A versatile digital holography software for three-dimensional
investigations

M. M. Mansoor*, J. D. Trolinger, J. George
MetroLaser, Inc., 22941 Mill Creek Drive, Laguna Hills, CA 92653 USA

ABSTRACT

This work presents a versatile digital holography software (HOLOA4D) that provides an all-in-one solution for
holographic reconstruction, simulation, de-twining and lens distortion removal in a user-friendly graphical interface. The
software accepts holograms for both, in-line and off-axes schemes with the option to locate and specify the cross-term in
the latter case. Both amplitude and phase shifts are recovered from holograms generated by plane waves using multiple
functionalities for propagation. These include the angular spectrum method, sinc-interpolation, upsampling-lowpass
filter and zero-padding processes that can be applied in a variety of combinations to optimize holographic
reconstructions. The virtual image that obscures the real image in these reconstructions is suppressed using a subtraction
division plus mean (SDPM) normalization procedure or by iteratively updating the complex-valued wavefront in the
detector plane. The use of lenses to manipulate the effective position of the hologram introduces optical distortions.
These are removed by calibrating a dot-pattern hologram reconstruction in a step-by-step auto-detection procedure and
mapping the distortion characteristics to the corresponding object hologram reconstruction. Hologram simulations enable
determining the maximum field-of-view, fringes captured, and the lateral resolution possible based on the imaging
sensor, illumination and setup specifications. The numerical package is used to process holograms of 80 um thick hair
strands, scan the depth-of-field and locate the precise three-dimensional (3D) location of reconstructed objects. The
results demonstrate the versatility of the software to reconstruct, de-twin, undistort and simulate holograms in a user-
friendly manner and its applicability as a robust tool for 3D visualization, education, and holographic research.
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1. INTRODUCTION

Holography has for many years represented the ultimate tool for the study of dynamic three-dimensional phenomenon by
freezing a volume space at many instants of time [1, 2]. Previously severely limited by the requirement of photographic
recording, the emergence of digital holography has removed the requirements and problems with photographic materials.
Recent advances in electronic imaging systems [3], computers and memory have led to the advent of digital holocameras
that can record holograms on small, lightweight, CCD or CMOS arrays at very high rates [4], and offer the many
advantages associated with digital media. By transferring much of the overall optical process into electronics and
software, digital holography offers the possibility of a new, powerful, low-cost and elegant tool for 3D dynamic imaging.

In general, holography types can be divided into two classes, in-line [5 ,6], where the reference wave and object wave
travel in the same direction and off-axis [7], where a small angle is introduced between the two. With Gabor in line
holography, the simplest holography, a single beam passes through the field of interest, light scattered by objects in the
field become the object wave, and unscattered light becomes the reference wave, subsequently mixing with the object
wave to form the hologram. In-line holography is best applicable for highly transparent object fields, while the off-axis
is employed when the object field contaminates the reference wave. Each holography type has advantages and
disadvantages to be considered. Some applications require recording light that has passed through a field of interest, e.g.,
particles on slides or in cuvettes, while others benefit by examining light that reflects from a region of interest such as a
surface or a volume where light cannot pass completely through [8].
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All the optical information carried by a light wave passing through or reflecting from a field is stored in a hologram that
can be saved digitally and processed numerically for wavefront reconstruction. Light scatters from the edge of the model
(object wave) and interferes with the unscattered light (reference wave) to form interference fringes that increase in
spatial frequency and form the hologram. The numerical reconstruction of the fringe pattern projects the rays back to an
image of the edge, allowing an observer to focus on and locate the edges after the recording is made. As each and every
part of the hologram receives light from various points of the object, it is possible to capture and reconstruct at least a
thousand images at different depths from a single hologram. This makes it possible to obtain much more data; however
multiple factors can affect the quality of the reconstructed images such as the resolution of the optical setup, pixel-size
limitations, twin-image noise [9, 10] and lens distortion aberrations [11]. Therefore, it remains challenging to produce
accurate holographic reconstructions.

