the ocean environment [104]. In
this configuration, the spherical reference field that illuminates the object is generated by
a static pinhole aperture located perpendicularly to the incident laser beam. This produces
a magnified interference pattern of the scattered object field in the hologram plane. Apart
from its simplicity and lens-less imaging, DIHM with spherical reference beam
configuration allows for rapid acquisition of hologram images and minimizes the effect
of twin image in the reconstructed image [17, 105].

Recently, DMDs have been introduced into digital holography systems. Applications
of a DMD in off-axis digital holographic recording and reconstruction have been
demonstrated [28-29]. In these works, DMD have been used to create the object wave in
holographic stereograms and for real-time display of synthetic holograms in optical
reconstruction, respectively. Also, a technique that adapts the modulating properties of
the DMD to computer generated video holography through characterization of the DMD
microstructure have been proposed [106]. Results from these experiments show the
suitability of DMD applications to digital holography.

In this chapter, we explore a technique for programmable computer control of the
point source in DIHM. This reconfigurable point source is achieved by using the DMD

as the primary source of the spherical reference field that illuminates the object. In
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addition to eliminating any mechanical scanning procedure in the DIHM, the ability of
our proposed system to individually address the DMD mirror elements allows us to
change the location and vary the size of the point source with respect to the object
position. This consequently generates translated holograms of the object at each location
of the point source.

One major advantage of this technique is the possibility of expanding the limited field
of view in DIHM by combining new information in the reconstructed holograms to
generate a single image with a wider field of view. Another potential application of our
system is the opportunity of extracting the axial information through depth discrimination
at different planes in the object. A translation in the spatial position of the point source
changes the illumination angle with respect to the location of the object. Hence, features
at successive planes through the objects are illuminated at different angles, resulting in
more depth information being collected compared to using on-axis illumination. To the
best of our knowledge, in-line digital holography with a programmable point source
using DMD has not been presented prior to this work.

We begin by describing the DIHM principle and present a ground work for the
numerical reconstruction algorithm employed in our demonstration. Then, we present our
proposed programmable point-source DIHM with challenges posed by the use of DMD
for this purpose. We demonstrate the possibility of expanding the field of view and
extraction of the depth features by reconstructing holograms of Latex micro-spheres

deposited on a microscope slide.
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4.2 Principle of DIHM with Spherical Reference Field

4.2.1 Hologram formation

A general setup for spherical reference field DIHM is shown in Fig. 4.1. The pinhole
generates a spherical reference field from an incident coherent light. An object located at
a distance S from the pinhole generates a scattered field which interferes with the
undiffracted reference wave to produce a magnified interference pattern on the CCD
plane located at distance D from the pinhole. With no lenses, the magnification of the
interference pattern is produced by the ratio between distance D and S. The resulting 2D
interference pattern, called an in-line hologram, is electronically recorded and a

numerical reconstruction process is applied to recover the object field.
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Figure 4.1. Schematic of spherical reference beam DIHM
The holographic recording process is described mathematically as follows. If R(x, )

with real amplitude A,(x,y) and phase ¢, represents the complex spherical reference
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field generated by the pinhole, and O(x,y) is the scattered field from the object with real

amplitude A4 (x,y) and phaseg,, such that

R(x,y) = Ag(x, y)exp™ ™), (4.1)

O(x,y) = A, (x, p)exp™ ™, (4.2)
The mixing of the two fields at the CCD (hologram) plane generates an interference
field H(x, y), such that

H(x,y)=R(x,y)+0(x,)

: : 4.3
= Ay, exp”ﬁk(xa}’)_'_ A, expl¢u(X,y) ) ( )

The intensity pattern W(x,y) resulting from the interference field H(x,y) is the in-line
hologram recorded by the imaging device.

W (x, ) =|H(x, )|,
=(R+O)R+O)*, (4.4)

= RR*+RO*+0OR*+00*,
= AR +A4,> + RO*+OR*.
where * denotes the conjugate complex. The real part of W (x,y) can be expressed as
W(x,y)= Re[AR2 + 4,7 +24p4, expi(¢”(x’y)_¢R(X’y))]. (4.5)

The first and second term of equation 4.5 represent the reference and scattered field
intensity respectively. The third term is the holographic diffraction pattern resulting from
the interference between the unscattered reference field from the source and scattered
field from the object. Thus for holography, the pattern observed in the captured hologram
results from the difference between the phases of the two interfering waves. This is based
on a condition that the holographic diffraction term dominates the captured image. To

satisty this condition, the amplitude of the reference field must be stronger than that of

the scattered field. For in-line holography, such as shown in Fig. 4.1, this means the
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object must be transparent or consist of small opaque objects on a large transparent
background so that the unscattered reference field on the CCD plane is stronger than the

scattered field.

4.2.2 Reconstruction Process

Reconstruction recovers the 3D structure of the object field from the recorded 2D
hologram. Historically, the silver halides used as the hologram recording media required
wet chemical film-developing process before an optical reconstruction of the object could
be obtained. Also, the optical reconstruction process required mechanical refocusing of
the reconstructed image to obtain 3D information and only the reconstructed intensity is
made visible. However, digital reconstruction of the holograms alleviates these problems
through fast numerical manipulation of the reconstructed field where both the intensity as
well as the phase of the object can be calculated. It also eliminates the complex wet
chemical film developing procedure in the conventional optical reconstruction method.
Generally, the numerical reconstruction is treated as a diffraction problem using the
captured hologram as the diffracting aperture. There is a large body of prior work on
reconstruction [14-15, 110-114] and here we recapitulate the key aspects. When the
reference field is incident on the hologram as shown in Fig. 4.3, the diffraction pattern of
the complex wave-field generated at some distance d behind the hologram plane is

calculated. From equation 4.1 and 4.4, this process can be expressed as
R(x,y)W(x,y) = RAp” + RA,” + R(RO*)+ A0 . (4.6)
If the scattered wave is much less than the reference wave, the second term can be

neglected such that
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R(x, Y)W (x,y) = RAp* + A> O+ R(RO¥). 4.7)

Thus the reconstructed image consists of three terms. The first term in 4.7 represent the
reconstruction of the undiffracted wave passing through the hologram (zero diffraction
order). The second term corresponds to a virtual image and represents the reconstructed
object wave obtained at distance d separating the object from the hologram plane. The
third term corresponds to a real image which appears as a defocused mirror image of the
virtual image. This is also called a twin image. In principle, the real image can be
retrieved by multiplying W (x,y) by R(x,y) * and propagating it in the opposite direction
by a distance —d. In the plane of the virtual image, the zero order and defocused real
image constitute an unwanted noise in the reconstructed image as shown in Fig. 4.2
[107]. Here a reconstruction of USAF 1951 target slide in off-axis configuration is

presented.

" Virtual
¢ Image

Figure 4.2. Reconstructed image showing the zero order, real and virtual image

For in-line holography image reconstruction, the three terms are superimposed since

the reference field illuminates the object on axis. This represents the major motivation for
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the development of off-axis configurations since the three terms can be separated
spatially and a numerical filtering operation applied to remove the zero order and the twin
image [107-109]. However, in DIHM with spherical reference beam as shown in Fig. 4.1,
the effect of twin image is drastically reduced by reason of geometry. If distance S >> A
(wavelength of the reference beam), then the twin image is in focus at the same distance
on the other side of the point source. Thus the signal produced by this image is smeared
out over the background of the reconstructed virtual image [17].

The most popular numerical reconstruction methods in digital holography include the
well-known Fresnel diffraction integral method [14-15, 110] and the angular spectrum
method [110-111]. Recently, an algorithm based on Kirchhoff-Helmholtz transform (first
suggested by Gabor [78]) has been developed and applied to reconstruct DIHM images
[17, 102-105]. In this algorithm, undesired background noise due to imperfection in the
primary light source (laser beam) is corrected by constructing a contrast image of the
hologram. The contrast hologram is obtained by subtracting the background intensity
(captured with the object removed from the field of view) from the recorded hologram.
As a result, a dark background in the reconstructed image is obtained. For fast processing
and simplicity, the Fresnel-Kirchhoff integral forms the basis of our reconstruction
algorithm in this work. In [110], it has been shown that if the distance between the object
and hologram plane is many optical wavelengths, then the Kirchhoff-Helmholtz
transform approximates the Fresnel-Kirchhoff integral.

