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ABSTRACT 
 
Imaging biological samples comes with a unique set of challenges. One of those 
challenges is accounting for the thickness of the samples, requiring us to use three-
dimensional imaging techniques. Due to their low refractive index, light usually passes 
thought these biological samples. This allows us to get information from the samples in 
the form of light, through methods such as Fourier Ptychographic Microscopy (FPM) and 
phase-contrast microscopy. This opens a world of possibilities for different model and 
algorithm designs to tackle the problem of 3D imaging. In this work, we optimize over an 
implementation of Fourier Ptychographic Microscopy for a multislice forward model in 
order to obtain marginal gains in intensity and phase contrast that result in significant 
improvements to the outcome intensity and phase images. 
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1 Introduction 
 
Machine learning has gained a lot of popularity in the last few years. This is due to its 
effectiveness for resolving a variety of tasks that otherwise are difficult to solve just from 
a theoretical standpoint. In particular, when it comes to image classification and 
superresolution problems, machine learning grants us a big advantage that enables us to 
rely more on the computational power of the computer, with some remarkable results. 
When it comes to microscopy, there is ample research on different types of computational 
methods and algorithms that tell us how to harness this computational power to get 
images with more resolution, wider field of view (FOV), higher numerical aperture (NA), 
and lower computation times that, depending on the problem at hand, provide noticeable 
improvements on the outcome. 
 
In the case of imaging biological specimens, which pose the unique problem of having a 
low refractive index, which makes them look transparent in the microscope, one such 
method is Fourier Ptychographic Microscopy (FPM). FPM is an imaging method that 
takes several low-NA, low-resolution images and computationally stitches them together 
to get a high-resolution image. The setup for FPM consists of a regular microscope with 
an LED array that is located right below the sample plane. This LED array then is used to 
get the low-resolution images by lighting either one light at a time or one pattern of light 
at a time. Modeling the light coming from the LED array as plane waves, this enables us 
to get more information about the sample than what taking just one image with a regular 
microscope would. Now, to generate this high-resolution image, the FPM algorithm 
requires thousands of images, so naturally the process is slow and uses a lot of 
computational power. Since when it comes to biological samples the samples themselves 
might move, and the speed of the image capturing process is not high enough, this often 
leaves researches unable to collect enough measurements to reap the benefits of FPM. 
Therefore, in order to avoid this problem, for this project we used dead flatworms as 
samples. This enables us to focus on optimizing the FPM algorithm without having to 
worry about capturing time. 
 
The usefulness of FPM can be extended to the three-dimensional case as well. This is a 
very important scenario because it has applications for in situ studies and provides more 
information for thick samples that cannot be regarded as two-dimensional as it is usually 
done in conventional microscopy. This is still a new field of study and the research for 
computational techniques for three-dimensional microscopy is ongoing. In this work, we 
use a multiscale forward model found in the literature, but make significant changes to 
the algorithm to obtain intensity and phase images that contain more information, in the 
same amount of time. 
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2 Background 
 
2.1 Problems in microscopy 
 
Generally speaking, there are two things that we care about when we are imaging a 
sample: intensity and phase. If we have these two components, we basically have an 
image of the sample. An intensity image is a data matrix whose values represent 
intensities, within some range, at each pixel of the two-dimensional image of the sample 
we are imaging. A phase image is a data matrix that records the phase shift of the light 
passing through the sample at each pixel of the two-dimensional image of the sample. 
The quality of an image is dictated by the amount of information carried by these two 
images, which are constrained by several limitations of the system as well as artifacts of 
the imaging process. One important such artifact are optical aberrations. Optical 
aberrations occur when the incident rays of light that are far from the lens miss the focal 
point, thus causing blurring in the resulting image. This is a big problem in microscopy 
and the way FPM handles this is by digitally correcting the wavefront of the incident 
light. Note one of the assumptions made in FPM is that light propagates in the form of 
plane waves whose wavefront changes as it passes through the sample and into the lens. 
 
Another inherent limitation found in all imaging processes is numerical aperture. 
Numerical aperture (NA) is a dimensionless number that is used to characterize the range 
of angles over which light can pass though the circular objective of the lens; more 
formally, the numerical aperture of an optical system is defined as the product of the 
refractive index of the medium in which the lens is working and the sine of the maximum 
ray angle against the axis of the sample plane. The reason why NA is important to 
consider is because much of the light that passes through the sample, after being 
diffracted, missed the objective lens, so only a small portion of that light makes it 
through. The result is what you would expect: a circular cropping of the image of the 
sample (as well as, most importantly, lost information in the form of intensity and phase). 
FPM allows us to go beyond the natural NA of the optical system. 
 
