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Despite their diminutive neural systems, insects exhibit sophisticated adaptive behaviors in diverse environments. An
insect receives various environmental stimuli through its sensory organs and selectively and rapidly integrates them to
produce an adaptive motor output. Living organisms commonly have this sensory-motor integration, and attempts have
been made to elucidate this mechanism biologically and reconstruct it through engineering.
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| 1. Introduction

The recent shortage of workers due to the declining birthrate and aging population has led to a demand for the automation
of tasks and the introduction of systems that can replace human workers. According to a survey by the International
Federation of Robotics, the industrial robotics market trend is expected to head back to growth and reach record highs
from 2021 onward, despite a period of stagnation due to the impact of the spread of the new coronavirus &, Thus,
industrial robots in factory production lines and transport robots operating in distribution warehouses contribute to work
efficiency and automation B!, however, challenges such as working with humans remain unresolved 4. Although artificial
systems play an active role in limited spaces and tasks, several challenges must be overcome before they can be
integrated into human society. While integrating intelligent robots into human society is expected to bring many benefits,
we must also consider the social and ethical issues that will emerge. In fact, it has been pointed out that social support
robots that interact with people face many ethical issues . Moreover, as a general issue raised, the problems of people
losing their jobs as a result of automation and who is responsible when a robot makes a mistake have not been solved. In
addition, there is a risk that the data used for learning by artificial intelligence may contain private information, which could
lead to more serious privacy violation problems in the future. The most frightening situation is that artificial intelligence
may learn wrong data and make decisions that are unacceptable to humans based on wrong inferences, thus causing
harm to human society. The potential ethical, privacy, and security issues associated with replacing everything with robots
or artificial intelligence cannot be avoided. Therefore, it is important that we firmly promote the development of laws such
as the “Robot Law" & at a time when robots have not yet penetrated society. It is desirable to build a society in which
robots coexist with humans by drawing a line between humans and robots (or artificial intelligence).

However, robots are currently not melted into human society. What are the important elements for robots to permeate
society? Among the elements that make up the robot, the implementation of “adaptability”, i.e., the ability to perform a
wide range of tasks in complex and unknown environments, is an important and highly anticipated capability. Some
researchers have tried to obtain this adaptability by fusing Al and robotics, which have been studied independently .
This research motivation has been supported worldwide and competitions, such as the RoboCup Challenge & and the
DARPA Challenge 19 have been held. Thanks to the advancement of the computer, artificial systems have acquired a
certain degree of adaptability L4, but they work only to a limited extent. One reason for this is the difficulty for Al in
capturing as a formal, symbolic problem from unreliable sensor data as it moves to more natural environments . As
another aspect, while artificial intelligence has made remarkable progress in areas such as natural language processing
and image recognition, where huge amounts of datasets are available for use in learning, in the real world, where tasks
are performed using physical or chemical characteristics, acquiring large amounts of datasets that cover all situations is
difficult. Moreover, wear and deterioration of the sensors and actuators installed on the robot change the amount of
information it can obtain and its mobility, making it impractical to work while perceiving and relearning them in real time.
Therefore, for the further development of artificial intelligence, it is important to let artificial intelligence experience the real
world and continue to collect data. In other words, further development of artificial intelligence requires a deeper
connection between the robotic body and Al. Moreover, although the computational power of computers has increased
dramatically with the development of integrated circuits, it is difficult to expect further improvements in computational
power because the end of Moore’s law, which predicts the number of transistors implemented in an integrated circuit 22,



is in sight. Moreover, the scale of microcomputers that can be installed in a robot moving around in an unknown
environment is limited, and global communication is not always possible.