For holograms captured using the configuration in Fig. 4.1, the reconstruction
algorithm evaluates Fresnel-Kirchhoff diffraction integral over the hologram plane using

the convolution approach [15]. If (x,y) and (X,Y)represent the coordinate at the
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hologram and reconstruction plane, respectively as shown in Fig. 4.3, the complex

amplitude of the reconstructed field, based on Fresnel-Kirchhoff diffraction integral, can

be expressed as follows:

Referencg
beam ‘/\/)\V/

»
>

/’
o " /’
|
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»
>

) d

Hologram plane Image plane

Figure 4.3. Hologram and image plane coordinate system
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U(X,Y,d)= i [© [ wa»r@.) % G + % cos wjdxdy . (48)

where R(x, y) represents the reference wave incident on the hologram W(x, y), and S is

the distance between a point in the hologram and image planes:

B=A(x=X) +(y-Y)* +d* . (4.9)
For small numerical aperture (NA) in the hologram plane, we approximate the obliquity

factor cosy =1. For fast reconstruction using equation (4.8), a convolution approach is

used to obtain an equivalent numerical processing such that

Ux,v,d)=[" [ W R »)GX -x,Y - y,d)dxdy (4.10)
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where G(X —x,Y —y,d) represents the spatial impulse response function of the system,

given by

G(X-x,Y-y,d)= 4.11)

fexp ©
AP
To simplify expression (4.10), we obtain the reconstruction distance d in terms of the

magnification introduced by the spherical reference field during hologram recording. If

1/2

we assume ( D,d >> (x* +y*)"?), using Fresnel approximation we obtain

2

A —i—D .
R(x,y)= %exp A exp P and (4.12)
A _i*%a . )
O(x, y) =~ 2 (:;’ Y exp 2! exp it | (4.13)
27 (x* +y7) 27 (x* +y7)

where ¢, (x,y,D)= and ¢,(x,y,d)=

are the phases of the
A 2D A

reference and object wave at the CCD (hologram) plane, respectively. Thus the

interference phase in the hologram can be determined as the difference between ¢,

and ¢, such that

27z (x* +y?)

A¢(x’y»D)=¢o(an’ad)—¢R(x,y,D): P

(4.14)

where d is defined in terms of distance d and fringe magnificationm as
d=md. (4.15)
The magnification m represents the ratio that gives a measure of object magnification

with respect to the source of the spherical reference field as

m=——"=" (4.16)
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In the reconstruction process, the distance d represents the geometrical location of the

reconstruction plane with the spherical reference wave. Replacing d with d modifies

expression (4.9), (4.10) and (4.11) as follows

U(X,Y,d):f j” W (x, )G(X —x,Y — y,d)dxdy , (4.17)
where
GX—x,Y—y,dy=—"L (4.18)
A B
and
B=Ax-X) +(y-1)? +d> . (4.19)

The application of expression (4.17) requires using two fast Fourier transforms
(3(w)and 3(G)). Taking the inverse Fourier transform of the product will yield the
complex reconstructed field of the object [15]. The intensity /(X,Y) and phase ®(X,Y)
of the reconstructed wave are calculated as

I(X,Y)=|U(X,Y)|" and ®(X,Y)=tan"" (M] (4.20)

Re(U(X,Y))

To reduce the effect of the background noise in the reconstructed image, the intensity
image of the spherical reference beam (with no object) is captured and subtracted from

the hologram to obtain a contrast hologram image [17-18].

4.3 Resolution Limits in DIHM

Factors that limit the achievable resolution in DIHM have been treated extensively with

developed criteria for achieving lateral as well as depth resolution [102-105, 115-116].
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To obtain high resolution, recording of fine and resolved spatial details of the interference
fringes is required. The minimum requirement for resolving two scattering points in the
reconstructed image is to ensure that at least the first modulation minimum and maximum
in the holographic interference pattern are captured [103-104]. Also, it has been shown
that only fringes spaced more than 3 CCD camera pixels apart contribute significantly to
object reconstruction [104]. From consideration of basic sampling, this means the CCD
pixel size must be smaller than at least half of the oscillating period of the fringes.
Generally, the factors that affect the resolution of the reconstructed image in DIHM
include the size of the pinhole used, size and position of the CCD, pixel density and
dynamic range in the hologram, location of the object between the pinhole and CCD,
temporal coherence of the light source, and wavelength of the reference wave. The
pinhole size determines the spatial coherence of the spherical reference beam with a
smaller pinhole size leading to a higher spatial coherence of the reference light. A study
on the coherence effects in DIHM shows that using a smaller pinhole size and a source
with high temporal coherence improves the obtainable resolution by narrowing of the
spatial impulse response [115]. A method of achieving submicron resolution in DIHM by
decreasing the wavelength of the reference beam or increasing the effective NA using
dielectric material of higher refractive index between the object and CCD has been
demonstrated [117]. In terms of these geometrical parameters, the lateral resolution of

two points separated laterally by distance a can be expressed as

o> (4.21)
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VD> +(0/2)°

in Fig. 4.1, 4 is the wavelength of the reference beam and Q represent the CCD array

where NA = is the numerical aperture (NA) of the system configuration

width. Thus the NA and the wavelength of the reference beam used in DIHM
significantly affect the obtainable lateral resolution.

For a given CCD size, the NA of the system can be increased by decreasing the
distance between the point source and CCD. However, due to the finite pixel size of the
CCD, there is a limit to which the recording distance can be decreased. Hence the
resolution and effective number of interference fringes in the recorded hologram are
significantly restricted. This means achieving high resolution in DIHM requires an
optimization of these resolution-limiting factors. In [18], suggested point-source-to-CCD
distances, D, for a given CCD area (13.8 x 9.2 mm) and wavelength A are: less than 24
mm for He-Ne gas laser (A=633 nm), less than 29 mm for green laser (A4 =532 nm) and
less than 33 mm for blue lasers (A =473 nm). It should be noted that the ratio between the
distances D and S (point-source to object distance) determines the useful fringe
magnification (enlargement of the interference pattern) in the captured hologram.

Depth resolution in DIHM is difficult to achieve but can be improved considerably by
using a very large screen [102-103]. For two points located along the optical axis (depth
direction) and separated by distance a, the resolution can be expressed as

A

oz .
2(NA)?

(4.22)

Thus the achievable depth resolution is proportional to the inverse square of the NA. This

consequently limits the resolution of the 3D image reconstruction in DHIM.
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4.4 Limitations in the Current DIHM Configuration

In addition to the limited achievable resolution, other constraints imposed by the
resolution limiting factors on the reconstructed images of DIHM include the restriction of
the achievable field of view and limitation on the projection view in the reconstructed 3D

image to that provided by the static pinhole.
4.4.1 Restriction on the field of view

The field of view (FOV) in DIHM is defined as the area in the object plane magnified by
the spherical reference field and captured in the hologram. Since the resolution and
effective number of interference fringes in the recorded hologram are limited
significantly by the size and position of the CCD, it is difficult to achieve the desired
resolution and wide field of view simultaneously in the reconstructed images, especially
when imaging an object that extends over an area of larger dimension compared to the
NA of the system. For such objects, it may be difficult to capture interference fringes
from every part of the object for a given CCD position. This usually results in a
reconstructed image with limited FOV since the object areas that contribute to the
resolvable interference fringes in the recorded holograms are restricted.

Apart from the pixel size and recording distance, another resolution-limiting factor
that also restricts the FOV in DIHM is the size of the pinhole used. The pinhole size
determines the spatial coherence of the spherical reference beam with a smaller pinhole
size leading to a higher spatial coherence of the reference light. As a result, the resolution
is improved due to narrowing of the spatial impulse response [115]. In [102-103], it has

been shown that the illuminated area in the object plane, as well as the FOV, depends on
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the pinhole size. The higher spatial coherence obtained from smaller pinhole leads to an
increase in the illuminated area in the object plane. A demonstration by reconstruction of
a USAF 1951 test target (408 nm wavelength and NA = 0.2) for 0.5 pm and 2 pm pinhole
size resulted in a FOV of approximately 0.61 mm and 0.36 mm in the reconstructed
image respectively. Better resolution was obtained in the reconstructed image
corresponding to 0.5 pum pinhole size. Also, a FOV of 1.4 mm was obtained in a
reconstruction of 1 um latex beads (532 nm wavelength and NA = 0.2) using 0.5 pm
pinhole. The limiting effect of the pinhole size on the reconstructed FOV was also shown
when the reconstruction plane is moved closer to the pinhole. This shows that a wider
FOV can be obtained by using a smaller pinhole size provided the CCD is large enough
to capture considerable interference fringes. Other pinhole sizes that have been used in
DIHM include 10 ym [116] and 1 um [17, 116].

