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Exploration missions for celestial bodies have been conducted in many countries not
only for scientific interests such as exploring the origin of the solar system and the
roots of life, but also for the development of science and technology. In recent years, as
a vast amount of data with respect to the moon and Mars is acquired by orbiters,
exploration areas required for landing missions shift from conventional easy-to-land
locations to specific locations where precise observation is expected. Due to limitations-
on the achievable accuracy over long distances, conventional landingrtechnologies
based on inertial navigation systems do not have capabilities to meet the precise
landing requirement. Therefore, achieving high-precision landing requires techniques
to correct the position and/or velocity estimation error of the inertial navigation.
Terrain relative navigation (TRN), which estimates state such as position and velocity
of a spacecraft by comparing maps with landmarks in images o_f a planetary surface, is

one of the guidance, navigation, and control (GN&C) functions to make it possible.

TRN on celestial bodies with gravity and long distance from the earth requires
onboard and real-time image processing without communicating with ground stations
because of high-speed descent and communication propagation delay. However, despite
the demand for fast image processing tasks, space-grade computers perform worse than
commercial ones. The performance degradation is mainly due to the inability to clock
up caused by thermal constraints and the acquisition of radiation resistance. In the
past decade, non-von Neumann type processor chips such as field-programmable gate
arrays (FPGAs) are expected to improve the processing speed by parallel processing.
The FPGAs are becoming mainstream of the image signal processors on spacecraft.
Howéver, at presént, the space-grade processors lag behind by 1-2 orders of magnitude
in the performance compared to the commercial ones. The computational performance
is equivalent to that of general-purpose computers 20 years ago. Hence, it 1s difficult
to directly use mainstream image processing algorithms as TRN functions. In addition,
as future exploration missions make a more advanced landing to farther celestial
bodies, power onsumption requirements for processors become severer, and navigation
algorithms become more complicated. Therefore, it is essential to bridge the gap

between the complexity of algorithms and the performance of processors.

The thesis addresses this issue from the following two perspectives.



Development of TRN algorithms with a small amount of computation that can be
processed onboard with the space-grade computers. ‘

In order to perform autonomous terrain relative navigation using images in a
situation where the computer performance is very low, it is necessary to maintain the
performance while reducing the computational scale of the navigation algorithm. From
this viewpoint, two types of terrain relative navigation methods that estimate position
and velocity are proposed. Position Estimation: There are two types of location
estimation methods: the problem of extracting feature points from terrain information
contained in images and the problem of matching extracted feature points. In the
former case, it is a problem to extract feature points that can be identified equally even
in images obtained by orbifers and images obtained by the lander, which are different
in time, sunshine and posture conditions. In the latter case, the problem is how to
perform real-time matching with robustness and high accuracy, while the obtained
feature points are missing, inserted, or misaligned. The position estimation method
using sets of crater positions obtained from a lunar lander are proposed for the latter
problem. The method uses a line segment as the minimum element when overlaying a
map and model points. After global matching by line segments, the accuracy and
robustness are ensured while reducing the computational complexity by searching for
the correspondence of the point pattern locally. Velocity Estimation: When imaging
the ground surface with a lander that moves at high speed, motion blur due to the
movement of the lander during the exposure time occurs and the image degrades. When
such degradation occurs, the information contained in the image becomes uncertain,
which is a phenomenon that should be avoided in the field of image handling such as
remote sensing. Hence, research on blind deconvolution thaf restores images without
degradation from degraded images is conducted. On the other hand, the blurred image
contains the movement information that caused the degradation, and the information
is stored in the degradation function. Therefore, the method is proposed to calculate
the velocity by estimating the amount of movement of the lander during the exposure

time with a single image including motion blur as input.

Application of TRN algorithms to an innovative processor architecture operating on
ultra-low power resources.

Recently, several studies have addressed asynchronous computing systems
mimicking neurobiological architecture like our brain called neuromorphic computing.
In the brain, communication between the neurons is achieved by asynchronous
transmitting trains of action potentials (spikes) to the subsequent neurons. Because
these individual spikes are sparse in time, each spike has a high amount of information.
While conventional processors compute sequentially, the neuromorphic processors
compute parallelly by asynchronous and sparse signals. The recent demonstration of

the neuromorphic processor shows that convolutional neural networks (CNNs) with a



million spiking neurons on the chip can be operated with only a few tens of milliwatts
of power consumption. The success of research on such neuromorphic processors brings
the possibility that advanced vision-based navigation algorithms such as deep learning
can work with the spacecraft's low power computing environment. Although the
effectiveness of neuromorphic computing for space systems is discussed, no specific
application exists. Research on deep artificial neural networks (ANNs) as a method of
mimicking the computation of cranial nerves similar to spiking neural networks
(8NNs) has been remarkably successful in the field of computer vision. Although the
ANNs are brain-inspired, there are some differences in their computation and learning
rules compared to the SNNs. The SNNs operate asynchronously by the sparse spike
current trains, so that the neuromorphic processors can be expected to have lower
power consumption than conventional clock-based circuits. The dynamics of spiking
neurons is time-dependent, while artificial neurons used for the ANNs only handle
numerical values representing the firing rate of the neuron without the timing
information. In order to operate ANN-based applications on the neuromorphic
processors, it is necessary to bridge the gap between the timing-based spiking neurons
and the rate-based artificial neurons and to develop methods to make an SNN with
equivalent functions as an ANN. Therefore, this study proposes a method to convert
ANNs to SNNs in order to operate meural network based TRN algorithms on the
neuromorphic processor, and the method also is evaluated accuracy and power

consumption using a crater classification task as a specific application for TRN.
The thesis consists of five chapters.

In the first chapter, necessity and problems of TRN technologies ére shown. Also, the
objective and the cutline of the thesis are presented.

Chapter 2 “Environment Surrounding Autonomous Image Processing in Spacecraft”
outlines the prerequisites for reading the thesis. Specifically, the computer
environment in spacecraft and image processing techniques in terrain relative
navigation are explained,

In Chapter 3, “Terrain Relative Navigation in Current Low-Computer Resource
Environments”, TRN methods that can estimate position/velocity information
autonomously in real-time even in situations where the computer environment is row
in resources are proposed. These methods are evaluated for their mountability by
implementing them on a radiation-resistant computer that is used in spacecraft.

Chapter 4 “Terrain Relative Navigation for Future Low-Resource Exploration”
anticipates necessity of advanced TRN in low-energy resource environments for future
exploration, and focused on neuromorphic computing as a solution. Specifically, in a
neuromorphic computing architecture, it is confirmed and verified that there is an

advantage in low power consumption and performance by applying the terrain relative



navigation application. )
Finally, in Chapter 5, the achievements obtained in Chapter 3 and 4 are

summarized, and the final conclusions is stated.



Results of the doctoral thesis screening
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