Existing holography methods do not have the ability to process, reconstruct, de-twin, undistort and simulate digital
holograms in a single software package. These processes are often difficult to implement and optimize and require a high
degree of computational resources. For example, existing software packages for holography, such as ZEMAX® or other
products implemented by programming codes such as C, C++, Python, and Java, generally cannot de-twin and optimize
reconstructions, because the implementation of numerical algorithms to perform simple reconstruction tasks is
computationally consuming.

This paper presents an integrated holographic reconstruction platform, HOLO4D [12] that enables a user to perform
three-dimensional visualization of a phenomenon by reconstructing holograms using multiple normalization and
propagation algorithms, which yields better results in significantly less demanding processing time and computing
resources. Specifically, the integrated holographic reconstruction platform may be implemented as an all-in-one
computer software that includes software components of digital holographic reconstruction, simulation, de-twining and
optical distortion removal via a user-friendly graphical interface. The software processes holograms generated by plane
waves from both in-line and off-axis configurations using a combination of propagation functionalities including the
angular spectrum method [13], sinc-interpolation, upsampling-lowpass filter and zero-padding processes to recover
amplitude and phase shifts and enhance signal-to-noise ratios or resolution in reconstructed images. This makes
HOLO4D a robust tool for three-dimensional visualization.

2. SOFTWARE INTERFACE

The HOLOA4D software consists of three main panels labelled as reconstruction, calibration and simulation that can be
used to upload, process or simulate holograms, save reconstructions as well as load or save reconstruction settings. The
user can scan the depth-of-field and determine the three-dimensional location of reconstructed objects. The quality of
holograms provided in terms of pixel resolution, pixel size and number of interference fringes captured determine the
lateral resolution achieved by the software.  Figure 1 shows the reconstruction panel of the software where the user can
specify reconstruction parameters and process the received hologram.
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Figure 1 Reconstruction panel of HOLOA4D software.



Inputs and settings configured through the interface include paths to the object and reference holograms, setup type,
illumination wavelength, sensor pixel size parameters, system magnification, normalization, propagation method, sinc
compensation, zero-padding, de-twinning iterations, propagation depth and a selection between amplitude or phase
outputs. The coarse and fine sliders can used to change the propagation distance and scan through a volume to find an
object feature. The program accepts object and reference holograms in “.tiff”, “.tif”, “.png”, “.bmp”, “.jpeg” and “.jpg”
file formats. Although a reference hologram is not an essential requirement in HOLOA4D, it is highly recommended to
provide one for improved reconstruction results. Calibration for optical distortion requires obtaining holograms of a
fixed frequency distortion target.

3. WAVEFRONT RECONSTRUCTION

HOLOA4D allows the implementation of multiple different normalization and propagation methods to perform wavefront
reconstructions. The user determines the best possible combination depending on the type of hologram being processed.
The user can select between two types of normalization routines called the division or subtraction division plus mean
(SDPM) normalization. The latter implements a more complex routine to avoid division by small numbers. In addition,
the software offers five different functionalities of reconstruction that can be implemented from in a variety of
combinations. These functionalities include the:

1. Angular spectrum method: The optical field is described as a superposition of plane waves and evanescent
waves which are physically intuitive solutions of Maxwell's equations.

2. Upsampling & lowpass filtering: Employing an up-sampling process before propagation can overcome pixel-
size limitations. The Up-sampling is realized by filling the gaps between measured pixels with zeros. For the
case of diverging illumination, this allows working with significantly higher resolution than the pixel size
would normally allow. Since HOLO4D is suited for collimated illumination, only performing up-sampling
leads to significant artifacts. To avoid this, a low pass filter is applied after the up-sampling process. Two
parameters can be chosen: The upsampling-factor and the lowpass-factor. The upsampling-factor indicates the
factor by which the size of the image is increased during the upsampling process. A factor of 2 indicates that
each second pixel has a zero value in both directions in the up-sampled image. Hence the total number of pixels
is increased four times. The lowpass factor is set relative to the size of the up-sampled image. For a factor of
0.5, the low pass window in frequency space has half of the total size of the fast Fourier transform (FFT). The
low pass values that can be chosen in the reconstruction are 0.34, 0.5 and 0.66 for the 2x2 upsampling process
and 0.17, 0.25 and 0.33 for the 4x4 upsampling process. This means that the potential reconstruction resolution
can be improved by a factor of up to 1.33 at the cost of additional artifacts or decreased by a factor of 0.68 at
the benefit of removing artifacts.

