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Chapter 1: Introduction
How fast can we see? The human visual system is estimated to perceive the world at a
rate of 30 to 60 FPS. Any movement or oscillation faster than this frequency is
imperceptible to our naked eye. Augmented with cameras and computers, we are now
able to record images of the world beyond hundreds of thousands of FPS, allowing us to

observe phenomena that cannot be captured by the naked eye.

The ability to make near instantaneous observations of the world is key to many
scientific research endeavors. For example, rocket combustion experiments in the
aerospace research rely on high-speed imaging devices for data collection, as a
minimum of 100,000 FPS is required to analyze the extremely fast movements resulting
from combustion. Image cytometry in biology also relies on high-speed cameras to
record the characteristics of each cell among tens of thousands of cells, making it
convenient for researchers to filter out the cells useful for research. Fluid dynamics,
structure mechanics, and many other fields similarly rely on the ability to perceive the
world at high frame rates. Beyond the sciences, industrial processes often rely on
high-speed imaging for both quality control on production lines and development

purposes.

In the past decades, high-speed camera manufacturers have been pushing the limits of
high-speed imaging, enabling the study of ever faster and higher frequency
phenomenon. Early high-speed imaging relied on rotating mirrors film cameras, which
developed from cameras designed by Kodak that could capture images at a rate of 5,000
FPS, and progressed to technology capable of capturing 1M FPS. Subsequently,
although there were a series of different types of high-speed film cameras (such as
streak cameras and rotating prism cameras), film-based high-speed cameras have

reached their theoretical maximum performance due to physical limitations.

The emergence of digital imaging technology, especially the use of silicon-based CCD
and CMOS sensors, became the mainstream development approach for high-speed
camera sensors by achieving higher frame rates, lower power consumption, and on-chip
processing. CCD structures can provide high-quality and low-noise images, but CMOS
can parallelize and partially read the subregions of sensors at high rates. Due to the
widespread use of CMOS structures in consumer devices, they have received more

development, and currently, many commercial companies (e.g., Photron, Vision
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Research, DEL Imaging, IX Cameras, NAC, Weinberger, Shimadzu and LaVisionn) are
working on developing CMOS-based high-speed cameras. In the early stages, Etoh et.al.
developed a high-speed camera based on CMOS sensors that could capture images at
4500 FPS. Recent advancements have enabled high-speed cameras to achieve 100M
FPS.

In digital imaging, the endeavor to faithfully capture and store visual data from a scene
is a sophisticated procedure that involves several integral stages. The overarching
objective is to encapsulate the essence of the scene within the confines of a digital
device. The initial stage involves harnessing the raw visual data from the scene through
a sensor. This sensor transforms the analog scene information into a discrete digital
signal, typically referred to as a ’RAW’ image. An intrinsic characteristic of this
transformation is the introduction of noise, an artifact that often becomes more
prominent with increased shutter speed. Subsequent to this initial acquisition, the RAW
image undergoes further refinement. Typically, an Image Signal Processor (ISP) within
the imaging device processes this RAW data, optimizing it to produce an RGB image.
This RGB image is a representation closer to human visual perception, encapsulating
the richness of colors and details inherent in the scene. Once processed to satisfaction,
the RGB image is then committed to the device’s storage, ensuring that the visual data

is preserved for future access and analysis.

However, extreme observation rates are challenging for the following two fundamental

limits:

1. The amount of light recorded by the camera sensor is inversely proportional to the
rate of acquisition. For extremely high recording speed, the signal to noise ratio of
recorded light becomes too small for traditional ISP to process.

2. The amount of data transfer, processing, and storage capacity needed grows
proportional to the recording rate. Thus, the speed at which one can record is

fundamentally limited by the available hardware and software.

In this dissertation, we mainly introduce two optimization algorithms designed to
address limitations encountered by imaging devices during imaging. The first approach
aims to address underexposed images arising from insufficient ambient lighting by
deploying image denoising techniques. The second strategy seeks to overcome

transmission limitations of imaging devices by employing video frame interpolation,
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thereby achieving higher FPS. In addition, we propose a method intended to minimize
the memory consumption of deep learning (DL) models, facilitating more efficient

deployment to hardware devices.

Chapter 2: Optimization of Imaging Quality

In this chapter, we presented a novel approach to enhance the capabilities of high-speed
cameras by treating the problem of high-speed imaging as an underexposed image
denoising problem. Our method enables high-speed cameras to record clear images
beyond one order of magnitude faster shutter speed without relying on artificial light
sources. This advancement significantly expands the range of phenomena that can be
studied using high-speed imaging, opening new doors for research in various scientific
and industrial fields. We combining RNS, UPI and InvISP address the practical
difficulty of data collection with non-portable high-speed cameras by requiring only the
collection of bias frames from the target device and leveraging large public datasets to
synthesize a diverse set of training data. This approach not only minimizes the data
collection efforts but also enhances the applicability of our method to a wider range of
high-speed cameras and experimental setups. To validate the effectiveness of our
method, we use HSC collect a dataset of static and dynamic scenes. The quantitative
evaluation on static scenes demonstrated the accuracy of our denoising results, while the
qualitative assessment on dynamic scenes illustrated the improvements in imaging
fast-moving phenomena. These results showcase the potential of our method in
significantly advancing the capabilities of high-speed cameras, which is valuable for

research areas that depend on capturing fast-moving events.

Chapter 3: Optimization of FPS for Imaging Devices

In this chapter, we have shown that SIREN representations of videos can be constrained
to satisfy the OF constraint equation in their exact derivatives. We have seen that
OF-constrained SIREN reach state of the art VFI on limited motion ranges, without
relying on ML based residual flow and interpolation. We have also shown that the OF
constraint not only allows SIREN to generate intermediate frames, but can also improve
the ability of narrow SIREN to fit observed frames. We have discussed the limitations
of our approach in its current form and outlined potentially impactful way forwards for

future research.
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Chapter 4: Memory Optimization for Deep Learning Model
Deployment in Imaging Devices
In this chapter, we propose a method to reduce the memory consumption of
convolutional neural networks in the inference phase that is orthogonal to other model
compression methods. Using our method and the analytical results of this formulation,
we can design a more memory-friendly model. We have used our proposed method in
some successful CNN models, resulting in a reduction in the memory consumption of
the model in the device. However, our proposed method also imposes a certain
computational overhead, showing that it is more effective for high-resolution input

images.

Chapter 5: Conclusions
In this chapter, we draw the conclusions for this dissertation.
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