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Summary

Throughout history, humans have co-existed with machines to expand their abilities and capabilities.
Our history tells us that human-machine symbiosis (HMS) has significantly augmented human
mobility and transportation capabilities ever since the Industrial Revolution, thanks to vehicles such
as steam locomotives, automobiles, and airplanes. It also has brought about revolutionary changes in
the ways we communicate with others, distribute goods, and deliver services, with the help of
information and communications technology including telephones, computers, the Internet, wireless
communications, etc. Meanwhile, we are faced with the urgent issues of mitigating global warming
through decarbonization efforts, establishing a sustainable society that is resilient to disasters and
infection outbreaks, maintaining the well-being of people, society, and the global environment, and
creating new added value. The world is waiting for a new technology for HMS.

Against this backdrop, this report focuses on the following: (1) HMS for creating social/economic
infrastructure resilient to disasters and infection outbreaks as well as an aging workforce, (2) HMS for
further enhancing and augmenting human abilities and triggering revolutionary changes in our work
environments and daily life, and (3) the establishment of an HMS Promotion Forum and the
clarification of a methodology for realizing the well-being of people, society, and the global
environment as well as HMS policies for resolving E’LSI (Ethical, Economic, Environmental, Legal,
and Social Issues). In addition, it examines how humans can exercise their creativity on a sustainable
basis.

In the first approach, we attempt to build HMS that is resilient to worsening natural disasters and
frequent/prolonged epidemics, mainly through initiatives by the manufacturing industry. For this
reason, we propose that the dynamic capabilities of companies for recombining and rebuilding
management resources be strengthened. To realize a sustainable society, it is essential to build up
knowledge derived from the study of diverse interactions between people, between people and
machines, and between machines on the knowledge base shared by both people and machines, and
then to realize creativity and sustainability which could not be achieved singularly by humans or
machines alone. In this context, we use the term “multiverse” to refer to a “diversity of things including
not only people but also machines” and the term “mediation” to mean a “mechanism for sharing
knowledge between people and machines to cultivate awareness in each other.” We propose to the
national government (in particular the Ministry of Health, Labour and Welfare; the Ministry of
Economy, Trade and Industry; and the Ministry of Education, Culture, Sports, Science and
Technology) that the development of resilient HMS based on Multiverse Mediation be included as one
of the key industrial policies in the future.

In the second approach, we promote the research and development of HMS that enhances and
augments human abilities. We anticipate that this will bring about major changes to our work
environments and daily life by about 2030. These changes will take our diversity and inclusion society
one step forward, providing people with impairments and elderly people with opportunities to work
and participate in social activities. This will bring about drastic changes to the present technology,
which only enables one person to operate a single robot or avatar, and spur research and development
in HMS for collaborative operations by people, machines, and Al algorithms to allow one person to
manipulate multiple avatars or multiple persons to operate multiple avatars, as well as HMS for
utilizing BMI (brain-machine interface) to operate avatars just by thinking in the mind, without any



physical movement of the hands, legs, etc. These examples of HMS are called “cybernetic avatars,”
and they will contribute greatly to the expansion of labor and other markets in the virtual space (such
as the metaverse) and remote real spaces. In a bid to enable growth industries to take initiatives in
global markets, we recommend to the national government (especially the Ministry of Education,
Culture, Sports, Science and Technology; JST, etc.) that research and development of HMS for
enhancing and augmenting human abilities towards 2030 be promoted in a continuous and strategic
manner.

Lastly, in the third approach, we elucidate that the increased use of HMS that provides everyone
with opportunities to work and participate in society will give birth to diverse E*LSI. We propose to
the government (in particular the Ministry of Health, Labour and Welfare; the Ministry of Economy,
Trade and Industry; the Ministry of Education, Culture, Sports, Science and Technology; JST, etc.)
and to the general public that Japan address the establishment of a place (such as the HMS Promotion
Forum) where multi-stakeholders including ordinary citizens and users can examine and discuss
various systems and programs (including the legislation) for resolving the negative aspects of HMS
induced by E°LSI through democratic means in order to lead us one step closer to creating a new
society. This creates opportunities, for example, to discuss the function mentally allowing
disconnection of HMS whenever the use of HMS results in shortcomings, anxiety, or nervous
breakdowns as well as the implementation of educational guidance for improving a sense of morality
and literacy of users. It also provides multi-stakeholders including ordinary citizens and users with
opportunities to consider the social impacts of HMS as well as the ideal form of HMS balanced with
the global/social environment.

The above three approaches are illustrated below.

e | e
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approaches (proposals) that can be employed by the government and industry to formulate
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Meaning of terms in the summary

(In the order of the Japanese syllabary)

Killing multiple birds with one stone: Expressing a situation where one remote operator
manipulates multiple avatars from a distant location

BMI that allows operation as desired: BMI capable of accurately deciphering the operator’s
actions or words visualized in the mind of the operator

Machine: Generally refers to a system with a power source and power control
mechanism/function. [2]

Integration of skills: Refers to the division of an avatar into multiple sections (such as an
arm, leg, and body) and assigning the operation of those sections to multiple remote
operators with respective skills.