As an alternative, methods have been considered to reproduce the body structure and intelligence of living things through
engineering 121 and incorporate biological materials into artificial systems 141, In addition, research has been proposed to
investigate the brain function of organisms using robots as a tool for analysis 12, Of course, it is impossible to perfectly
reproduce all the flexibility and agility of sensors and actuators in engineering an imitation of an organism. As a result,
systems have been proposed that can incorporate gait patterns similar to animals 28 and localize an odor source in the
outside environment 14, but because these are only partial imitations, they have not yet achieved performance
comparable to that of organisms. To address this problem, cyborg research 18 which utilizes actual insects as robots, is
gaining attention. Current cyborg research focuses on the utilization of insects as moving vehicles, and is thus established
by having the operator control the insect’s direction of movement. Insects are equipped with many sensory organs that
cannot be imitated by artificial sensors, but current insect cyborgs do not benefit from the use of superior sensory organs.
In addition, insects also age or vary from one individual to another, making it difficult to achieve uniform performance.
However, among living organisms, more than one million species of insects that have small nervous systems 12 but can
behave adaptively have been identified worldwide, and it is thought that there are up to several dozen times as many
undiscovered insect species 29, This suggests that insects have a way of adapting to diverse environments. In addition,
an insect does not carry out all operations with its brain, but uses the body as part of its computing machines, thereby
reducing the load on the brain [2122 Thijs is called embodied intelligence. In other words, an organism, including an
insect, has a very good balance between the body (hardware) and brain (intelligence or software), and is a good example
of the future relationship between robots and Al. An insect can accomplish a variety of tasks despite its small brain by
making good use of embodied intelligence. For example, they have a variety of migratory strategies, such as walking,
flying, and swimming, which are essential for survival [23241123]: havigation strategies that skillfully use multiple senses [28;
and swarming behavior that creates an insect society 2. The size of insect brains cannot be compared because insect
species vary in size. However, most insect brains are extremely small, only a few millimeters in size, despite their
multifunctionality. Considering that robots accomplish tasks in real time, their processing power is very high, and it is
conceivable that there is still much to be learned for designing economic and efficient autonomous robots.

| 2. Overview of the Biological Experimental Setup Using Engineering Tools

Insects receive various stimuli from the external world, process them appropriately, and convert them into behavior,
enabling them to adapt. This behavior is generated by information acquisition by superior sensory organs and information
processing by the microbrain 28, which is only a few millimeters in size. Therefore, various experiments have been
conducted in the fields of neuroethics, animal behavior, physiology, genetics, and molecular biology to investigate sensory
organs and the cranial nervous system.

As shown in Figure 1A, when an insect detects a key stimulus among sensory stimuli, a signal is transmitted to the
central nervous system and converted into an appropriate motor command. This results in control of the muscles, which is
emerged as behavior. The researchers focus on Figure 1, which shows that insects constantly receive new sensory
stimuli from the surrounding environment and generate different behaviors each time. Adaptive behaviors of an insect are
unlikely to be elicited by the insect alone, and seem to emerge through interactions with the environment 2. In other
words, it is difficult to generate adaptive behaviors in open-loop experiments that are disconnected from the natural
environment, and it is necessary to advance the research from other aspects for a true understanding of behavior.
However, it is impossible to know when and to what extent insects are receptive to sensory stimuli in free-walking or flight
experiments. To solve this problem, the insect-machine hybrid system 18189 and the virtual reality system for insects E4
have recently appeared, incorporating state-of-the-art engineering technology into biological experiments. These systems
allow us to conduct experiments while maintaining the relationship between the insect and its environment, and thus,
adaptive behavior can be measured. In addition, by intervening in the input of sensory stimuli to the insect and the output
of the robot after the insect has acted, as shown in Figure 1B, it is possible to highlight the conditions under which
adaptive behavior occurs.
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Figure 1. A block diagram from sensory stimuli to behavioral output. (A) Block diagram of an insect. The central nervous
system generates motor commands. (B) Block diagram of intervention system for an insect. Intervention methods vary
depending on the type of experimental setup, such as cyborg or VR for insects.

