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Abstract 

New instrumentation and bioimaging devices are needed for viewing, understanding, and modeling key metabolic 

processes in living organisms such as within and among microbial cells and microbial communities in terrestrial 

environments, and/or multicellular plant tissues. Unique features of digital holography can be exploited to produce a 

new type of microscope that will be useful to biologists in studying, understanding. and modeling dynamic cellular 

activity in living biological systems. Digital holographic microscopy enables performing the functions of large 

expensive optics and precision translating devices with software operations that include machine learning and 

artificial intelligence to extract information more efficiently. The paper describes a project to develop an affordable, 

low footprint digital holographic microscope than can optically freeze a 4D space and enable microscopic study of 

dynamic events in a large volume at many instants of time. Thanks to recent advances in electronic imaging 

systems, computers, cameras, and memory, DHM holograms can now be recorded on small, lightweight, CCD or 

CMOS arrays at very high rates, processed in real time, and offer the many advantages associated with digital 

media.  By transferring much of the overall optical process into electronics and software, DHM stores all optical 

information, transmitted and reflected from a biological volume of interest, in a hologram, enabling dynamic, 

microscopic imaging of the entire volume with a relatively small instrument, a capability that cannot be achieved 

with conventional imaging devices. The paper summarizes ongoing experiments and possibilities to analyze the 

hologram, directly, with machine learning techniques, avoiding the computationally costly step of reconstructing 

images.  

1. INTRODUCTION  

1.1 The Requirement 

New bioimaging devices are needed for understanding metabolic processes in living organisms and microbial 

communities. Small footprint devices are needed for in situ, nondestructive, imaging and measurement, independent 

of large, conventional instruments, and must also be easily deployed and affordable in public and private sector to 

make them accessible to the larger scientific community.  

1.2 The Opportunity 

Unique features of Digital Holographic Microscopy (DHM) can provide new ways to study dynamic cellular activity. 

All of the optical information carried by a light wave passing through or reflecting from a field is stored in a hologram. 

That information can be extracted from the hologram in various ways, 1) reconstructing the wavefront computationally 

and propagating it to places in space where its amplitude and intensity provide specific information, such as a focused 

image or a scattering function, 2) adding or subtracting other wavefronts to the reconstructed wavefront to determine 

phase information or to remove system aberrations, allowing low cost, large-aperture, large-area FoVs, 3) directly 

analyzing the hologram with machine learning techniques, avoiding the computationally costly step of reconstructing 

images. Existing software that can learn to analyze an image can, in principle, be employed as well to analyze the raw 

hologram directly, which provides much more information than a focused reconstructed image. 

DHM enables optically freezing a large 4D space, allowing microscopic study of dynamic events in a large volume at 

many instants of time. Thanks to recent advances in electronic imaging systems, computers, and memory, DHM 

holograms can now be recorded on small, lightweight, CCD or CMOS arrays at very high rates, processed in real time, 
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and offer the many advantages associated with digital media.  By transferring much of the overall optical process into 

electronics and software, DHM offers the possibility of a new, powerful, low cost and elegant tool for microbiology. 

1.3 Previous Work 

DHM is used widely to study microscopic particle fields in biology, pollution, and in the atmosphere.1,2,3 The 

feasibility and many benefits of DHM have been well established for over 10 years, and recent achievements with 

DHM in image reconstruction have resulted in commercial ventures that are providing excellent new tools to 

researchers. Most work in the field has concentrated on achieving higher image resolution, and many of the unique 

features of DHM are still unexplored and available for exploitation in microbiology.  

1.4 Summary 

The paper summarizes traditional holographic methods for 3D diagnostics, describes unexploited possibilities for 

DHM, and discusses on-going experiments to develop and implement these possibilities. Possibilities under 

consideration include expanding the viewing volume both laterally and in depth, new ways to extract data quickly and 

efficiently, dynamic recording, electronic image processing, and holographic aberrations correction that can result in 

lower cost systems. The system under development differs from available systems and provides a flexible mix of 

spatial resolution, angular resolution, throughput, field of view, and phase sensitivity by taking digital microscopy to 

a new level. 

2. DISCUSSION  

2.1 Digital Holography 

Holography has for many years represented the ultimate tool for the study of dynamic three-dimensional particle fields 

by freezing a 4D space at many instants of time4,5. Previously confounded by the requirement of photographic 

recording, the emergence of digital holography is removing that limitation. Of the many ways to extract useful 

information from a hologram, the most common is reconstructing and viewing focused images of planes in the volume. 

Faster, more powerful ways involve electronically processing and analyzing the hologram directly, extracting 

precisely the information that is needed, not necessarily from focused images.  