Dynamic capability: Capability of a company to recombine and rebuild its management
resources

Multiverse Mediation: Mechanism for sharing knowledge between people and machines to
cultivate awareness in each other with consideration to the diversity of not only people but
also machines [12] [14]

Resilient HMS: Human-machine symbiosis that is resilient to emergencies and critical
situations such as disasters, epidemics, and an aging workforce.

BMI: Abbreviation for Brain-Machine Interface

E’LSI: Abbreviation for Ethical, Economic, Environmental, Legal, and Social Issues

HMS: Abbreviation for Human-Machine Symbiosis



1. Introduction

This project was inaugurated for the purpose of identifying high-priority issues needed to realize a
human-machine symbiosis (HMS) society by about 2030 with consideration to the potential of growth
industries. The Project Committee, consisting of the members listed in Table 1, held seven meetings
throughout October 2020 to August 2021. Using the outcomes of these meetings as a base, we propose
approaches that the national government, industrial circles, and society at large can use to formulate
plans to realize sustainable development and a safe and secure society.

In February 2020, when the project began, the world was faced with the fear of the novel
coronavirus pandemic. People all over the globe were compelled to accept many inconveniences and
various restrictions, such as wearing face masks and refraining from eating in groups. Teleworking
and online meetings using PCs and smartphones became common in companies and schools, and
travel overseas and between prefectures was restricted, changing our previous lifestyles completely.

Meanwhile, a new platform in cyberspace known as the “metaverse” has been gaining attention, as
it is intended to free people from restrictions on social, economic, and business activities in real space.
Further, there is a strong possibility that large-capacity, super low-latency 5G wireless
communications infrastructure and subsequent Beyond-5G wireless communications infrastructure
will already be established and growing by around 2030.

Over the next 10 years, research and development on robots and avatars and their social
implementation may cause disruptive innovation with respect to the global environment, social
environment, and economic activities. Moonshot Goal 1[1] initiated in December 2020 has indicated
a possibility that the research and development of cybernetic avatars (remotely controlled robots,
avatars, etc.) and machines such as autonomous Al robots would free human beings from limitations
of space and time and enhance and augment human physical, cognitive, and perceptual abilities.
Moonshot Goal 1 aims to realize a society where all willing people, including impaired persons and
elderly people, have opportunities to work and participate in various social activities. It is obvious that
further advancement of the development of HMS for expanding human abilities will create various
Ethical, Economic, Environmental, Legal, and Social Issues (E’LSI), so it is crucial to follow a
step-by-step process carefully to resolve such issues so that each and every one of these advances
becomes acceptable to society.

We explore this process based on the following three approaches and make related proposals to the
relevant Ministries and agencies.

The first approach (proposal) is to build HMS resilient to disasters, pandemics, and other
emergencies for the purpose of protecting people’s lives and livelihoods and ensuring safety and
security. It is important to strengthen the dynamic capabilities of companies so that they can recombine
and rebuild their management resources. At the same time, we must examine methods of sharing and
passing on skills from person to person, from people to machines, and from machines to machines as
part of efforts to address issues related to an aging workforce and equipment.

When the second approach (proposal) is taken, the integration of robots, avatars, and Al technology
will lead to the development of HMS capable of enhancing and augmenting human abilities by 2030.
That may drastically transform our society into one that is more diverse and inclusive. All willing
impaired persons and elderly people will have opportunities to work and participate in various social
activities.

Not only must the positive aspects of HMS be considered, but also its negative aspects, such as



serious mental illness caused by overuse as well as the skills gap resulting from enhanced abilities. In

view of this, the third approach (proposal) clarifies these issues and stresses the necessity of

establishing a space (HMS Promotion Forum) in which the negative aspects of HMS and institutional

solutions to E’LSI can be addressed and resolved through democratic means by multi-stakeholders

including ordinary citizens and users.