A necessary element of an experimental system that incorporates engineering technology into biological experiments is
an interface between the organism and the artificial system, such as electrophysiology, behavior measurement, and
electrical stimulation. Once the interface is established, it is possible to manipulate robots using signals from insect
physiological responses or behavior, or to control insects by electrical stimulation. This research deals with the control of
robots by insects. Previous studies have attempted to control robots using the insect itself or parts of the insect. By taking
a part or element of the insect to be investigated and controlling a robot, the functional contribution of that part in the real
world can be clarified. To investigate the characteristics of sensory organs, only the sensory organs can be connected to
the robot, or to investigate brain functions, the robot can be operated by electrical signals from the brain. For example, to
investigate the characteristics of insect sensory organs, a study has been reported in which behavioral experiments were
conducted using insect antennae as sensors for a robot 223l There is research that verified the validity of an antennal
lobe model by using technic that use antennae as sensors for robots, reading an electroantennogram of an insect, and
controlling a robot from a neuron model that represents the antennal lobe in the brain 4. Another study controlled the
robot with the insect brain to investigate how visual information is processed. Many insects elicit a variety of visually
induced behaviors; motion-sensitive visual interneurons are a type of neuron responsible for these behaviors [B2I38], N,
Ejaz et al. found that H1 neurons that respond to horizontal optic flow have adaptive gain control for dynamic image
motion B, The research team also showed that robots can be controlled to perform collision avoidance tasks using
techniques that measure the activity of H1 neurons B8, |n addition to studies of controlling robots based on physiological
responses, other studies have been reported to investigate adaptive functions by changing physical characteristics. A
famous example is research on physically changing the length of the legs of freely moving ants B2, Intervening in leg
length can force ants to change their stride length, which is expected to change the frequency of their gait. This change in
gait was found to cause ants to stray when searching for nests. In other words, it is clear that ants rely on their internal
pedometers to navigate their desert habitat.

Most of the studies described above are invasive experiments. In the case of non-model organisms, the number of
organisms that can be experimented on is limited unless a maintenance strain has been established in a laboratory. For
that reason, it is ideal to be able to conduct experiments under various conditions in an intact state. To solve this problem,
an insect on-board system and VR for insects can be used to measure behavioral changes when various sensory and
motor operations are applied under intact conditions. The obstacle avoidance behavior of a cockroach 2%, sound-source
localization behavior of a cricket 21, and odor-source localization behavior of a silk moth 243l have been investigated
using the insect on-board system. Insects that have boarded the robot, even though they are from different species, have
successfully controlled the robot as their own body and performed the given task appropriately. Recently, a study has
been conducted to investigate the phototaxis of a free-walking pill bug by developing a robot equipped with a light
stimulator that tracks the pill bug 4. The advantages of this system are that it can measure the relationship between
behavior and sensory stimuli in a more natural walking state, and it can be used for organisms such as centipedes, for
which tethered measurement systems are difficult to use.

In an experiment on VR for insects, Kaushik et al. found that dipterans use airflow and odor information for visual
navigation 43, Ando et al. also reported a VR system for source localization that can be used to quantitatively analyze the
source localization behavior of crickets €. Although not an insect, Radvansky and Dombeck successfully used a VR
system to measure olfactory navigation behavior in mammals (mice) 2. All motile organisms use spatially distributed
chemical features in their surroundings to induce behavior, but investigating the principles of this behavior induction has
been difficult due to the technical challenges of spatially and temporally controlling chemical concentrations during
behavioral experiments. Their research has demonstrated that the introduction of VR into the olfactory navigation



experiment of organisms can solve the above problem. As described above, there is much that is not known about the
olfactory behavior of organisms due to the complexity and difficulty in quantifying the spatial and temporal nature of the
odor as a sensory stimulus, and the same is true for the olfactory behavior of insects. Therefore, the authors have utilized
an insect on-board system and VR for insects to investigate the female localization behavior of an adult male silkmoth.
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