Attempts at improving the FOV in an off-axis digital holographic microscope have
been proposed [118]. In [118], a lens array (located behind the object) is used to reduce
the interference angle between the object and reference beam to below the maximum
limited angle imposed by the CCD pixel size. The decrease in the radiating angle from
the object resulting from the lens array increases the spatial frequency of the interference
pattern captured in the hologram. As a result, a reconstructed hologram with a wider field
of view is produced. Also, a system based on a synthetic aperture technique that uses
linear CCD scanning to capture a larger area of the hologram in lensless Fourier-
transform holography has been proposed [119]. By linear scanning, a hologram with

wider FOV at high resolution is composed from an orderly patching of several holograms
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recorded at different linear CCD positions to generate digital hologram with 5000 x 5000

pixels.

In a DIHM configuration, there are three possible ways to achieve a wider FOV for a
given resolution: 1) CCD scanning (where the FOV restriction is caused by the CCD
size); 2) translation of the object across the FOV; and 3) translation of the point source. A
method of obtaining a wider FOV by CCD scanning technique has been reported [119].
The possibility of enhancing the FOV by object or point-source translation involves
recording of holograms at different object or point-source spatial locations respectively.
This is followed by a process that combines all the reconstructed images of the recorded
holograms into a single image with a wider FOV. Similar to confocal microscopy
applications, point-source scanning can be achieved by mechanically moving the pinhole
or using software controlled pinhole array [22, 24]. In addition to eliminating the
mechanical scanning procedure required to move the object across the reference beam
path, the programmable point source can be reconfigured rapidly and potentially allows
the size of the point source to be reconfigured easily.

In this context, our aim is to explore the utilization of a spatial light modulating array
to expand the limited FOV of the reconstructed image in DIHM by spatially scanning the
point source over a certain area. The reconfigurable point source is achieved by using the

DMD as the primary source of the spherical reference field that illuminates the object.

4.4.2 Restriction on the 3-D Image Projection View

A common technique of extracting the 3-D information in digital holography involve the
generation of a stack of 2D holographic reconstruction planes from a single 2D recorded

hologram. The reconstructed planes in the stack are obtained by changing the distance of
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back propagation in the numerical diffraction integral (equation 4.8). Thus, a 3D
reconstruction of an object is obtained when all the 2D reconstructed planes are
combined to form a 3D image. In DIHM, however, the use of static pinhole in the current
configuration limits the projection view of the reconstructed 3D data to the direction of
the CCD in hologram recording. This makes it difficult to obtain a different projection
view of the 3D image which can be used to extract depth information about the object.
Since the limited depth of field in DIHM is due to the elongated depth of focus [120-
121], achieving good depth resolution requires the use of a large recording screen or high
numerical aperture (NA) system, since the depth resolution is proportional to the inverse
square of the NA.

Attempts at improving the axial resolution in digital holographic microscopy using
both on-axis and oblique illumination have been proposed [117,122]. In this
configuration, a Fourier transform of 9 recorded holograms (1 on-axis plus 8 off-axis)
corresponding to differently tilted illumination on the object plane is used to generate a
set of elementary apertures. From these holograms, an expanded synthetic aperture that
improves the spatial cut-off frequency of the microscope lens by a factor of 3 is obtained
by combining the generated elementary apertures. Based on this concept, the idea of
translating the position of the point source in DIHM can potentially provide the capability
of extracting the axial information at different planes through the object. A translation of
the point-source spatial position changes the illumination angle with respect to the
location of the object. Hence, features at successive planes through the objects are
illuminated at different angles, resulting in more depth information being collected

compared to using on-axis illumination.
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In addition to utilizing the DMD to improve the FOV in DIHM, we aim to extract the

axial 3D information of an object using different projection views in the holograms

captured at different point-source scanning positions.

4.5 Programmable Point-Source DIHM

4.5.1 Coherent Light Source

The source of coherent light for our programmable point-source DIHM (PP-DIHM) is
Elforlight high power (HPG4000, 532nm wavelength) green diode pumped solid state
laser with maximum output power of 4W. The use of high power laser (class 4) provides
the possibility of increasing the light intensity obtainable from each DMD mirror
element. However, for such high power laser, a safe work environment is required to
protect the general public and the environment from harm (eye hazards, skin hazards, and
fire hazards), and to protect property from damage and loss. Thus several safety measures
were put in place. These include construction of laser protective enclosure (shown in Fig.
4.4 (a)) on optical bench using Acrylic laser viewing window (orange color, good
visibility and optical density of 4+ at 375-532 nm wavelength), interlocks to prevent light
from escaping when the enclosure is opened, laser curtain to provide another protective
layer to the enclosure, display of laser warning signs and wearing of appropriate laser
safety goggles.

The control panel (shown in Fig. 4.4 (b)) provides the necessary control for the light
emission through the laser head. Figure 4.5 show the layout of the HPG4000 laser head

on the optical bench with mirrors to direct the emitted beam path to the DMD.
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Figure 4.4. Laser protective enclosure and laser head control panel

Mirror Beam Neutral Laser
dump density  head
filter

Figure 4.5. Layout of the HPG4000 laser head

4.5.2 DMD Hlumination and Challenges

The DMD chip used is Texas Instruments 0.7 XGA 12° DDR DMD Discovery mounted
on a controller board. It consists of a 1024 x 768 array of 13.68 um x 13.68 um
aluminum mirror pixels with 14.68 um pitch. The DMD is connected to the host
computer system via the USB 2.0 port. This connection provides a reliable low cost
connection at a rate in excess of 100 frames per second. We controlled the DMD

elements through set of programs written in Microsoft Visual Basic 6.0. This code uses
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the Microsoft Active X control interface to communicate with the DMD via the USB 2.0

port. The DMD chip and the controller board is mounted at 45 degrees to the surface of
the optical table (shown in Fig. 4.6 (a)) and illuminated with a coherent laser light
(532nm wavelength) at about 20 degrees to the chip normal so that light from the ON-
state mirror element is reflected perpendicularly to the chip as shown in Fig. 4.6 (b). The
diameter (1/e?) of the collimated incident Gaussian beam is approximately 3mm with
total power of 0.3W. This illuminates about 204 DMD pixels along one dimension. The

estimated light intensity from one DMD mirror element is approximately 7 pW.

OFF-state
direction of light
532nm coherent
laser light
ON-state
direction of
light

Optical Bench

surface —_
CCD
(a) (b)

Figure 4.6. Schematic diagram of DMD chip orientation and illumination

When the DMD is illuminated, the 2-D periodic structure of the square elements
causes the incident field to be spread into several diffraction orders with each resembling
the coherent incident beam profile. These background diffracted orders are fixed in space
and any changes to the states of the mirror elements only redistribute the intensity of light

among the orders. The preliminary measurements taken for three-different states of the
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DMD mirrors are shown in Fig. 4.7. When all mirror elements are in flat state (Fig.

4.7(a)), the measurement shows some diffraction orders in the direction of the CCD

All DMDs in Flat state All DMDs in OFF-state One DMD in ON-state

Incident Reflected

(b) (©)

(d) (e)

Figure 4.7. Effect of background diffracted orders on reflected light from the ON-state mirror element: (a)
when all mirror elements are in Flat-state, (b) when all mirror elements are in OFF-state, (c) when only one
mirror element is switched to ON-state, (d) when 3x3 mirror elements are switched to ON-state, and (e)
when 6x6 mirror elements are switched to ON-state.

located in perpendicular direction to the chip normal. These orders are of same size as the
primary coherent illumination beam. Figure 4.7(b) shows the measurement taken when
all elements are in OFF-state (blazed grating). The location of these diffraction orders are
fixed in space and only some intensity redistribution among the orders was observed. To
enable us see the diffracted orders, the exposure time of the CCD was increased slightly.

When only one mirror element is switched to ON-state (Fig. 4.7(c)), interference fringes
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at every location of the background diffraction orders are observed. These fringes are the
result of the superposition between the diffracted order of the “OFF” elements and light
from the ‘ON” mirror element. Increasing the number of mirror elements in the ON-state
(i.e. Fig. 4.7 (d) and (e)) leads to an increase in the light intensity with more light
concentrated at the center.

The presence of these fringes poses a potential challenge to the realization of suitable
spherical reference beams in DIHM using DMD. It makes the reconstruction of the
recorded hologram difficult by using expression (4.17). Hence, in order to eliminate the
fringes and obtain light from “ON” elements only, a method that removes the background

diffracted light is required.