Table 1 Design project on human-machine symbiotic society

Role Name Organization/post Topic for discussion in Committee meeting
introtlucton to Ut CREST research area on intelligent
o _|chair and Professor. Art Science Introduction to ( research area on intelligen
Leader |Norihiro Hagita Tl p information processing systems creating co-experience
Department, Osaka University of Arts knowledge and wisdom with human-machine
harmonious collaboration
. Professor, head of RESEARCH INTO 5th Meeting  5/8/2021
Subleader |Hajime Asama |ARTIFACTS, CENTER FOR Switch to protect the privacy and mind stability for well-
ENGINEERING, The University of Tokyo  |being
Senior Chief Researcher at The Center for |1st Meeting 10/26/2020
o Technology Innovation — Production Introduction to a related activity conducted at the
Secretary |Yoichi Nonaka |Engineering, Research & Development German acatech (National Academy of Science and
Group; head of the Industry Technology Engineering): Revitalizing Human-Machine Interaction
Laboratory, Hitachi Ltd. for the advanced society
) . . 5th Meeting  5/8/2021
Secretary Lgl;?]li(r%oto \dlncit\aleljg?ts%?rét:nq%zrrg;essor, Chiba Survival Information Science: How informatics can
Y address human and social issues for survival
Professor, Department of Systems .
Innovation, Osaka University; Visiting 4th Meeting  3/25/2021
Member |Hiroshi Ishiguro |Director of Hiroshi Ishiguro Laboratories, Future society ERATO (symbiosis with autonomous
Advanced Telecommunications Research |robots), Moonshot Goal 1 by 2050 (dialogue behavior)
Institute International (ATR)
4th Meeting  5/25/2021
; Introduction to Moonshot Goal 1: Kanai Project and a
Member |Ryota Kanai CEO, Araya, Inc. vision of human-machine symbiosis in a post COVID-19
society
Masahiro 3rd Meeting  1/25/2021
Member Kobavashi Attorney, Osaka Bar Association Ethical, Legal, Social and Economic issues in the era
Y when machines use people
Seniorrt Engitn%er, PIartmiRg & Adrr?igistration 1t Meet 10/26/2020
P epartment, Corporate Researc st Meeting
Member Kenichi Tanaka Development Group, Mitsubishi Electric Social design for a period of major transformation
Corporation
; . Auditor, National Institute of Information 3rd Meeting  1/25/2021
Member | Miwako Doi and Communications Technology (NICT) HMS examined from the boundaries
. . Visiting Professor, Faculty of Science and
Member | Hiroshi Nagano Technology, Keio University
4th Meeting  3/25/2021
. ) m%?grﬁgt '\éggggfgﬁ gﬁgaggz?g or;ent Moonshot Goal 1: Realization of a society in which
Member |Satoshi Naoi Program, Japan Science and Teghnolog human beings can be free from limitations of body,
Agency (JS ) y brain, space, and time by 2050 — Expectations, issues,
and proposals
2nd Meeting 12/21/2020
o Professor, Graduate School of Informatics, |Trends in symbiotic interaction of human and information
Member | Kenji Mase Nagoya University environments from the perspective of core technology
research
4th Meeting  3/25/2021
Member |Kouta Professor, Graduate School of Media Cybernetic Avatar Technology and Social System
Minamizawa Design, Keio University Rg_?_itgn for Harmonious Co-experience and Collective
ility
. Director of Interaction Science 3rd Meeting  1/25/2021
Member |1 akahiro Laboratories, Advanced . How to understand your target market and its needs:
Miyashita Telecommunications Research Institute Technology-Market Fit Techniques in JST
International (ATR) START/SCORE program
Takahira Professor, Department of Administration
Member  |y2maguchi Engineering, Faculty of Science and
9 Technology, Keio University
: : Head of the Corporate Digitization CTO & ;
Hiroshi bl : 1st Meeting  10/26/2020
Member Digital Innovation Technology Center, : :
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2. History of human-machine symbiotic interactions

2.1 Definition of machine and human ability enhancement

According to Wikipedia, the term “machine” generally refers to a physical system that uses power
to apply forces and controls movement to perform an action [2]. For example, vehicles (e.g.,
automobiles, ships, airplanes), home information appliances, computers, factory automation systems,
robots, and molecular machines are all considered machines. According to the definition in Wikipedia,
a machine is “a system with a power source and a mechanism to control the power output.”

Human-machine symbiosis is closely related to the history of human enhancement [3] for
strengthening and expanding human abilities through the use of machines. Human enhancement refers
to natural, artificial, or technical modifications of human bodies to enhance human physical or mental
abilities. A similar term, “human augmentation [3],” is a synonym for “human enhancement.” The

term “human enhancement and augmentation” is used hereinafter in this report.

(@) Mechanical (technical) ability enhancement (b) Ability enhancement in a natural way (self-training)

[Physical enhancement] DUbjeCtS of this report- [Physical enhancement]
Artificial limbs (e.g., prosthetic leg, prosthetic arm), powered Physical exercises, sports, muscle training, diet supplements
exoskeletons, biological implants (e.g., artificial heart, artificial [Cognitive/mental ability enhancement]
cochlea), personal drones, transport/lifting robots, vehicles Zen training, mindfulness
(e.g., automobiles, ships, airplanes, space rockets), home
information appliances, household appliances, computers, (c) Artificial ability enhancement (medical, pharmacological, etc.)
factory automation systems = =

[Cognitive/mental ability enhancement] [Reproductive ability enhancement]
(Mobile) phones, smartphones, loT devices (AR goggles, Artificial insemination/implantation, nanomachines, 3D bioprinting,
smart watches, nanobio devices) gene therapy, molecular machines