3. Sinc-interpolation: The wave field is sinc-interpolated before it is propagated. The additional sinc-interpolation
yields less pixelated results that are significantly easier to interpret. The order of sinc-interpolation and
propagation does not matter, as both can be described as a multiplication in Fourier space.

4. Zero-padding: The hologram is zero-padded before the actual propagation. This can avoid calculation errors
related to diverging parts of the wave field which otherwise propagate back into the field-of-view from the side.

5. Fast Fourier transform: transforms a hologram from spatial to frequency domain. This feature is used to locate
the (X,Y) center location and width of the cross-term in off-axis holography setups.

An in-line hologram of two 80 um hair strands placed at 54 cm and 72cm from the digital sensor is used here as a case
study to show how the application different software settings change the wavefront reconstructions.  Figure 2 shows (a)
the hair strand hologram (b) reference hologram and (c) the resulting reconstruction at 72 cm using the angular spectrum
method. The beam profile has not been spatially filtered since the software can compensate for noise with normalization
if the reference hologram is provided. Notice how the hair strand on the right side comes into focus but is still obscured
by the fringes of its out-of-focus twin image. The angular spectrum method can also be combined with upsampling and
lowpass filtering to yield less noise or better resolution. This is shown in Figure 3 where a more dominant low pass factor
results in a cleaner reconstruction at a lower resolution while a more dominant upsampling factor produces a higher
resolution at the cost of additional artifacts. If an off-axis setup is used, the cross-term dimensions can be measured by
taking the FFT of the hologram before performing wavefront reconstruction in the software.



Figure 2 (a) Object hologram (b) reference hologram and (c) reconstruction at 72 cm.
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Figure 3 Reconstruction using angular spectrum method with upsampling and lowpass filtering where the (a) low pass
factor is more dominant (b) upsampling factor is more dominant.



4. DE-TWINNING

Due to symmetric reasons, a reconstruction can include two images: the first being a real, orthoscopic image of the
object and the second being a virtual, pseudoscopic image of the object, also known as the twin image. The real image is
out of focus in the twin-image plane and the twin image is out of focus in the real image plane. The twin image can
obscure and add noise to the reconstruction which limits the information that can be extracted from a holographic record.

The twin and object image can be separated experimentally by employing off-axis holography [14] or additional lenses
[15] and subtracting a second hologram created from the reconstruction [16]. For in-line holography, HOLO4D can
perform de-twinning on the fly with reconstruction processes using two different methods. The first method employs an
iterative numerical scheme [17] that calculates the field propagation between the detector and object plane to update the
phase value of the complex valued wavefront in the detector plane. This technique to remove unwanted artifacts caused
by the twin-image is superior to previous methods since it allows numerical reconstruction of holograms without making
assumptions about the object. However, it is also computational expensive and time consuming. The second method uses
the SDPM procedure that not only suppresses the super-imposed out-of-focus virtual image but also requires a
significantly shorter processing time.  Figure 4 shows reconstructions of the hair strand at 72 cm from the sensor using
the (a) iterative numerical scheme and (b) the SDPM method. As observed the differences are dramatic where the
superimposed interference patterns caused by the out of focus twin image are removed in comparison to those observed
in Figure 2 (c). Hence, the amplitude distribution becomes almost free from twin-image disturbances resulting in a
sharper hair image with better contrast. These results indicate that both methods implemented by the software can be
used to suppress twin-image disturbances and obtain unobscured three-dimensional information of an object from just a
single hologram record.

(a) (b)

Figure 4 De-twinning using (a) iterative scheme and (b) SDPM methods

5. OPTICAL DISTORTION REMOVAL

Geometrical aberration is caused by the inability of spherical surfaces to refract all rays of light emerging from one point
to a second point. The simplest lens, a single element with two spherical surfaces, is limited by geometrical aberrations,
known as spherical and chromatic aberration, astigmatism, coma, curvature of field, and many others. Some of these can
be partially corrected by adding additional elements, but extensive correction requires many elements adding to the
expense of such lenses, for example, microscope objectives and camera lenses.