4.5.3 Experimental Setup and Background Light Removal

Figure 4.8 shows the photograph of our programmable point-source DIHM (PP-DIHM)
setup with a spherical reference beam. The schematic diagram of this setup is provided in
Fig. 4.9. A collimated laser beam illuminates the DMD chip. To reduce the fringe effect
in the field of view, we employ a simple but effective method to spatially separate the
ON-state reflected light from background diffracted beams. This is achieved by locating
lens L1 (flI=150mm and 25mm diameter) at a focal distance from the DMD elements
such that the collimated background light is focused at a certain distance behind the lens
and ON-state reflected light is collimated behind the lens simultaneously, as shown in Fig
4.9. An ink drop on a cover slide (perpendicular to the beam path and positioned at back
focal plane of L1) is used to stop the focused background diffracted light that falls

directly within the field of view, while the other background diffracted orders are blocked
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Figure 4.8. Photograph of the programmable point-source DIH

with an iris located behind lens L1. The light from the “ON” element is transmitted
through the cover slide to be used in the next stage of the setup. In order to completely
block the focused light, we ensured that the diameter of the ink spot is slightly larger than
the focused spot. A shadow of the ink spot appears in the collimated beam and
consequently in the field of view of the captured hologram. However, this does not pose a
serious limitation as we will see in the reconstructed holograms.

The reflected light from the “ON” element, transmitted through the cover slide, is
brought into focus by lens L2 (f2=25mm and 25mm diameter). This focused spot
represents the point source (spherical reference beam source) in the system. A typical
diffraction pattern from 10x10 “ON” mirror elements (without the ink spot) captured at
approximately 10 mm from the focal plane is shown in Fig. 4.10 (a). As the number of

the “ON” elements is reduced, the size of the central main lobe (zero order) is increased.
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Hence, for a single DMD element, the size of the central lobe is increased beyond the

diameter of the iris opening so that only light from this lobe is admitted into the aperture

of L1.
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element at Incident . y
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f e on a slide
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Figure 4.9. Schematic diagram of the programmable pinhole DIH

The size of the point source is determined by the number of the “ON” DMD elements
and the demagnification between lens L1 and L2 (f1/£2). Typically, the minimum size of
the point source in this configuration for a single element in the “ON” state and
demagnification factor of 6 (f1/£2=150/25) is approximately 2.2 pum. It is possible to
obtain smaller point-source size by using more powerful lens combination with high NA.
The size of the point source can be reconfigured by simply varying the number of the
elements in the “ON” state. Light from the focused spot propagates spherically towards
the object plane (located at distance S from the focal plane) and generates an object

scattered field that interferes with the undiffracted spherical reference field at the CCD
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plane (located at distance D from the point source). The CCD (Qimaging Retiga 2000R)

is set to a resolution of 1200 x 1200 pixels with 7 pm x 7 um pixel size.

(a) (b)

Figure 4.10. (a) Diffraction pattern from 10x10 DMD elements, (b) DMD coordinates

4.5.4 Holograms Recording and Reconstructions

To record holograms, one DMD mirror element is switched to ON-state and translated to
different position on the DMD plane. Consequently, this process moves the focused point
source to a different lateral position to create translated holograms of the object. In
addition to the recorded holograms, background light intensity is captured for each
position of the point source. This is achieved by translating the object out of the hologram
field of view such that only the spherical reference light transmitted through the clear part
of the slide is captured.

The holograms captured at different lateral position of the point source are
numerically processed by subtracting the corresponding recorded background intensity.

The resulting hologram contrast image is reconstructed by evaluating the Fresnel-
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Kirchhoff diffraction integral over the hologram plane using a convolution approach in

expression (4.17).

4.6 PP-DIHM Analysis

4.6.1 Translations in the DMD and Hologram Plane

Scanning of the pinhole requires the translation of the “ON” element in the & — 77 plane of
the DMD over a certain switching interval equivalent to some number of elements. If the

number of switching steps on & —and 7 -axis of the DMD plane is denoted by 7, and
T, , respectively, and if n, and n, represent the step size (number of DMD elements in

each step) along their respective axis, switching the position (close to the optical axis) of

the “ON” element from P1(¢,,7,) to P2 (§, +n,T,,notn,T,) automatically translates

the focused spot from say FP1 to FP2 accordingly as shown in Fig. 4.9. The spherical
reference beam is shifted with respect to the object position. As a result, a translation in
the captured hologram is obtained with interference fringes moving in the opposite

direction of the switching. If 7, , and T, , represents the linear translations distance in

olo
the DMD plane and hologram plane respectively, the relationship can be expressed as
follows.

T
—and _ M, (4.23)

holo

where M, = % is the magnification between lens L1 and L2. Thus for a given translation
2

on the DMD plane, the corresponding translation distance in the hologram plane is
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determined by the magnification (M, ) in the system. A higher translation distance in the
hologram plane can be obtained by decreasing M, . However, as M, is decreased, the

pinhole size is also increased which leads to reduction in the spreading and spatial

coherence of the reference wave.

4.6.2 Focused Spot Size of ON-state Beam Light

For light admitted by L1 from the “ON” DMD elements, the combination of L1 and L2
acts as a de-magnifier depending on the ratio between fl1 and f2. This process recreates
the image of the “ON” DMD elements at the focal plane of L2 (FP1). For the
configuration shown in Fig. 4.9, the dimension of the “ON” DMD elements is reduced by

a factor of 6 (ie.f,/f,=6). Thus, the minimum focal spot is 2.2 pum and this

corresponds to a single element (13.68um x 13.68um) in “ON” state (i.e. in position P1).

4.6.3 Resolution Limits

Resolution in our programmable point-source DIHM depends on the achievable size of

the point source and NA in the system. The focused spot size (W), which acts as the

point source for the spherical reference field, is determined by the achievable de-

magnification (M ,) between lens L1 and L2 such that

W o=A, M,. (4.24)

o

where M, = };, and A, , denotes the DMD mirror element size. Thus given M, =6 in

the present configuration, the measured size of the point source is approximately 2.2 pm.

However, with the use of more powerful lenses, smaller point-source size can be
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achieved. Based on the resolution criteria discussed in [29-30], we locate the CCD at a
distance D = 43 mm from the point source. This is somewhat larger than the distance

suggested in [30], i.e.D <29 mm for 532 nm wavelength, to achieve micrometer

resolution. The larger D is due to the CCD size that we used (8.88 mm x 8.88 mm) and

our realizable size of the point source (2.2 pm) based on the current geometry.

Figure 4.11 shows images and holograms of polystyrene microspheres with mean
diameter of 9 um. The spheres were deposited (by evaporation) from suspension in
distilled water on a microscope glass slide. Holograms taken at ON-state mirror element

position Po(&,,77,) (close to the optical axis, see Fig. 4.10(b)) and distance S = 1.7 mm

from the point source are shown in Fig. 4.11(a) and 4.11(e). The contrast holograms in
Fig. 4.11(b) and 4.11(f) are obtained by subtracting the corresponding background
intensity (taken when the slide is moved to an area with no spheres) from the hologram.
The holographic reconstructions of the microspheres (Fig. 4.11(c) and 4.11(g)) show
clearly resolved isolated and clustered microspheres within the FOV. For comparison, a

bright-field compound microscope image of the imaged region on the microscope glass

slide is shown in Fig. 4.11(d) and 4.11(h).