[Physical/cognitive/perceptual ability enhancement] [Physical enhancement]
BMI (Brain-Machine Interface) Cosmetic enhancements, orthodontics, drug inductions (such as
Mind uploading (copying the mind from the brain to an external doping)
memory device) [Perceptual ability enhancement]
External brain (second brain) (artificial information processing) Intraocular lenses

[Social (interaction) ability enhancement] [Cognitive/mental ability enhancement]
Communication robots, androids, cybernetic avatars, avatars, Nootropic drugs
3D agents, Vtuber [Survival enhancement]

Artificial nutrition feeding for life extension

Fig. 1 Subjects of this report: (a) Mechanical (technical) ability enhancement as a
subset of human enhancement and augmentation

2.2 History of human-machine symbiotic interactions
2.2.1 Human-machine symbiosis triggered by the Industrial Revolution

Up until the Industrial Revolution, people used horses and cows for the transportation of people and
goods. In the late 18th century, Watt developed a new steam engine system in 1769. Coal mine
operators looked to the steam engine as a new source of power to replace horses because it used
inexpensive coal. After that, steam engines entered into wide use [4]. As people began living
symbiotically with machines such as these instead of with horses or cows, human mobility and
transportation capabilities were enhanced. In 1886, the first gasoline engine vehicle (tricycle) was
developed. In 1908, a popularly-priced automobile known as the Ford Model T was introduced [5]. In
1962, Unimation, an American venture company, commercialized an industrial robot. This robot
attracted a great deal of attention from the US automobile industry, which was seeking to automate
production at that time. The introduction of industrial robots by General Motors in its diecast factory
marked the start of the practical application of robots [6].



2.2.2 Ability enhancement by machines incorporating information and communications
technology

The use of machines that incorporated information and communications technology started in the
late 1970s. Machines called computers appeared for performing office work, which was then the
type of work performed using an abacus or slide rule, pencil, and eraser, to save labor and to convert
paper-based information into digital data [7]. Since computers improved work efficiency, an office
revolution occurred, “replacing the abacus on the office desk with a computer.” Later, computers
were interconnected via networks to enable sharing of information anytime and anywhere, achieving
incomparably faster communication of information than the domestic postal service or air mail.
Technologies in areas such as large-capacity optical communication, multimedia communication,
wireless communication, and LSI in particular enabled the manufacture of so-called “light and
compact” machines. Computer software technology, network technology, and human interface
technology also advanced dramatically. In other words, computer network systems as machines
contributed to significantly enhancing and augmenting abilities of people working in offices. They
not only boosted the efficiency of office work but also improved the production speed, performance,
and quality of factory automation.

Machines based on information and communications technology further enhanced and augmented
human abilities due to the internet boom of the late 1990s. Downsized mobile phones, flat-rate services,
and various e-services were developed, all of which have become essential at work and in everyday
life. Since in the 2010s, smartphones and IoT devices have expanded the use of machines to non-work
areas including leisure and recreational activities (e.g., for product purchase/delivery, travel
reservations, hobbies, and sports). Unlike the previous information and communications media, the
internet has enabled people of all ages, ranging from office workers and students to stay-at-home
spouses and elderly people, to use the network anytime from anywhere at a fixed fee. Consequently,
it has enhanced cognitive abilities such as search, distribution, and sharing of information. Al
technology has enabled the use of a smartphone to obtain information such as weather forecasts,
disaster predictions, and the like.

In step with the advancements mentioned above, people began noticing that machines can induce
mental ailments such as internet addiction and game addiction disorders. These include the use of
cyberspace to escape from interpersonal problems at school or the office as well as overindulgence
to the extent that users cannot distinguish between day and night [8]. There are also reports of more
serious cases. For instance, cyberspace can lead to the involvement of the user in an incident or
crime, and it can also become a breeding ground for slander and defamation. Therefore, it is
important to nurture “the knowledge and wisdom necessary for wise use,” “healthy mind that
adheres to rules for use,” and “risk management awareness for ensuring safe use” [8]. In other
words, it has become known that although the machines known as smartphones can contribute to
well-being by enhancing and augmenting human abilities to perform daily activities of life, they can
also induce mental ailments and trigger various social problems such as privacy issues, copyright
infringements, phishing scams, personal information leakage, and accidents due to the use of
smartphones while engaged in other activities.