2.2  Performance parameters 
 
As we mentioned above, NA aperture limits the amount of information we get from a 
sample, but what exactly do we mean by information? The end goal of microscopy is to 
get a “good” image, and how we measure the quality of an image, i.e. what “good” 
means, depends on our performance parameters. More light means more information, but 
this does not necessarily mean a better image. There are many metrics used to evaluate 
the performance of an optical system, but the two most often used are resolution and field 
of view (FOV). Resolution refers to the degree of detail which an optical system is able to 
capture from the sample. Field of view refers to the total area that we can observe when 
we look through the microscope. Naturally, the more we can see, and the more detail 
there is in the image, the better. The problem with using these are performance 
parameters is that often they are dependent on each other and trade-offs are needed, that 
is, the more resolution you have, the less FOV you get, and viceversa. 
 



4 
 

 
Figure 1. Diagram of an optical system with an LED array. 

 
Zheng et al [2] use the space-bandwidth product (SBP) as their metric of choice in the 
original paper where they introduce the FPM method. The advantage granted by this 
method is that it combines both of the metrics mentioned above. SBP is the number of 
degrees of freedom that can be extracted from an optical signal and it tells us the number 
of pixels that are needed to capture the full field of view at full resolution. Therefore, a 
large SBP is highly desirable for a lot of biological and biomedical applications. This is 
why computational methods such as FPM are popular in these fields, because they allow 
us to get SBPs beyond the specified SBP of the physical imaging system. 
 
2.3  Fourier Ptychographic Microscopy (FPM) 
 
The idea behind Fourier ptychographic microscopy is placing an LED array directly 
underneath the sample of a microscope and using different illumination patterns (usually 
one light at a time but could be more depending on the implementation) to light up the 
sample with different incident illumination angles. From this process, a number of low-
resolution images are obtained which then are iteratively stitched together to generate one 
high resolution output image. The process by which these images are stitched together is 
as follows: 
 

Step 1: This is the initialization step. To begin, we guess what the spatial-domain 
high-resolution object function (𝐼ℎ, 𝜑ℎ),where 𝐼ℎ is the predicted intensity and 𝜑ℎ 
is the predicted phase of the high-resolution image. Our goal is to improve this 
high-resolution image as we go. We then apply the Fourier transform to (𝐼ℎ, 𝜑ℎ). 
Because the initialization is usually very blurry, the Fourier transform of (𝐼ℎ, 𝜑ℎ) 
creates a broad spectrum in the Fourier domain. 
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Step 2: Here we begin the iteration part. We apply the Fourier transformation to a 
small subregion of the spectrum that was created in the initialization step and we 
generate a new low-resolution image (𝐼𝑙, 𝜑𝑙). 
 
Step 3: We then replace 𝐼𝑙 by the low-resolution measured intensity 𝐼𝑙𝑚 in the 
image object function (𝐼𝑙, 𝜑𝑙)to get (𝐼𝑙, 𝜑𝑙𝑚). Additionally, we recover the phase 
of (𝐼𝑙, 𝜑𝑙) and move this image function back to the Fourier domain, where we 
have it replace the subregion extracted from (𝐼𝑙, 𝜑𝑙). 
 
Step 4: We repeat steps 2 and 3 on different subregions of the spectrum that we 
created in the initialization step. Each subregion corresponds to a different low-
resolution measurement, and the process is repeated for all the low-resolution 
measurements taken. Note that it is important that each subregion overlaps with 
the previous one so that in the end we get a self-consistent image. This, of course, 
adds some inherent redundancy to the algorithm. 
 
Step 5: Finally, in the recovery step, we repeat steps 2 through 4 until the high-
resolution image (𝐼ℎ, 𝜑ℎ) is self-consistent. We moved back (𝐼ℎ, 𝜑ℎ) into the 
spatial domain to obtain the output image. Now this output image has a SBP 
higher than any of the individual low-resolution measurement images. 
 

An additional step is present in the FPM algorithm, and this is the digital wavefront 
correction. Basically, we can further extend the depth of focus (and thus attain higher 
resolution) beyond that of the objective lens if we digitally introduce a phase map to our 
coherent optical transfer function to compensate for optical aberrations at the pupil plane 
during the iterative recovering process. One thing to note is that we use an optical transfer 
function in our model because we are assuming that the lights from each individual LED 
are mutually incoherent. This is done in order to avoid making our model more 
complicated and computationally costly with plane wave interference equations. 
 

 
Figure 2. Setup for Fourier Ptychographic Microscopy (FPM). 
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3 Algorithmic Framework for Three Dimensions 
 
3.1 Multislice Forward Model 
 
There are some adjustments that need to be made in order to be able to use FPM in three-
dimensions, and this is where we had more freedom to experiment with different 
approaches. The main concept in our design to incorporate three-dimensionality was the 
multislice forward model, which can be found in Tian et al [1]. Assuming a thick sample 
(which is why we are interested in the three-dimensionality), we split our 3D sample into 
a series of thin slices. As the light coming from the LED underneath passes through each 
slice, the light field is first multiplied by the two-dimensional transmittance function of 
that slice, and then propagated to the next slice. The air in between slices is assumed to 
be a uniform medium. Note that since we are moving to three-dimensions, modeling light 
as a two-dimensional plane wave is no longer appropriate, so we model it as a light field 
instead. 
 