4.6.4 FOV and Reconstructed Object Magnification

Factors that limit the achievable resolution in DIHM have been treated extensively with
developed criteria for achieving lateral as well as depth resolution [102-104]. Another
limitation imposed by these factors is the restricted FOV that is associated with a given

resolution and magnification. When these resolution-limiting factors are managed, such
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that resolved interference fringes are captured, the object area is restricted, especially for

large objects. Increasing the object area (FOV) captured in a hologram for a given

1776 um ; S 39 um

() (b

Figure 4.11. Holograms and reconstructions of 9-um spheres deposited on a microscope glass slide: (a) and
(e) Holograms. (b) and (f) Contrast holograms generated from the subtraction of the background intensity
from the hologram. (c) and (g) digitally reconstructed images. (d) and (f) Image obtained from compound
bright-field microscope. Laser wavelength=532nm; 2.2-um point source; S = 1.7 mm; D = 43 mm; NA =
0.103.

resolution leads to reduction in the magnification m (see expression (4.16)) of the
reconstructed object features. Fig 4.12(a)-(d) shows the holographic reconstructed images
of 9 um spheres at distances S = 1.875 mm, 4.7 mm and 7.3 mm from the point source
respectively. The corresponding estimated FOV in Fig. 4.12(b)-(d) are approximately 0.3
mm, 0.53mm and 0.95 mm respectively. From the images, we observe a reduction in the
magnification of the objects as the FOV is increased i.e. as more object areas are captured
in the recorded hologram. A graph of the relationship between the reconstruction
magnification (in terms of number of pixels) and estimated FOV at various distances (13
holograms) from the point source is shown in Fig. 4.13. This shows that for a given

resolution, determined by the DIHM configuration parameters, the obtained
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magnification in DIHM is compromised as the FOV in the reconstructed images
increases. Since one of the primary tasks of any microscope is to produce a magnified
and resolved image of a given specimen with high contrast, a system that improves the

range of the FOV for a given resolution and magnification at certain CCD position is

Figure 4.12. Bright-field image and reconstructions of 9-pm spheres deposited on a microscope glass slide:
(a) Image obtained from compound bright-field microscope. (b) - (d) Reconstructed images at distance S =
1.875 mm, 4.7 mm and 7.3 mm from the point source respectively. Laser wavelength=532nm; 2.2-um
point source; D =4.3 cm; NA =0.103.

necessary. It should be noted that these results are obtained for 2.2 pm point source.
However, using a smaller point source can increase the FOV and resolution since the

illuminated area in the object and NA is increased.

4.6.5 Relationship between the FOV, Point-source Location and Size

The divergence of the spherical reference beam with respect to the optical axis is

determined by the size of the point source. If a beam is tightly focused, i.e. smaller point-
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source size, it propagates with a larger divergence angle compared to a larger point-

source size. For a focused Gaussian beam, the relationship between the focused spot size
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Figure 4.13. Relationship between reconstructed magnification and the estimated field of view in DIHM
using 2.2 pm size point source. Green laser; D = 4.3 cm.

(W,) and beam divergence half-angle @ (in radians) is [123]

0=—-. 4.25
W (4.25)

o

This shows that the beam divergence @ is directly proportional to the ratio between the
wavelength 4 and point-source size W,. The radius (R) of the spherical reference beam at
any distance Z from the point source is determined by 6. Assuming Z >> W,, R can be

expressed in terms of Z and 6 as

R~0Z. (4.26)
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For an object located at a distance Z = S (see Fig. 4.9), the radius of the spherical

reference beam at this distance defines the FOV in the reconstructed image. Thus the

FOV can be calculated as twice the beam radius at the object plane and expressed as

FOV ~2R. (4.27)

Using equation (4.25) and, given W, = 2.2 um and 4 = 0.532 um, the divergence angle of
the spherical reference beam of our programmable point-source DIHM system is
approximately 0.077 rad. Thus we calculated the FOV corresponding to S = 1.875 mm,
4.7 mm and 7.3 mm as 0.29 mm, 0.72 mm and 1.12 mm respectively. These values and
those obtained experimentally in Section 4.6.4 are quite close. The difference may be
attributed to some imperfection in the spherical reference beam of our system and
inhomogeneities of the glass slide as the reference beam is transmitted through the slide

before reaching the CCD plane.

4.6.6 3-D Feature Extraction by Translation of Point Source

The spatial location of the point source in PP-DIHM, with respect to the object position,
determines the object illumination angle. For a 2-D object occupying a lateral plane and
located at some distance from the point source (Fig. 4.9), a change in the position of the
point source leads to lateral translation of the object in the reconstruction plane, as
discussed in Section 4.6.1. However, for 3-D object with features occupying different
planes in depth, the translation of the point source leads to a change in the illumination
angle. Figure 4.14 shows an illustration with two point objects A and B separated by

axial distance t and lying on optical axis GoG (perpendicular to the hologram plane).
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When these objects are illuminated from point source located at Gy, the illumination
angle (040 and Opo, not shown in the illustration) corresponding to these objects are equal
to zero. Consequently, the corresponding hologram of these objects will superimpose
with the center of the interference pattern at G. The reconstructed image of the objects
(when the reconstructed planes are combined in depth) will overlap when viewed from
the direction indicated by arrow V (from the top of the aligned images) as shown in Fig.
4.15(a). However, shifting the point source from Gq to position FP; through distance A,
changes the illumination angle such that 6g; < 04>. The difference between these angles
i.e. (0a2 - Op)) transform to a separation (Yag; = A; — B;) between the center of hologram
of A and B on the CCD plane. An illustration of the separation between the reconstructed
image of A and B is shown in Fig. 4.15(b). Similarly, when the point source is translated
from FP, to FP, through a distance A,, the illumination angles 04, and 0g; are increased
to 02 and O, respectively. This consequently leads to an increment in the separation
between the holograms of A and B such that Y ag, > Yag.

The illustration in Fig. 4.14 is based on an initial condition which assumes the objects
(A and B) and point source are perfectly located on the optical axis GoG (i.e. a0 = Opo =
0). In practice, however, it is difficult to satisfy this condition. This is due to some offset
introduced by the error in alignment of the central element in the DMD array with the
optical axis. Hence, the initial illumination angle 840 and 05 are not equal to zero. In this
circumstance, FP; may be used to represent the initial spatial location of the point source
with A; representing the offset from the optical axis. Based on the geometry in Fig. 4.14,

A; can be expressed as follows.
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A =—-L (4.28)

Where D and S denotes the point-source-to-CCD and point-source-to-A distance

respectively. The separation between the objects A and B, denoted by t, can be expressed

as follows.
D
CD
G
B
Y ABI
Ay
B, l
Y AB2
A,

S t D-S-t

Figure 4.14. Illustration of change in object illumination angle
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Figure 4.15. Illustrations of the effect of change in illumination angle on 3D reconstruction.

PO CPF Sl 70 (4.29)
S(YABI - YABZ) + DAz

Thus, the depth information of a 3-D object can be extracted by translating the point
source of the spherical reference field and using the corresponding information (Y ap; and
Y ap2) obtained from the recorded holograms.

In addition to the possibility of extracting the depth information, the change in the
illumination angle also allows the different projection view of the 3-D object to be
captured. If the ON-state mirror element is translated across the DMD plane as shown in
Fig. 4.10 (b), the reconstruction of the recorded holograms will show different view of
the 3-D features with respect to the spatial location of the point source.

While this analysis applies only for point sources separated into 2 planes, it does
demonstrate that the ability to translate the point source does provide information by
which axial information can be extracted. We anticipate that more sophisticated
approaches could be devised to convert holograms obtained for more complex samples
into reconstructed images that include axial information. Such an undertaking is beyond

the scope of this work.
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4.7 Experimental results and discussion

4.7.1 Demonstration of Translations in the Reconstruction Plane

To demonstrate the switching capability of our programmable point-source DIHM, we
deposited (by evaporation) polystyrene microspheres (9 um diameter) from suspension in
distilled water on a microscope glass slide. We locate the slide and the CCD at distances
s = 6.25mm and D = 56mm from the point source respectively. These geometric
distances give a fringe magnification m = 8.96. To summarize the hologram recording

process, we switch “ON” a DMD element at position P, (&,,7,) close to the optical axis,
capture the corresponding hologram and the background intensity, then switch the
element to a different position Px(&, £n.T,,n7, £n,T,) to capture the corresponding
hologram and background intensity.

To save time, the switching step on & —and 7 —axes of the DMD plane are
T, =T, =210 and the step size is n, =n, =10 so that 20 holograms and corresponding

background intensity are captured along each axis. The positions corresponding to

T, =T, =*10set the boundary of the mirror elements admitted into the lens system. The

diameter (3 mm) of the collimated Gaussian beam (0.3 watt) that illuminates the DMD
array covers about 204 DMD pixels along one dimension. Thus with reference to the
mirror element at the origin, P, (&,,7,), light from the mirror elements within the region
defined by -100 to +100 on & —axis and -100 to +100 on 7 —axis is admitted into the

system. However, due to the Gaussian profile of the laser beam, a decrease in the

intensity of the reference beam was observed as the “ON” element is translated towards
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the boundary. As a result, the camera exposure time was increased at these positions. The
holograms are numerically reconstructed using the convolution approach in expression
(4.17).

To estimate the translated distance in the reconstructed image for a given shift in the
DMD plane, we reconstructed two holograms corresponding to DMD element position at

Gi(S,,n,) and G2(§, —T.,7n,), where n.= 0 and 1 respectively. The corresponding
translation distance of this shift on the DMD plane is 7, ,= 10 * 14.68 pm = 146.8 pm.