3. Trends in the research and development of human-machine symbiosis

3.1 Trends in the development of resilient HMS promoted around the world

What is important in the event of a disaster or pandemic is dynamic capabilities of companies,
which enable the minimization of financial losses resulting from disasters through human-machine
symbiosis and the rebuilding of the value-production activities of the manufacturing industry. From
the perspective of human-machine symbiosis, the above effects are equivalent to the enhancement and
augmentation of human abilities achieved by having robots perform social activities for humans.
Nonetheless, there are many technical, safety, and security issues to be solved. The use of robots to
perform the tasks of essential workers (people working in sectors essential for people’s livelihoods) is
also being promoted for certain types of work, for example, tasks to which workers cannot be assigned
on short notice; tasks that workers cannot perform continuously for 24 hours; urgent tasks such as
rescuing people within 72 hours; tasks performed in an environment hazardous to humans due to
radioactive contamination, air pollution, or the like; cleaning of toilets and sewage; and nursing care
support (support for communication with elderly people, patient assistance, transport of items, etc.)
[9].

When a disaster occurs, various activities are conducted, such as disaster damage
investigation/response and victim search/rescue. In many cases, such activities must be performed in
environments where it is dangerous, difficult, or impossible for humans to access or conduct any
activities. Therefore, there is a great need for robots. Because such a need is diverse and the
environment can vary without limits, it is technically difficult to create an autonomous robot meeting
all requirements. In many cases, remote operation technology (remotely operable robots) is utilized.
Considering that the end of the COVID-19 pandemic is not in sight, remote operation technology is
expected to become an essential technology for human-machine symbiosis in order to cope with
possible pandemics in the future. In the field of robotic technology, which allows operators to remotely
manipulate robots, it is necessary to develop systems that are easy to operate for humans. In the
medical field, it has been reported that robotics can contribute immediately to the treatment of COVID-
19 infections [10].

Against the backdrop of a graying workforce and aging society, demand for personalized, high-
value-added products and services capable of responding to the diverse needs of consumers will only
increase in the future. In such a society, not only full automation but human-machine collaborative
environments that maximize the flexible and abundant abilities of humans will also become important
[11]. Before this project was inaugurated, leading experts in Japan and Germany gathered and held
discussions multiple times from similar perspectives at the German National Academy of Science and
Engineering (acatech) [12] and published a proposal document [14]. This publication proposed the
mechanisms necessary for realizing a sustainable society under current conditions where people,
machines, and human societies comprising of the former two are all aging. The various support and
maintenance functions developed thus far are not advanced enough to overcome physical and
mechanical degradations or to allow people to exercise their intrinsic creativity in a sustainable manner.
Conventionally, skills have been passed on from person to person as means to exercise human
creativity, but it is doubtful that this method will function effectively in an aging society with fewer
children. In the past, physical assistance for people was provided by home appliances, automobiles,
etc., but the widespread use of smartphones and the internet has extended mechanical assistance into
the knowledge domain. On the other hand, excessive machine assistance poses the risk of degrading
the functions that humans intrinsically possess, leading to so-called “InstaBrain” [13]. To realize a
sustainable society with consideration to historically significant interactions, it is essential to build up
knowledge derived from the study of diverse interactions between people, between people and



machines, and between machines on the knowledge base shared by people and machines and to realize
creativity and sustainability which could not be achieved singularly by humans or machines alone.
The Japanese and German acatech experts proposed this as the topic to be addressed in the future.
Thus, the “diversity not only of people but also machines” is referred to as “multiverse,” and the
“mechanism for sharing knowledge between people and machines to cultivate awareness in each other”
is referred to as “mediation.” This initiative was summarized as “Multiverse Mediation” and published
as an acatech discussion paper [14]. This project further advances the idea of Multiverse Mediation
and proposes the incorporation of resilient HMS in future industrial policies to the national
government (in particular the Ministry of Health, Labour and Welfare; the Ministry of Economy, Trade
and Industry; and the Ministry of Education, Culture, Sports, Science and Technology).

3.2 Trends in the research and development of avatars, robots, and Al for the
enhancement and augmentation of human abilities

Over the past 10 years, organizations in the fields of information science, robotics, cognitive science,
brain science, and others have been collaborating on interdisciplinary research and development
projects to help realize a diverse and inclusive society. For the enhancement of human cognitive and
perceptual abilities, a VR-type ASD visual simulator was developed which reproduces the process of
hyperesthesia/hypoesthesia experienced by people with autism spectrum disorders, such as autistic
persons and patients with developmental disorders. The simulator helps people around them
understand how the person is feeling/perceiving and also facilitates communication in certain cases
[15]. Researchers are also working on nursing methods and nursing skills learning methods that reflect
the perceptual characteristics of patients with dementia using a collaborative combination of caregiver
and machine (camera) [16].