In general, it is not possible to correct all geometrical aberrations for imaging separated points in a large volume by
adding elements. However, it is possible to correct geometrical aberrations for specific functions of a lens, such as
focusing a collimated beam of light to a point, or vice versa, or imaging a specific point on one side to a point on the
other. When geometrical aberrations are essentially removed for a specific function, the lens is said to be diffraction
limited for that function, meaning that nature is limiting the lens and it cannot be improved further without increasing the



lens diameter, decreasing the light wavelength or the distance between the point and the lens. When aberrations are
corrected for such a function, the correction will apply to a small volume around the point for which the correction is
done.

Since a hologram captures and quantifies the wavefront of light emerging from a lens, it is possible to correct for all
geometrical aberrations of the lens during wavefront reconstruction by mapping the aberrations from the distorted
wavefront and undistorting it by a numerical scheme. Therefore, an inexpensive, aberrated lens, when used with
holography, can perform the function of a diffraction limited lens of the same diameter when holographic correction is
applied. HOLO4D can remove such distortion aberrations by correcting the actual wavefront using a calibration process
shown in  Figure 5.

As noted in  Figure 5, the user first records a hologram of a fixed frequency, fiducial dot-pattern spanning the field-of-
view being imaged (a). Assuming the dot-pattern is not aligned perfectly with the sensor-plane axes due to experimental
errors, we purposely rotate the pattern by a 2° angle. The dot-pattern is digitally reconstructed (b) from the hologram and
the position of the dots (x’, y) is recognized using a Circular Hough Transform (CHT) based algorithm [18] (c). The dot
positions obtained are then compared with the fiducial dot pattern coordinates (X,y) to correct for experimental rotation
(d). After correcting the dot-pattern with an equivalent counter-rotation (e), the distortion in the captured image is
mapped by determining the coefficients of a 3" order polynomial transfer function for which at least 10 coordinate pairs
are required in the experimental and reference domains. A larger the number of dot points will result in a better
distortion calibration. The image is then undistorted (f) by applying the polynomial geometric transformation of the
computed coefficients.

(a) In-line hologram (b) Digital reconstruction (¢) Dot recognition
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Figure 5 Distortion aberration removal procedure

The aforementioned numerical scheme is automated and implemented on the calibration panel of the HOLOA4D software
shown  Figure 6. The software requires values for dot spacing, diameter, columns and rows for all dots in the field-of-
view to be detected. Once a calibration is performed and selected, it can be used to undistort wavefront reconstructions.
Figure 7 shows an overlap of the undistorted and distorted hair strand reconstruction at 72 cm. The separation between
the reconstructions of the same hair strand on the right side shows the level of distortion aberration in the optical system.
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Figure 6 Calibration panel of HOLOA4D software
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Figure 7 Overlap of undistorted and distorted hair strand reconstruction

6. HOLOGRAM SIMULATIONS

Since the mathematics behind optical interference and holographic image formation is well developed, it is possible to
simulate any desired situation before the actual experiments. Such simulations offer many benefits, including testing
system designs and procedures in advance. HOLO4D enables the user to simulate the maximum field-of-view, hologram
fringes, and the lateral resolution possible based on the imaging sensor, illumination and setup specifications for an
inline holography system using plane waves. Figure 8 displays an in-line holography scheme with plane waves. Part of
the incident wave is scattered by a spherical object of given diameter, producing the object wave while the unscattered
part creates the reference wave. The object and reference waves interfere behind the object plane (x,y) creating an
interference pattern which is recorded at the detector plane (X,Y) a given distance, z, as the hologram.
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Figure 8. Inline digital holography with plane waves.