On the reconstruction plane, the estimated translation distance in the captured hologram
is approximately 23.26 pm. This is close to the calculated distance of 24.47 pm obtained
from equation (4.23). Thus for every switching interval (10 mirror elements) on the DMD
axis, a feature in the reconstructed image is shifted over a distance of 23.26 pm.

We demonstrate translation of an object in the reconstructed images by recording 5

holograms with their background intensity at switching positions along the & —axis. Fig.
4.16(a), (d), (g), (j) and (m) show the captured holograms of the microspheres as the
“ON” element is switched to positions P1(&, —107;,7,), P2(§, —=5T;.,n,), P3(&,.n,),

P4(&, +5T;,n,) and P5(&, +10T,,n,) respectively. The coordinates of these positions

are chosen with respect to a starting position P3 (&, ,7,) that corresponds to the mirror

element at the center of the 3mm laser beam that illuminates the DMD chip. The “ON”
element at this position P3 is shifted by 100 DMD pixels in the negative direction on the
& —axis and also by 100 DMD pixels in the positive direction leading to a total distance
corresponding to 201 DMD pixels. The background-corrected images (shown in Fig. 4.16

(b), (e), (h), (k), and (n)) are obtained by subtracting the corresponding background
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Figure 4.16. Holograms, contrast images and reconstructed images obtained by translating “ON” DMD
mirror element to different position on the DMD array.
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intensity from the hologram. These images have been enhanced to provide better contrast
for display purposes. Observation of the reconstructed images in Fig. 4.16 (c), (f), (1), (1),
and (q) shows translation in the location of the reconstructed objects in the field of view.
An estimated translation distance of an identified object (as marked in Fig. 4.16) in the
reconstructed images is presented in Table 4.1. We show in Fig. 4.17 that a linear
relationship exists between the translation distances in both planes based on Table 4.1.

It should be noted that the diagonal translation in the hologram and reconstructed
image is due to the 45 degree orientation of the DMD chip with respect to the optical
bench surface. While we have shown reconstructed images for translation of the ON-state

mirror element along one axis (& - axis), translation along the 7 - axis will produce the

same results, except with a change in translation direction of the object. Translation in
both axes on the DMD plane results in object translation in the region between the

diagonals of the reconstruction plane.

Table 1. Estimated translation distance in the DMD and reconstruction plane

DMD plane Reconstruction
plane
DMD Switching step Translation distance (for
position size (n;) T, = £10)
Pl 10 -100 * 14.68pum = -1468um +232.6um
) 5 -50*14.68um = -734um +116.3um
P3 0 0 0
P4 5 +50*14.68um = +734um -116.3um
P5 10 +100*14.68um = +1468um -232.6um

Thus we have shown the possibility of translating object in the field of view by

simply translating the point-source of the spherical reference field using DMD. We also
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established that a linear relationship exist between the translations in the DMD and
reconstruction plane. Further demonstrations on the advantages of this technique are

presented in the following Sections.

15

0.5f

Translation in DMD plane (mm)

-1 L 1 I I | | P1
'—%.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3
Translation in reconstruction plane (mm)

Fig. 4.17. Relationship between translation in the DMD and reconstruction plane

4.7.2 Demonstration of Enhanced FOV

To demonstrate an expansion of the field of view, 20 holograms (10 holograms along
each axis) and their corresponding background intensity are recorded along each axis. For
larger object magnification in the reconstructed image (compared to Section 4.7.1), we
locate the objects (another slide containing microspheres of 9 pm diameter) and CCD at a
distance S = 1.875 mm and D = 43 mm from the point source respectively. This
corresponds to a magnification m = 23. We reconstructed all the holograms captured to
be combined to generate a single reconstructed image with a wider field of view. It

should be noted that the positions corresponding to 7, =7, =+10set the boundary of the
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mirror elements admitted into the lens system and constitute the limits of the FOV
expansion in this demonstration.
Figure 4.18 shows the captured holograms with their respective contrast and

reconstructed images for 5 positions P3(&,.n,), H2(S, —57.,7,), H3(S, +57;,7,),
H4(S,,n, —5T,) and H5(S,,n, +57,) with camera exposures 12 milliseconds (ms) at

P; and 18 ms at H2, H3, H4, and H5 mirror element positions. For holograms captured at
the boundary positions (not shown), the camera was set to an exposure value of 29 ms.
Lower exposure values are possible by increasing the laser power (we use 0.3W, but the
maximum power available from our laser is 4W). The dark circle in the holograms
represents the ink drop used to block the background diffracted light as described in
Section 4.5.3.

The reconstructed image of the hologram at position P3 (in Fig. 4.18(c)) marks the
initial FOV (approximately 0.3 mm) to be expanded. The area corresponding to this FOV
in the bright-field microscope image of the spheres is marked with a broken circle in Fig.
4.19(b). Regions in the reconstructed images (Fig. 4.18(f), (i), (1), and (q)) corresponding
to new objects translated into the initial FOV are indicated (with a line and arrow). To
expand the FOV, a process that combines regions with new objects in all the
reconstructed images into a single image is necessary. This is achieved through an
algorithm that utilizes edge detection to obtain the location of objects at the peripheral of

the field of view. Using these locations and the recording parameters (7,7, , n.and n,)

of the recorded holograms, a single image with wider field of view is generated as shown

in Fig. 4.19(a). The corresponding field of view is calculated to be approximately 0.79
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56.9 um

(a)

Figure 4.18. Holograms, contrast and reconstructed images for “ON” DMD mirror element positions
P3 (5()’770)9 H2 (50 _5T§9770) > H3 (50 + 5T§7770)5 H4(§07770 _STq) and H5 (goano + STq) . Holograms

are captured at camera exposures 12 milliseconds at P3 and 18 milliseconds at H2, H3, H4 and HS mirror
element positions. S = 1.875 mm; Laser wavelength=532nm; 2.2-um point source; D = 4.3 cm.
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(b)

Figure 4.19. Single image with wider FOV generated from combination of all reconstructed images: (a)
Single image with wider FOV generated from combination of all reconstructed images with new objects in
the initial FOV using 2.2-pm point source (b) bright-field compound microscope of the microspheres
showing initial FOV = 0.3 mm (in red circle) and enhanced FOV = 0.79 mm (mapped out in blue).

mm (marked with bigger solid circle). We obtained this value by multiplying the size of
the array with the pixel size in the reconstructed image. This value gives an expansion of
the initial FOV by approximately 263%.

It should be noted that the results obtained are for a 2.2 um point-source size as achieved

in our current configuration. However, a wider FOV can be achieved with a smaller
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point-source size since more area is illuminated in the object plane than using larger

point-source.

4.7.3 Demonstration of 3-D Axial Features Extraction

To demonstrate the capability of the PP-DIHM system to extract 3-D axial features as
described in Section 4.6.6, we deposited drops of polystyrene microspheres (9 pm
diameter) from suspension in distilled water on both sides of a microscope glass slide of
1 mm thickness (see illustration in Fig. 4.15(c)). The slide is located at distance S =
4.1mm from the point source and illuminated in the direction of the indicated larger
arrow. The brightfield images of plane 1 and plane 2 of the slide using 10x magnification

objective lens are shown in Fig. 4.20 (a) and (b) respectively.

(a) (b)
Figure 4. 20. Brightfield image of 9 pum spheres deposited on both sides of a glass slide as illustrated in Fig.
4.15 (¢): (a) plane 1, and (b) plane 2.

Figure 4.21 (a) shows the contrast image of the captured hologram at position

Po(¢,,n,) - the nearest position to the optical axis. Reconstructions at plane 1 and plane 2

of the hologram are shown in Fig. 4.21(b) and (c) respectively. We obtain reconstructions
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at different planes by changing the distance d in the diffraction integral (expression 4.17).

For plane 1, the value of S (distance from the point source) was obtained to be
approximately 5.05mm. From this, the distance (t) separating the two planes can be

obtained as (S (plane 1) — S (plane 2) = 5.05 mm — 4.1 mm = 0.95 mm).

(c) (d)

Figure 4.21. Depth Reconstruction images: (a) Hologram contrast image, (b) Reconstructed image at plane
1, (c¢) Reconstructed image at plane 2, and (d) Display of both reconstructed plane in focus. Laser
wavelength=532nm; S=4.1 mm, D=50 mm; 2.2-pm point source.