Moonshot Goal 1 [1] of the Moonshot Research and Development Program initiated in fiscal 2020
and spearheaded by the Cabinet Office is to create disruptive innovation in Japan for the purpose of
enhancing and augmenting human abilities

Moonshot Goal 1 aims to “realize a society in which human beings can be free from the limitations
of body, brain, space, and time by 2050” and calls for the development of a method to enable users to
remotely manipulate multiple avatars or robots [1]. There has already been an example of such a
service implemented in a commercial facility [17], whereby one operator remotely operates four robots
simultaneously for purposes such as guiding a customer to his/her destination. The variety of service
tasks is expanded in this project. The new technology being sought must go one step beyond the
current technology which enables one person to operate only one robot or avatar in almost all cases of
remotely operable robots/avatars. It is therefore necessary to develop, through collaboration between
people, machines, and Al algorithms, an HMS that allows one person to remotely manipulate multiple
avatars and to engage in dialogue; an HMS that allows “experience sharing” for multiple people
operating multiple avatars; and an HMS that enables “operation as desired” using a BMI (Brain-
Machine Interface) so as to eliminate the use of hands or feet when operating avatars (Fig. 2). These
HMSs are called cybernetic avatars, and they have great potential to contribute to the growth of the
labor and other markets in virtual reality (such as the metaverse) as well as in the remote real world.

Verification experiments are underway, such as an experiment to test the customer reception
services (dialogue behavior) of twenty robots remotely operated by four operators [18] and an
experiment in a robot cafe where a robot operated by an ALS (amyotrophic lateral sclerosis) patient
receives orders from customers and serves food and beverages [19]. It has long been known that if a
stroke victim with a paralyzed left hand strongly wishes for the recovery of hand function while
observing his or her brainwave on the rehabilitation equipment, the patient can eventually recover to
the extent that he or she can grasp an object with his or her left hand [20]. We will verify cases in



which the integration of the robot/avatar technology, Al technology, cognitive science, and brain
science enhances and augments human physical, cognitive, and perceptual abilities so that persons
with severe impairments, elderly people, or people raising children can obtain multiple job
opportunities at the same time. This would provide a variety of people opportunities to work and
participate in social activities, eventually transforming our entire way of life.

A society where everyone has opportunities to participate in a diverse range of activities
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Fig. 2 Three research and development themes of cybernetic avatars—
“dialogue behavior,” “experience sharing,” and “operation as desired”—for Moonshot
Goal 1: releasing people from the limitations of space, time, body, and brain [1]

3.3 E3LSI to be considered in the development of HMS
3.3.1 Global environmental issues confronted by humankind

The temperature of the Earth has been rising ever since the advent of the Industrial Revolution in
the late 18th century, resulting in three major global environment problems: (1) global warming, (2)
water and food shortages resulting from global warming, and (3) pollution from plastics, thus raising
the key socio-economic issue of how humankind can coexist alongside the global environment [21].
The Intergovernmental Panel on Climate Change (IPCC) warned in its sixth assessment report (AR6)
published in August 2021 that “it is clear that human activities are causing the increase in temperatures
in the atmosphere, oceans, and land, and the effects are spreading widely and rapidly to the atmosphere,
oceans, cryosphere, and biosphere” [22]. Furthermore, it stated that “in order to keep human-induced
global warming below a certain level, cumulative CO, emissions must be restricted to achieve at least
net-zero emissions together with significant reductions of other greenhouse gasses and that large,
prompt, and sustainable reductions of methane emissions would suppress global warming effects by
reducing aerosol pollutants and improve air quality.”

In the wake of global warming, a peak temperature of 38 °C was recorded in Siberia and permafrost
was observed to have begun melting. It has been confirmed that the melting of this permafrost has
caused a novel virus (mollivirus), which had once existed in ancient times, to rapidly multiply inside
living organisms. Researchers have warned that there is a strong possibility of an outbreak of a new
infectious disease caused by this ancient pathogen. According to the “Hothouse Earth” theory put forth
by Swedish scientist Johan Rockstrom, who studies ecological limitations of planet Earth, if the ice
covering the Arctic melts and temperatures rise as a result, this will cause the permafrost to thaw and
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methane to belch from the ground, thus even if we were to achieve zero CO, emissions, this will not
halt the worsening conditions on Earth. According to Dr. Rockstrom, the environmental impact caused
by the global population around 150 years ago was relatively small and there were enough forests on
Earth to dampen this impact. After the Industrial Revolution, however, economies grew, average
lifespans increased, and the quality of living improved. In the name of advancement and progress, we
sacrificed the Earth’s environment. It is clear that human society is undermining the Earth’s resilience
in irreversible ways [23].

To overcome this impasse, the EU proposed, with some urgency, the Green Deal policy, which
simultaneously aims to achieve economic growth and prevent global warming by investing 120 trillion
yen by 2030. The EU has laid out the goal of accomplishing climate neutrality (net-zero greenhouse
emissions) by 2050, and plans to implement a comprehensive new economic growth strategy which,
being an environmental policy, aims at the same time for a structural transformation of European
economy and society by addressing a wide range of policy areas, such as energy, industry,
transportation, biodiversity, and agriculture [24]. These global environmental problems must be taken
into consideration when discussing any human-machine symbiotic society.