Machine learning (ML) techniques are increasingly used to analyze images, and naturally the topic of machine learning 

applied to holographic imagery arises. Machine learning attempts to analyze complicated data without explicit 

programming, generally by presenting algorithms with example “training” data from which the algorithm develops 

the ability to extract parameters of interest. In biological imaging, these parameters might include any property or 

quantity that can be extracted by optical methods, such as the presence, species, or strain of a microorganism, 

oxygenation of tissues, and concentrations of metabolitesm. Because of the high complexity of real-world images, 

extraction of parameters by direct human analysis is often prohibitively time consuming, so ML is a common 

alternative, especially for analysis of large quantities of imagery. The obvious way to apply ML image analysis to 

holograms is to apply ML algorithms after reconstruction, but reconstruction is often computationally expensive and 

determining the focal depth for reconstruction in arbitrary scenes can be challenging as well. Thus, we are exploring 

ways to use ML techniques without these intermediate processing steps. Software that can learn to analyze an image 

can, in principle, be employed as well to analyze the raw hologram directly, which might be able provide more 

information than can be obtained from a conventional incoherent focused image. 

Microscopic inspection is typically limited severely in field of view (FoV) for micron-scaled objects. Large FoV high-

resolution microscopes require prohibitively expensive large-scale aberration corrected optics. Commercially 

available DHM systems combine holography and standard microscope optics and methods that severely limit field of 

view and require focusing on reconstructed images. Employing in-line holography configurations allows the camera 

to be placed closer to the object but loses advantages provided by off-axis holography and are limited in applicability. 

We envision a system that can take advantage of both in-line and off-axis holography, which is selectable depending 

on the specific application. Lensless DHM systems are limited in resolution to about 5 microns because of currently 

available camera pixel size. Holography enables lens aberration compensation in software, allowing low cost, large-

aperture, large-area FoVs, and this is easily implemented with digital holography where correcting reference 

holograms can be recorded and implemented easily and quickly. 

Some applications require recording light that has passed through a field of interest, for example, 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 
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volume where light cannot pass completely through.  Typical configurations of DHM systems are shown in Figures 1 

and 2.   

 

Figure 1. Digital holographic microscopy system layout for transmission through a volume. 

 

Figure 2. Digital holographic microscopy system layout for reflecting from a volume.. 

2.2 Focus of the ongoing research 

The research described herein is focused on specific applications in plant microbiology. “Soil is one of the last great 

scientific frontiers and the rhizosphere is the most active portion of that frontier in which biogeochemical processes 

influence a host of landscape and global scale processes”6. The rhizosphere, the region around the roots of plants, is 

an extremely dynamic universe containing countless, continuously changing microbes, fungi, roots, root hairs, and 

chemicals in constant interaction on spatial scales from submicron to millimeters and time scales from milliseconds 

to days.  A better understanding of these processes is critical for maintaining the health of the planet and feeding the 

organisms that live on it7. In this research, we will adapt some of the most powerful holography features for enhancing 

the study and understanding of such processes.  

Some of the important microscopic objects are phase objects or possess unique optical properties that are not visible 

in traditional images. Since holograms capture all optical information in a wave passing through a field of interest, 

such information can be extracted from the reconstructed wavefront, for example by separating phase and amplitude 

imaging as well as by specific Fourier transform filtering procedures, enabling visualization of phase objects without 

the usual staining procedures. Also, wavefronts can be compared interferometrically, added, or subtracted to remove 
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unwanted information and noise. Wavefronts can be propagated for measuring scattering functions. Because phase 

information can be quantified to fractional wavelength changes, changes in optical pathlengths in objects can be 

measured with nanometer precision, exceeding the normal resolution capabilities in conventional microscopy. 

The first phase of the research will be focused on developing and demonstrating these possibilities on simulated 

environments. The second phase will move to the study of real biological subjects and problems such as the study of 

the rhizosphere.    

2.3 Experiments 

We assembled a versatile breadboard, transmission, DHM system, shown in Figure 3, employing an off-axis lens-

assisted configuration to demonstrate high resolution wide field microscopy, select and refine data extraction methods, 

and create software necessary to extract useful microscopic information directly from the recorded digital holograms. 

We will demonstrate the capability of this system to record and measure typical critical parameters of biological cells, 

their movements, and changes in time using a flexible and controllable simulated biological system to refine, qualify, 

and characterize the measurement system and identify critical issues.  