Figure 4.21 (d) shows the rendering of both planes by simply combining them into a
single 2-D image. This rendering method introduces blurry artefacts due to the

background intensity in the reconstructed images of plane 1 and plane 2. The combined
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image is similar to the illustration in Fig. 4.15(b) when viewed from the direction of the

arrow V.

155.8 um

(c) (d)
Figure 4.22 Contrast images to demonstrate the effect of change in illumination angle: (a) — (b). Hologram
contrast image at position Py, (&, +97¢,7,) , P21 (&,,1, —97T,)) , P (&,.n, +9T,) , and Pyp (&, =97, 1,)

respectively. Laser wavelength=532nm; S=3.75 mm, D=60 mm; 2.2-pm point source.

For feature X and Z lying on plane 1 and 2 respectively (as indicated in Fig. 4.21), we
aim to extract the depth information between these features by recording holograms with
different projections of the features. Consequently, holograms corresponding to point-
source  position Py (&, -57.,7n,), Pyp(S, +57.7,), Pa(é,.n,—-5T,) and

P (&,,n, +5T,) are captured (see Fig. 4.7(b)). The hologram contrast images

corresponding to these positions are shown in Fig. 4.22 (a-d).
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(a) (b)

(d)

Figure 4.23 Reconstructed images to demonstrate the effect of change in illumination angle: (a) — (b). 3D
reconstructed images of holograms in Fig. 4.22 (a) — (d) respectively. Laser wavelength=532nm; S=3.75
mm, D=60 mm; 2.2-pum point source.

The reconstructed images of these holograms are shown in Fig. 4.23 (a-d)
respectively. It can be observed that the reconstructed features on both planes (i.e. X and
Z) are translated with respect to the position of the point source as illustrated in Fig. 4.14.
Thus for features located at similar positions on opposite sides of the slide, the
illumination angle 0p is greater than 0. This leads to a change in the projection view of
the reconstructed images and separation between the features on both planes as shown in

Fig. 4.23.
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To extract the depth information between the plane containing X and Z using
expression (4.29), we estimate the distances Yap; and Yap, (referred to the hologram
plane) in Fig. 4.21(d) and Fig. 4.23(a) respectively. These distances are calculated by
multiplying the number of image pixels separating X and Z by the CCD (7.4 pm) pixel
size. Thus Yap; and Yap: are estimated to be 162.3 pm and 418.6 um respectively. The

translated distance (A;) of the point source between positions corresponding to ON-state

DMD element at Po(¢,,7,) and Py (&, —57;,n,) is equivalent to
N, *A
A, :WZIMW' (4.30)

L

where N, =50 is the number of DMD elements in the translation interval on the DMD
plane, A, =13.68um is the DMD pixel size and M, = 6 is the magnification between

lens L1 and L2 in Fig. 4.9. Thus, using expression (4.29) and given the distance D
(between the point source and CCD plane), and S (between the point source and plane 2
of the slide) as 50mm and 4.1mm respectively, the depth information (t) separating the
two planes can be obtained as approximately 0.93mm. This value and the thickness of the
slide (Imm) are quite close. The small difference between these two values may be
attributed to the inhomogeneities of the glass slide as the scattered wave from plane 2 is
transmitted through the slide before reaching the CCD plane. Factors that may be
responsible for the small difference between the two values have been discussed in

paragraph 2 of this Section.
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4.8 Discussions and Future Work

Having demonstrated the programmable DIHM, enhancement of the field of view and 3-
D depth feature extraction, we now discuss of the strengths and challenges of these
techniques. Challenges include several new challenges related to the use of the DMD,
and more familiar challenges associated with the use of a CCD in holography. For the
latter, the extent to which a CCD can be located close to the object is limited by the pixel
size (affects the sampling of interference pattern) and CCD array size (affects the
numerical aperture). Consequently, this also limits the obtainable resolution and restricts
the field of view in the reconstructed images. Also, due to the use of static pinhole in the
current setup (as shown in Fig. 4.1), the obtainable projection view of an object is
restricted only to the location of the pinhole.

Problems introduced by the DMD include background diffraction orders resulting
from the 2D periodic structure of the array and falling within the field of view of the
system. These lead to unwanted interference fringes when light from the ON-state
element is superimposed, as shown in Fig. 4.10(a). Our method of reducing the
background light in the field of view by locating a cover slide with an ink drop at the
back focal plane of lens L1 is quite effective, but introduces complexities in the system.
Care is required to locate the cover slide perpendicularly along the beam path and to
obtain the required size of the ink drop in comparison to the focused spot size of the
background light. This method at least demonstrates a path to more elegant remediation
of this problem through clever spatial filtering. Also, the presence of iris P, which blocks

some of the diffracted background light, reduces the effective NA of lens L1 in capturing
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the light beam from the ON-state DMD element. This consequently limits the minimum
achievable size of the point source at the focal plane of lens L2.

The key to achieving larger NA and removing the complexity introduced by the
spatial filter (e.g. ink drop on a cover slide) is to reduce the background diffracted light
from the DMD. Given the trends in technological advancement and the general desire to
increase contrast, future generations of DMD chips may have less significant diffraction
effects. Light scattering from the DMD chip has been improving steadily by advances
such as reducing the spacing between the mirror elements and depositing a dark layer on
the backplane of the DMD mirror elements.

Another potentially limiting factor is the low brightness obtained from ON-state
mirror element. This results from the spreading of the collimated input beam over many
DMD elements. To achieve high intensity of the light from a single ON-state element, a
high-power input laser beam is required. Fortunately, affordable and powerful diode-
pumped lasers are available.

As for strengths of the technique, in addition to enhancing the field of view in the
reconstructed image and extracting the axial 3D information of an object through
acquisition of 3D projection views, as shown in the demonstration, the programmable
point-source scanning technique using the DMD provides the flexibility in reconfiguring
the size of the point source. This removes the physical limitation imposed by the pinhole
size in the prior spherical reference field DIHM configurations. Our approach also
eliminates the need for a mechanical scanning procedure in translating the sample or the

CCD camera across the beam path.
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Future work will involve refining the optics to reduce the size of the point source and
exploring other applications of the scanning point source in DIHM. One possibility of
reducing the limited size of the point source is to increase the magnification between lens
L1 and L2 through the use of more powerful lenses with high NA. For a smaller point
source, compared to 2.2 um in this demonstration, the radial intensity variation in the
spherical reference beam profile across the captured hologram field of view is reduced
significantly. However, the minimum point source size that can be achieved will also
depend on the diffraction limits of the system.

Another potentially interesting application of the scanning point source in DIHM is
particle tracking using different fields of view in the holograms captured at different
scanning positions of the point source. Through this method, the path traced by an object
in the field of view can be obtained. However, with the present configuration, the extent
of tracking will depend on factors that include the limits on the projection illumination as

defined by the number of mirror elements admitted into lens L1 and point-source size.

4.9 Summary and Conclusions

This work addresses the limitations imposed on the field of view and 3D projection view
by the static pinhole aperture in spherical reference field DIHM. We exploited the
reconfigurable capability of DMDs to program the point source of the spherical reference
field in DIHM and analyzed the effect of using DMDs for this purpose.

By individually addressing the DMD pixels, the translation of an ON-state pixel to
different locations in the DMD plane is achieved. This leads to translation of the source

of the spherical reference beam. A demonstration using 9um spheres deposited on the
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microscope slide and 2.2pum point source shows translation of the captured holograms
with respect to the location of the point source. Combination of the reconstructed image
of these holograms shows an expansion of the field of view by approximately 263% for
the given point-source size and fringe magnification of approximately 26. This is also an
improvement of more than 200% over the FOV = 0.36 mm obtained using a 2um static
pinhole in [104]. Also, translating the programmable point source and using the recorded
translated holograms of 9um spheres deposited on both sides of microscope slide, 3D
reconstructed images shows discrimination between objects lying in difference planes.
Other advantages of our proposed system include the ability to reconfigure the size of the
point source and also the elimination of any mechanical scanning procedure in the
spherical reference beam DIHM configuration.

We discussed some of the challenges associated with the use of DMD in this
technique and present some future works which include refining the optics and
application of this method to particle tracking.