3.3.2 Issues related to labor/economic environment

The World Economic Forum has established a new socioeconomic platform for the purpose of better
online education, skill acquisition, and job provision for one billion workers by 2030. Initiatives to
prepare workers with future-proof skills by providing necessary new skills through the internet are
referred to as the Reskilling Revolution. Creating worker-friendly online learning environments is
now being studied [24].

According to the Future of Jobs Report 2020 published by the World Economic Forum in 2020 [25],
the lockdowns due to the COVID-19 pandemic and subsequent economic recession spurred companies
to increasingly turn to automation technology; thus, major changes will be brought about to tasks, jobs,
and skills by 2025. Employers (companies) expect to decrease the percentage of workers engaged in
simple jobs from the current 15.4% to 9.0% (down 6.4 percentage points) and raise the percentage of
workers with special skills or expertise from 7.8% to 13.5% (up 5.7 percentage points). Based on these
figures, it is forecast that eighty-five million jobs could be replaced by machines by 2025. Conversely,
ninety-seven million new jobs will be created and handled through a new division of work between
people, machines, and Al algorithms. According to the Future of Jobs Survey [25], many companies
intend to restructure their workforces corresponding to such new technology. Among the three hundred
companies surveyed, 43% plan to reduce their workforces through automation technology, 41% plan
to reduce workforces by outsourcing or being outsourced for certain tasks, and 34% plan to enhance
their workforces accompanied by automation technology. By 2025, humans are expected to spend
about the same number of hours on work as machines. Accordingly, we can expect a surplus of workers.
Some companies are not only incorporating new automation technology but also planning to construct
value chains between branches or adjust workforces over the next five years to reduce costs.

To improve productivity and well-being, one third of employers need to enhance levels of employee
satisfaction gained through a sense of community, connection, and belonging and to promote the shift
towards remote work through the use of digital tools.
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3.3.3 Mental/psychological issues that may be induced by HMS

We have long been developing machine technologies to support people’s livelihoods and activities,
and these technologies have been used to develop a more affluent and convenient society. The
advancement of information and communications technology is bringing about even greater changes
to the relationship between people and machines. Machines have been connected to communication
networks in common, and people can connect to the internet anytime in daily life through the use
information devices to receive a diversity of services. However, we have to say that people’s
dependence on information technology is growing as a result, with a concomitant rise in number of
new risks. Excessive dependence on information technology not only magnifies the impact of failures
of information technology systems or functions on our society, but also creates serious social issues,
such as an increased number of people with digital technology addiction (dependence), the resulting
need for countermeasures (e.g., ‘digital detox’), the degradation of various abilities, and damage to
health (especially mental health). While information equipment connects people to people, it cannot
recreate face-to-face communication or sufficiently convey actual feelings. The results are
misunderstandings, the amplification of defamation or slander, and enormous psychological stress,
leading in some cases to suicide. We must also pay close attention to security and privacy protection.
With a view to solving such issues, we must consider as well the means and methodology as to how
we can cut off connections to information technology systems for reasons of self-protection.

3.3.4 lIssues that influence governance-related decision-making

When it comes to human-machine symbiosis, there are still many technical issues to be solved
to pass on the “craftsmanship” possessed by humans to machines. One proposed way to do this
is through a system like Multiverse Mediation that enables the division and sharing of
craftsmanship between people, between people and machines, and between machines in a
balanced way so that craftsmanship can be passed on from person to person and all other skills
would be passed on from people to machines and then shared and passed on between machines
through the division and sharing of separate skills [14].

Hierarchical work could also be divided up between people and machines. For example, workers at
the workplace could be grouped into two types: those who make decisions and those who perform
simple physical labor. An artificial intelligence system could take the place of mid-level managers,
with people performing physical labor, unlike in some science fiction movies where physical labor is
performed by robots. The use of such systems will spread widely across all fields in our society.

The division of hierarchical work between people and machines would not necessarily cause
unhappiness; in fact, not a few workers welcome the system [26]. Nonetheless, there is concern that
the wages of those performing simple physical labor would tend to be low. Generally speaking, in
future workplaces, relatively simple intellectual work that is typically performed by mid-level
managers will be performed by artificial intelligence. Workers will be divided into two groups: those
who make judgments and give instructions to the artificial intelligence and those who receive
instructions from the artificial intelligence and work accordingly. Thus, there is a possibility that
economic disparities between the two groups may widen even more. The types of work that are
expected to be performed by robots, which are often depicted as slave robots in science fiction movies,
will be handled by humans, and the artificial intelligence will supervise and give instructions to
humans. In human-machine symbiosis, this type of hierarchical role division has been termed
“sophisticated slavery” (Fig. 3) [26].