While holographic microscopy does not require the use of lenses, a lens-based configuration is necessary for resolving 

particles below about 5 microns in diameter because of current pixel size resolution limitations. Consequently, most 

commercial DHM systems employ standard microscope optics in image relays to achieve necessary magnification at 

the expense of reducing the field of view.  We are testing a imaging relay system with electronic/holographic 

correction of the lens aberrations that places the surface of interest near the recording plane.  Pre-magnification enables 

such a system to meet several practical requirements and to compensate for limitations caused by detector resolution. 

Although subpixel resolution is possible, pre-magnification simplifies system resolution to better than detector pixel 

size.  More magnification results in higher system resolution at the expense of FoV.  So far we have demonstrated 

resolution in a practical system can range from submicron to about five microns with a field of view range of a few 

mm2 to a few cm2.  

 

Figure 3. Optical breadboard digital holographic microscopy system. 

Camera 

Laser 
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Some applications in this research will benefit by employing off-axis holography and therefore, the reference mirror 

will be tilted slightly to produce off-axis holograms, which allow separating the conjugate waves and to reduce noise 

in the reconstructed wavefront. This angle must be kept small to maintain system resolution. Digital holography 

enables simulating lenses and other optical elements in software, allowing arbitrary wavefront aberration correction 

and thus low-cost optics. Applications of digital holography have developed rapidly in the last few years due to 

improvements in computer processing speed and digital imaging sensors, providing a new opportunity to develop 

large-area, low cost, robust, DHM systems. Available sensors can record at rates between 3 FPS for the most sensitive 

to 30 FPS, allowing dynamic tracking in 3D. Collecting so much data rapidly increases the need and benefit of machine 

learning.  

Figure 4 shows reconstructed images from in-line and off-axis digital holograms of a USAF resolution target.  The 

system resolution is seen to be better than 3 microns in this configuration, and we have attained one micron resolution 

with adjustments. 

Figure 5 shows the reconstructed Fourier transforms for in-line and off-axis recordings for the resolution 

target. The Fourier transform plane of the hologram displays the frequency spectrum in the interest field. This 

provides an optimum place for electronic filtering, numerical operations, separation of conjugate images, phase and 

amplitude information, and noise removal by spatial filtering. A double Fourier transform produces the reconstructed 

original wavefront, which can be focused electronically to individual images. The small square shows a zoomed-in 

view of the off-axis hologram, where the carrier frequency is clearly seen.  

 

 

     

 

Figure 4. Images from Digital in-line hologram of a resolution target, left, and off-axis, right.  
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Figure 5. Reconstructed images of a USAF resolution target and the associated Fourier transforms for in-line and off-

axis recordings.  

Figure 6 shows reconstructed images of two planes inside a cuvette, which contains polystyrene spheres suspended in 

water. The planes are separated by one mm. Particles in focus in the left-hand figure are clearly out of focus in the 

focused plane to the right, demonstrating location of the particle in the third dimension to much better than one mm. 

 

Figure 6. Reconstructed images from an in-line digital hologram of two planes in the cuvette that contains 30 micrometer 

diameter polystyrene particles in water. The circle contains two particles, the top one in focus in the left image and the bottom 

one focused on the right image. 

Holograms provide the added feature of observing and quantifying movement in all three dimensions. Movement 

among cells can be observed and quantified in a single hologram by multiple exposures or by making holographic 

movies. Since cell dynamics is important for this study, these methods are being tested and compared for studying 

anticipated movements.  

To simulate the ultimate application for the study of relevant phase biological specimens, we used glass spheres 

suspended in water and adjusted the refractive index mismatch by adding glycerine. We recorded a wide range of 

holograms with different mixtures and conditions to test potential Fourier filtering, electronic image processing, 

system sensitivity, dynamics capability, system sensitivity, and characteristics. Figure 7 contains phase images of the 

spheres where the solution is adjusted so that the spheres are almost pure phase objects with optical thickness around 

50 nm, illustrating extremely high resolution in sensing particle thickness. 
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Figure 7-Reconstructed planes at depths 3.6 mm apart of 40 micron glass spheres in a water and glycerine mixture. Optical 

thickness of the spheres is approximately 50 nm 

Results provided by holographic movies and image subtraction are shown in Figure 8. The left figure shows particle 

images reconstructed from a single frame of the movie. A few particles are clearly in focus, while many are shown to 

lie in a different plane. The right figure is the result of electronically subtracting two different frames recorded with a 

170 millisecond time separation.  This procedure removes much of the optical noise present in the hologram at 

different times, while leaving light patches that were present at both times.  

  

Figure 8-Reconstructed image planes from holographic movie of the same field used in Figure7. Single frame (left) and 

difference between two time separated frames (right), recorded with 170 milliseconds time separation.   