In conclusion, we find several potentially valuable and interesting application of
DMDs in DIHM. However, these are not without significant technical challenges. Future
work will determine ultimately if the overall cost benefit tradeoffs favour future

incorporation of DMDs for this purpose.
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Chapter 5

Implications

5.1 Introduction

The principal objective of this thesis was to enhance the limited dynamic range of a
digital optical microscope and to develop a reconfigurable point source for use in digital
holographic microscopy. To achieve this goal, our approach exploited the properties of
DMDs to the proposal of flexible and reconfigurable microscope systems. We used
DMDs to spatially control the illumination on both the specimen and CCD plane, and
applied a set of algorithms to extract the necessary information required to generate an
enhanced image. However, the performances of our proposed microscope systems were
limited by challenges that are inherent to the use of a DMD as a SLM. Nonetheless, we
hope that the proposed techniques will provide a useful path forward for improved
qualitative and quantitative measurements through digital optical microscopy and digital

in-line holographic microscopy.

5.2 Summary

In the first part of the research work, presented in Chapter 3, we proposed an application
of DMDs to dynamic range enhancement of a digital optical microscope through an

adaptive feedback illumination system. This technique combined DMD-camera
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geometric mapping and adaptive feedback algorithms to achieve pixel level control and
spatial modulation of the DMD.

In the second part of the research work, presented in Chapter 4, we proposed an
application of DMDs to programming the point-source of a digital in-line holographic
microscope with a spherical reference field. In addition to eliminating any mechanical
scanning procedure in the spherical reference beam DIHM configuration, this technique
allows the point-source size to be reconfigured with ease, enhancement of the field of
view in the reconstructed image and acquisition of different projections of the specimen

to extract depth features in 3D image reconstruction.

5.3 Contributions

The contributions of this research work can be summarized as follows.

5.3.1 Dynamic Range Enhancement

For our first contribution, we proposed an application of DMDs to camera response curve
recovery. We have demonstrated through a simple algorithm that application of spatially
varying intensity pattern to the DMD combined with DMD characterization allows for a
fast, simple and accurate method of characterizing the camera response function. This
work has been published [31].

For our second contribution, we proposed an application of DMD to overcoming the
limited ability of a typical digital camera to capture a wide-dynamic range of specimen
features in a digital optical microscope. We demonstrated a system that uses precise

DMD control of the projector to enhance the dynamic range ideally by a factor of 573.
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We also showed through imaging a honeybee leg in transmitted-light mode that the result
of our proposed technique is quite similar to a MEC method. However, our approach
provides the flexibility in spatial control of the illumination in the field of view without
changing the camera exposure as required in MEC. Also, changing the exposure setting
will potentially offer another degree of freedom in addition to the dynamic spatial
illumination control. This work has been published in brief in [30, 123] and published in
full in [31]. It was also selected for appearance in Virtual Journal for Biomedical Optics

(VIBO) [32].

5.3.2 Programmable Point-Source DIHM

Our third contribution includes the procurement, assembling and testing a laser-based
optical imaging laboratory facility consisting of high power diode pumped solid state
laser, laser safety enclosure, mirrors and lenses, DMD, CCD camera and all associated
software for control purposes. This will serve following work in this and related areas.
For our fourth contribution, we proposed an application of DMDs to programming the
source of the spherical reference field in DIHM. We demonstrated through our proposed
system the possibility of enhancing the limited field of view in DIHM by 263% at high
resolution and magnification. Also, we demonstrated the ability of our proposed system
to extract axial 3D information of an object through acquisition of holograms with
different projection view. This work has been accepted for publication in brief in [33,

125-126], published in full in [34].
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5.4 Performance Limiting Factors

The principal performance-limiting factors in this research work are light diffraction and
scattering from the DMD. In a dynamic range enhancement system with broad spectrum
illumination, the combined effect of these factors creates background intensity in the
CCD that limits the achievable dynamic range of the system. This background intensity
increases the minimum detectable light in each camera pixel and may drive these pixels
quickly into saturation. Thus, in addition to the imperfection in the optics, the DMD
diffraction and scattering effects significantly affects the performance of the system.

In programmable point-source DIHM system with coherent illumination, the DMD
diffraction and scattering effects are more pronounced. As discussed in Chapter 4, the
diffraction due to the 2D periodic structure of the DMD array leads to unwanted
interference fringes when light from the ON-state element is superimposed in the field of
view. Consequently, our method of reducing this background diffracted light using an ink
drop on the slide introduces complexities in the system. The location of an iris behind
lens L1 drastically reduces the numerical aperture of lens L1 and also limits the number
of ON-state mirror elements that can be admitted into the system. This sets the boundary

for the maximum spatial distance that the point-source can be translated.

5.5 Directions for Future Work

Applications of DMDs to achieve flexible spatial illumination control in digital optical

and holographic microscopy have been demonstrated in this thesis. Major advantages of
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these systems with reference to some existing methods have been discussed. However,
some critical factors limit the performance of the systems in the current state. This

research work can be improved along the following research directions.

5.5.1 Improvement on the Overlapping Effect between the Camera Pixels in HDRI

From the geometrical mapping operation, we note that a DMD element spreads into
roughly a 4x4 group of camera pixels, which partially overlaps the group of pixels that
corresponds to the neighboring DMD element. These overlapping pixels may sometimes
be driven into saturation since their intensity contribution comes from more than one
DMD elements. Under this circumstance, it is difficult to achieve the desired intensity for
some camera pixels in the adaptive feedback algorithm. We alleviated this problem by
lowering the desired intensity to where saturation is eliminated for these pixels. Also, a
numerical operation that utilized the measured point spread function of the system to

filter the captured image and improve the calculated HDR data was used.

In principle, more elegant methods for managing this can be devised. This overlap,
which results from the imperfections in the optical imaging system, can also be reduced
by improvements in optical system design. Our use of an off-the-shelf projector in white
light mode creates two problems. We have limited control over the internal optics, hence
suffer significant aberrations that lead to overlap in the image plane. This is exacerbated
by the use of broad spectrum illumination. A custom built imaging system operated with
a monochromatic source could decrease overlap significantly.

Another possible improvement is to maximize the signal to noise ratio (SNR) of the

final image, which requires a combined knowledge of the camera and DMD noise. Light
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scattering from the DMD chip and optical components of the projector results in the
increase of the detected background noise, especially for low DMD levels. The effect of
camera noise in our measurement was reduced by combining contributions from all
images captured in the iteration process. Maximizing the SNR of the final image will
depend on how successful the overlapping effect can be reduced. This process will allow
the DMD intensity-modulation range to be maximized without resulting in saturation in

the image.

5.5.2 Refining the Optics to Reduce the Size of the Point-source in DIHM

As discussed in Chapter 4, the achievable resolution as well as the field of view in DIHM
depends on the size of the point source used. This determines the spatial coherence of the
reference beam and narrowing of the spatial impulse response of the system. One
possibility for reducing the limited size of the point source is to increase the
magnification between lens L1 and L2 through the use of more powerful lenses with high
NA. For a smaller point source, compared to 2.2 pm in this demonstration, the radial
intensity variation in the spherical reference beam profile across the captured hologram
field of view is reduced significantly. However, the minimum pinhole size that can be

achieved will depend on the diffraction limits of the system.

5.5.3 Automation of the Programmable Point-source DIHM System

Our prototype set up is much slower than necessary due to time required to (1) update the
ON-state switching software (using Microsoft Visual Basic 6.0), (2) capture and store the
holograms with their corresponding background intensity from CCD (using Qimaging

Pro suites), (3) reconstruct the holograms (using Matlab software), and (4) stitch the
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reconstructed images to obtain an enhanced single image (using Matlab software). Thus,
considerable time is required to communicate between the software components to
execute certain tasks. Future work could improve on this by speeding up the algorithms
and integrating all associated software. Also, a numerical method that estimates the
background intensity from the captured holograms will potentially save the time required

to capture background intensity for every point-source position.

5.5.4 Particle Tracking Using Programmable Point-source DIHM System

Another potentially interesting application of the scanning pinhole in DIH is particle
tracking using different fields of view in the holograms captured at different scanning
positions of the point source. Through this method, the path traced by an object in the

field of view can be obtained.

5.5.5 Explore the Advantage of Multiple Point Sources (2-D array of pinholes)

A DMD is capable of allowing in-line holography from multiple point sources, such as a
2-D array of point sources. This represents a further step from the axial depth feature
discrimination as demonstrated in Chapter 4. In principle, multiple point sources can
improve depth resolution in DIHM since information about the object from different
projections is captured in a single hologram. However, there is need for a smaller point-
source size and higher numerical aperture compared to our present configuration. We
also envisage a complex reconstruction algorithm will be required to recover the object

field due to the multiple point source of spherical reference field.
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