 
Figure 3. A lightfield accounts for all possible rays of light in 3D, observed from any 

angle. 
 
Once we are done imaging, we reconstruct our three-dimensional image. Within the 
multislice forward model, we make an initial guess and then improve the estimate for the 
sample’s intensity and phase at each slice, as well as an estimate of the pupil function 
aberrations using the FPM reconstruction process. The reconstruction procedure aims to 
minimize the difference between the actual and estimated intensity measurements. The 
usual least-square metric is used for this. 
 
At each iteration, the sample’s transmittance function is updated for each illumination 
angle, and after looping through the images from each of the LEDs, the mean squared 
difference between the measured and estimated intensity images from each angle is 
computed to check for convergence of the images. The multislice forward model 
guarantees convergence in most scenarios. 
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Figure 4. Propagation of light through the multislice forward model.  

 
 
3.2 Optimization 
 
Several variations on the above model were designed and tested, with varying degrees of 
success. As we mentioned above, FPM is a computationally intensive process that is 
known to be slow, specially at the three-dimensional stage. Because of this, we were not 
able to test our model beyond a small number of iterations. Given that we would only be 
testing on a small number of iterations, we opted for some more computationally 
expensive changes that in the end gave us better images in the same amount of 
computational time.  
 
Given a total number of slices in which the three-dimensional sample is split in, instead 
of considering only the two neighboring slices for each slice, we consider the whole set 
of slices, for each slice. This adds redundancy to the model, and it was necessary to adapt 
the multislice forward model to handle big matrices instead of variables, but it enabled us 
to make each successive guess in the multislice model more accurate, which was 
reflected in our marginally (but consistent) mean squared error loss function. 
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4 Results 
 
The experiments were run on multiple platforms, but the fastest one that enabled us to run 
the most iterations was the Amazon Web Services (AWS) platform, through its Deep 
Learning Linux environment. Previous iterations of the code we worked on yielded, after 
200 iterations and a few hours of computation, the following starting points for this 
project: 
 

 
Figure 5. Initial pure intensity (left) and pure phase (right) image outputs. 

 
After the above-mentioned changes were implemented, the output looked more like the 
following: 
 

 
Figure 6. Optimized pure intensity (left) and pure phase (right) image outputs. 

 
5 Discussion 
 
We presented an optimized version of the multislice forward model for three-dimensional 
Fourier ptychographic microscopy. While we incurred in a higher computational cost, we 
were able to get a pure intensity image that contained more information (more light per 
pixel) than the previous iteration of this work. As for the pure phase image, we were able 
to reduce the resulting phase contrast. In Figures 5 and 6, the brighter a point is, the 
bigger the phase shift that took place in that area of the image. As we can see, we were 
able to minimize stark contrasts in phase shift, thus reducing the amount of digital 
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wavefront correction needed at each step of the iterative process. Combined, these 
achievements justify the added redundancy and higher computational cost of our design. 
 
6 Conclusion 
 
As with any optimization problem, there is always room for marginal improvements. In 
the long run, and specially with high iteration numbers and more complex algorithm, 
these marginal gains grow and become significant. Even at a low iteration number we 
were able to see the increased intensity and reduced phase contrast, obtained in the same 
amount of time as previous iterations of the work. Future directions this work could take 
include reducing computational cost and developing algorithms with computational times 
low enough to enable live imaging of these biological samples. 
 
7 Acknowledgements 
 
First and foremost I would like to thank Professor Vidya Ganapati for her many insights 
and ideas for my project as well as her explanations whenever I needed more 
background. I would also like to thank Professor Matt Zucker for his continued support 
throughout this project.  
 
 
References 
 
[1] LEI TIAN and LAURA WALLER, “3D intensity and phase imaging from light 

field measurements in an LED array microscope,” Optica (2015) 
 
[2] GUOAN ZHENG, ROARKE HORSTMEYER and CHANGHUEI YANG, 

“Wide-field, high-resolution Fourier ptychographic microscopy,” Nature 
Photonics (2013) 

 
[3] XIAOZE OU, ROARKE HORSTMEYER, GUOAN ZHENG, and CHANGHUEI 

YAN, “High numerical aperture Fourier ptychography: principle, implementation 
and characterization,” Optics Express (2015) 

 
[4] ROARKE HORSTMEYER, JAEBUM CHUNG, XIAOZE OU, GUOAN 

ZHENG, and CHANGHUEI YANG, “Diffraction tomography with Fourier 
ptychography,” Optica (2016) 

 
[5] JOSEPH W. GOODMAN, “Introduction to Fourier Optics (2nd Edition),” 

McGraw-Hill (1996) 
 
[6] DAVID GEORGE VOELZ , “Computational Fourier Optics,” SPIE Press (2011) 
 
 
 