Changing the subject to incorporate objects that may better represent the ultimate objects of interest, we extracted 

liquids from water that had been in the presence of plant roots for several days, recorded holograms of the un controlled 

mixture and searched for random images. Figure 9 shows such an image of an unidentified fibrous object, one of many 

existing in the sample. The left image is the direct focused image and right is the result of holographically subtracting 

the background. 
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Figure 9-Reconstructed image of objects existing in water extracted from plant root conditions. 

 

2.4 Extracting Data from Holograms 

Many ways exist to extract and process information from holograms, some of which were demonstrated in the 

experiments described above. In addition to those, we plan to examine various types of holographic 

interferometry, using separate reference waves, wavefront shearing, and interference between light passing 

through a particle field with light scattered from the edges to determine particle size (a particle sizing 

method known as “ILIDS”). If the hologram is transferred to a spatial light modulator, it becomes an optically 

addressable hologram, representing a digital to analog conversion the hologram, providing the equivalent to a “remote 

window” into a different space.  

Extraction Directly from the Hologram: The idea of directly analyzing holograms without reconstruction is not new 

and frequently appears in the form of “fringe analysis.” Many of the applications of DHM would be expected to rely 

on machine learning techniques and so we have been investigating the application of standard ML techniques to 

holograms. This could bypass computationally expensive reconstruction processes, and this improved efficiency 

would be especially useful in the types of high-throughput applications where ML is most commonly used. The 

particular application we are investigating is the problem of classifying features in the sorts of noisy backgrounds 

encountered in biological applications. A key property of a hologram is that it can record the entire light field that 

produces the image. Given a hologram taken at any plane in the optical system, the image that would be produced 

with focusing optics at any other plane can be computed. Since the hologram contains all of the information, it should 

be possible to apply ML techniques to classify holograms just as well as either conventional or reconstructed images. 

This image classification problem is appealing in that it is one of the most common ML applications and is generally 

well understood with respect to conventional intensity images. 

Machine Learning:  Machine learning in image analysis and classification is now widespread and routine and is applied  

in related applications.8 Recent investigation in directly analyzing holograms for feature localization by Hannel et al.9 

points to a need for recognition methods that directly exploit the phase-sensitive nature of holograms for machine 

learning. Hologram use in analog pattern recognition has a long history and was used for to detect circuit board defects 

over 30 years ago.10 The natural extension to digital holography by Schulze et al.11 showed nanometer-scale sensitivity 

to phase differences in wafer defect detection, including detecting phase features that are invisible in intensity images, 

a key point in the present application, wherein the microbial targets have high phase contrast but low intensity contrast. 

There is still significant room for improvement with regard to its applicability with relatively random organic surfaces. 

Jo et al.12 recently demonstrated deep learning for anthrax detection in holographic images of prepared slides. One 

hypothesis we will test is that modern machine learning has the capability to sort through the statistics of the dense 

information space of high-resolution holographic images in order to extract the particular phase signatures of 

biological cells against a complex background. 

We began with TensorFlow, an increasingly popular open-source machine learning library, for the machine learning, 

although we will also look at other approaches. Multi-layer neural networks will probably be necessary due to the 
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complexity of the problem, and convolutional neural networks (CNNs) are a natural first place to start since the 

problem is closely related to image classification, one of the traditional strengths of CNNs. Convolution with a 

propagation kernel is often an effective method for hologram reconstruction as well, so one would expect that CNNs 

might be naturally adept at folding reconstruction-like processes into the analysis. 

Machine learning is expected to function effectively using the phase-degenerate raw hologram, which contains more 

information than an image, while eliminating defocus blurring. In effect, a raw hologram shifts the ambiguity in the 

field reconstruction from the spatial frequency domain (defocus blurring of the image) to a more complex phase 

ambiguity. Our hypothesis is that the phase ambiguity of the hologram has much less impact on recognition of cellular 

activity than defocus blurring. The fact that reconstruction can be done without phase shifting (albeit with some 

ambiguity) is already well known in holography, and there are deconvolution techniques that take advantage of known 

properties of the object to inform image reconstruction without full resolution of the phase ambiguity. A deep network 

has been demonstrated that is capable of hologram reconstruction without phase shifting,13,14 so it is reasonable to 

think that process can be folded into the machine learning. 

While the classification of cells and bacteria has been demonstrated by closely related methods, most of the work has 

been done with cultures and prepared slides. Our biological samples may be more complex and highly scattering, 

which means that the holograms will have substantial speckle. The signatures of the cells will then appear as 

modulations of the speckle statistics. These statistics carry quite a bit of information, but at the same time they are 

notoriously difficult to model analytically, which is one reason why machine learning is an appealing approach. There 

has been some success demonstrated in using deep learning to image through scattering media via speckle 

correlation,15 which is largely the same problem, and this at least is an encouraging sign that an end-to-end machine 

learning approach might be able to classify phase objects on top of speckle patterns. 