Wave propagation from the object plane (x,y) towards the detector plane (X,Y) can be described by the angular spectrum
method, or in other words, the propagation of its spectrum. The scattering vector components given as:

k= :,—'T{ccusn;psinﬂ, singsing, cos8)

correspond to the Fourier domain coordinates (. L] as cosgsingd = Au and singsind = Av where (Au, iv) are the
directional cosines of the vector & following (Aw)* + (Av)* = 1. The propagation of the exit wave, U, (x, v}, to the
detector plane can be carried by the following transformation [13]:
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where the term exp( T J 1 —Clu)? (,11:):) has to be simulated. The achievable lateral resolution imposed by the
diffraction limit in dlgltal in-line holography can is defined as [19]:
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where N denotes the number of pixels, 4 is the pixel size and § = N4 is the hologram side length. The maximum
number of fringes ny,, recorded on the CCD from the center of the hologram are given by the value of n where:
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Figure 9 Simulation panel of HOLOA4D software
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The first fringe in the interference pattern occurs when the scattered and unscattered rays differ in pathlength by one
wavelength. In order to perform digital reconstruction, the resolution of the system should at minimum be able to capture
at least one interference fringe. The maximum fringes captured by any system is dictated by the limit where the view
observed by each sensor pixel becomes larger than the n™ interference fringe width. As a minimum threshold we suggest
capturing at least four interference fringes in hologram simulations for any system. A larger number of fringes recorded
at the expense of a smaller field of view in system design will produce a better lateral resolution with a smaller depth of
field in wavefront reconstructions.

Figure 9 shows the simulation panel of the HOLO4D software. The user can define several simulation parameters
including the imaging sensor pixel resolution, pixel size, system magnification, illumination wavelength, object diameter
and the imaging sensor’s standoff distance z where the hologram is recorded. In-line hologram simulations of a Imm
diameter spherical object subject to a plane incident wave are presented in  Figure 10 using HOLOA4D. The simulations
are conducted for 632 nm wavelength light falling on a 400x250 resolution camera pixel sensor having a pixel size of
32um. The object-to-hologram distance is set to 1m and the demagnifications are varied from a 1:1 to 7:1 ratio in
incremental steps (a-g). The theoretical diffraction limit resolution (R) and maximum number of fringes captured (Nmax)
are givenin  Table 1.

Table 1 In-line hologram simulation results for increasing demagnifications.

Demagnification Field-of-view (mm) Nmax
1:1 12.8 156
2:1 25.6 39
3:1 38.4 17
4:1 51.2 10
5:1 64 6
6:1 76.8 4
7:1 89.6 3

As observed in  Figure 10, the fringes become difficult to capture as demagnification is increased. Fine fringes on the
outer edges and the object shape itself are particularly affected by the change in effective resolution as early as a 3:1
ratio is captured. The hologram resolution becomes increasingly coarser with demagnification while the maximum
number of fringes captured decrease. In order to record at least 4 fringes as a criterion for digital reconstruction
purposes, the imaging sensor in this example can be used to capture approximately a 75 mm diameter field of view for
holographic imaging. This corresponds to a maximum demagnification of 6:1 beyond which the fringes become
extremely difficult to be recorded.

7. CONCLUSIONS

A versatile and user-friendly digital holography software (HOLO4D) is presented that provides an all-in-one solution for
holographic reconstruction, simulation, de-twining and lens distortion removal. The software enables the calculation of
intensity and phase distributions at different distances from the digital sensor using multiple functionalities of
propagation and normalization for both from both in-line and off-axis setups to optimize holographic reconstructions.
The numerical package is used to process holograms produced by 80 um thick hair strands in an in-line scheme. During
the reconstruction process, multiple factors can affect the quality of the reconstructed image. For example, an unwanted
“twin” image can be generated due to symmetric reasons in the reconstruction, that obscures the object. Optical
distortion due to lens aberrations can also result in a distorted wavefront that is captured in holograms. The HOLO4D
software implements normalization and iterative numerical procedures to suppress the twin image and corrects the actual
wavefront for geometrical aberrations by calibrating distortion from the hologram of a fiducial dot-pattern. The software
de-twins and undistorts wavefront reconstruction on-the-fly after a successful calibration. For system design and
analysis, the user can perform simulations of in-line holograms using plane waves to determine the maximum field-of-
view, hologram fringes, and the lateral resolution possible based on the imaging sensor, illumination, and setup
specifications. This makes HOLOA4D a robust tool for developing imaging systems and performing three-dimensional
visualization in digital holography.
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