The method Li et al13 used for imaging through scattering fields found that they were able to train the system with 

different instances of phase screens with the same statistics and successfully extract images from new phase screens, 

which is broadly how we envision this system to work. It would be trained for a specific type of biological surface 

and learn to discriminate objects against that particular class of surfaces. As with most problems of this type, the 

training would require significant computational power, but the trained recognizer could be implemented in embedded 

software or firmware. 

To illustrate a potential application of direct analysis of the hologram using ML, consider a problem of recognizing 

microbes on rough biological surfaces using the system illustrated in Figure 2. We can test this possibility using 

simulated images, since we can easily generate large training sets, enabling parametric studies of the techniques 

before conducting experiments. Simulating a plane wave from a random rough surface with numerical propagation, 

image the wave with a simulated lens while randomly varying the distance to the surface to simulate positioning 

jitter. The complex field is interfered with the reference wave to simulate the holographic image and is used to train 

a conventional image classifier in Tensorflow. In one image set, we introduce phase-amplitude objects on the 

surface to simulate a microbe or colony of microbes, while the other set is an uncontaminated surface with the same 

statistics. Now train the same classifier with stationary focused images with and without holography to determine 

the effect of focus jitter on classifier performance and the degree to which holography improves the classification 

accuracy relative to conventional imaging. 

 

Our propagation approach is the well-known “angular spectrum” method, which relies on convolving the hologram 

with a propagation operator, H(u,v,z).  Reverse propagation with this operator is also an effective method for 

hologram reconstruction. 

 

Where, H(u,v,z) =exp(ikrfz),  (1) 

 rf=(1-2u2-2v2)1/2 (2) 

and k=2/ (3) 

The effect of the focused imaging lens is the conjugate of this operator, since it effectively “unpropagates” the wave, 

so if the lens is focused and image and object distances are di and do, it acts like the conjugate operator over the 

distance d=di+do (2f for unmagnified imaging): 

 

   𝐻𝑙𝑒𝑛𝑠(𝑢, 𝑣) = exp(−ik𝑟𝑓2(d𝑖 + d𝑜))              (4) 
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Where the random distance is D and the mean (focused) distance is d, and the Fourier representation of the product 

of the random surface screen with the illumination field is G(u,v), the complex field at the sensor will be 

 

𝐹𝑖𝑚𝑎𝑔𝑒(𝑢, 𝑣) = 𝐻𝑙𝑒𝑛𝑠(𝑢, 𝑣)𝐻(𝑢, 𝑣,D)𝐆(𝑢, 𝑣)            (5) 

 

Depending on the construction of the optical system, the illumination field may vary somewhat with D as well. 

The lens propagator and the distance propagator cancel each other except for the defocus, so this is equivalent to  

 

𝐹𝑖𝑚𝑎𝑔𝑒(𝑢, 𝑣) = 𝐻(𝑢, 𝑣,D-d)𝐆(𝑢, 𝑣)       (6)  

The hologram can then be simulated by superposing fimage(x,y) in direct space with the reference wave to get the 

interference pattern. The direct information from the hologram classified the surface at least as accurately as the 

focused ones for this limited case. The classifier worked for this case with 98% accuracy, picking out objects with 

the object randomly moving in and out of focus over a few hundred micrometers. Although this first test was a 

simple case, the simulation demonstrates the potential effectiveness of ML. 

 

2.5 Summary and Conclusions 

The forgoing paragraphs describe the approaches and initial developments in a work in progress to expand the use of 

digital holographic microscopy in plant microbiology. We have demonstrated a capability to resolve and continuously 

track particles in a dynamic volume of microscopic particles over a volume of a few cubic centimeters. This will 

enable the detailed study of biological cell colonies and their interactions with microbes in a size range from 

micrometers and up. We have presented a wide range of options for extracting information from such a volume, 

information describing the particles, their movements, interactions, and phase. We have shown, by simulation, the 

potential for extracting information directly from the hologram, quickly and accurately in a noisy environment. 

2.6 Future Work 

The research described herein will prepare the way to demonstrate the uses and advantages of digital holographic 

microscopy in plant microbiology. In the next stage, the instrument will be applied to study the properties of relevant 

biological samples, and eventually to conduct research in plant biology, visualizing and quantifying the dynamics of 

biological systems. We will produce a full range of DHM holograms for a variety of biological problem sets and apply 

the diagnostic procedures developed in the research. 
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