12



Fig. 3 Sophisticated slavery

4. Functions and requirements necessary for upcoming human-machine symbiotic
systems, and the direction of development

4.1 Necessary functions and requirements for resilient HMS

Japan suffers from numerous natural disasters of various causes, i.e., earthquakes, tsunami,
typhoons, heavy rain, floods, heavy snow, volcanic eruptions, and forest fires. Many disasters caused
by man-made structures, such as bridges, tunnels, dams, and other social infrastructure as well as
chemical plants, nuclear power plants, and other facilities also occur. The March 2011 Great East
Japan Earthquake and subsequent accident at the Fukushima Daiichi Nuclear Power Plant of Tokyo
Electric Power Company caused widespread and untold damage. Restoration and reconstruction of
the areas affected have continued to this day, as has decommissioning work at the Fukushima power
plant. And on a global-scale, we must also factor in other disasters, such as the COVID-19 pandemic.

When investigating/responding to a disaster or searching for and rescuing victims right after a
disaster, there are many environments where human activity is dangerous, difficult, or impossible.
Therefore, the need for robots is high on the advent of a disaster.

Attaining or providing “resilient HMS,” which refers to the capability of responding to such diverse
requirements, needs to focus less on autonomous robots, which are still fraught with technical issues,
and more on remote technology (remotely operable robots).

The COVID-19 pandemic brought the use of remote operation robots to the fore, and the importance
of human interface technology for operators to manipulate robots easily from distant places. In such
systems, the operator and robot are connected via a communication system. When wireless
communication is used, images of the surrounding area captured by cameras mounted on robots are
transmitted via a communication line and displayed for the operator to see. In this process,
communication delays make real-time operation difficult to achieve. Thus, to ensure accurate remote
operation of a robot by an operator, resilient HMS must incorporate technology that enables the
operator to grasp the condition of the area around the robot, a human interface technology that
facilitates remote operations, and autonomy-oriented technology to prevent communication delays.

To establish HMS that is resilient to increasingly severe natural disasters and more frequent and
prolonged epidemics, it is necessary to enhance the dynamic capabilities of companies mainly in the
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manufacturing industry and to recombine and rebuild their management resources. Human
involvement will be essential and can never be excluded. The significance of the unique faculties of
humans is higher when it pertains to activities that can only be carried out by humans—for example,
work requiring critical thinking or creativity to produce new ideas. Machine systems must be able to
facilitate such activities.

The transfer of skills is especially important against the backdrop of an aging workforce and
equipment/facilities. To that end, further research on HMS, or Multiverse Mediation, is essential
because it allows humans to share and handle work that requires special skills and should be performed
by humans and also enables the use of machines to perform all other work, thus achieving the division
and sharing of the craftsmanship between people, between people and machines, and between
machines in a balanced way.

4.2 Functions and requirements necessary for HMS to enhance and augment human
abilities

The “digital divide” is a topic that frequently arises when talking about the social acceptance of
digital technologies, such as ICT and CPS (Cyber Physical System), and refers to the gap in
information between those who can use ICT, such as the internet and smartphones, and those who
cannot, which can in turn lead to educational, economic, and social divides [27]. The problem is not
merely whether it is possible to access information, but also the access devices and quality of
information available. In the research and development of cybernetic avatars or the like, the
technology that allows the operator to grasp the condition of the area around the robot, the human
interface technology that facilitates remote operations, and the autonomy-oriented technology for
preventing communication delays hold the keys to preventing new divides from emerging due to
remote operations of robots and avatars.
From the perspective of information security, new security measures are necessary for deterring
avatar impersonation, HMS hacking, unauthorized skill transfer, and so on.

4.3 Measures for resolving E3LSI associated with HMS

As a part of the human-machine symbiosis we envision for 2030, there is the possibility for new
symbiotic relationships to emerge, such as in (D the use of avatars and robots to “kill multiple birds
with one stone,” () the operation of machines as desired by integrating the skills and experience of
multiple people into one avatar, by experiencing sharing with others and the use of a BMI, and ) the
creation of various incarnations of all ages and roles, both male and female, and participation in a
variety of social activities through them.

The ethics concerning human ability enhancement vary depending on religion, age, gender, ethnic
characteristics, origin of culture, nationality, etc. [2]. This ethical controversy translates to the question
of whether to allow enhancements without restriction, whether to allow enhancements under certain
restrictions, or whether to prohibit enhancements completely. The common criticism is that acquiring
such functionalities could result in unfair physical/mental advantages, creating a division between the
‘haves’ and the ‘have-nots.’

Technologies for human ability enhancement are assessed based on whether they can truly mitigate
unfair divides and whether they can raise people’s physical, mental, and financial well-being. Ray
Kurzweil forecasts that humans will use such technologies in the present century to better compete in
the marketplace. For instance, people will enhance themselves to improve their careers, increase their
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assets, and enjoy more leisure time.

While life extension technology would enable people to live longer, it would impose adverse effects
on the pension distribution in society. Populations will increase and conflicts may develop over limited
resources such as food, energy, funds, and living environments. There is a concern that human ability
enhancement technologies will lead to a stronger desire to improve not only their own abilities but
their children’s abilities as they want as well [3].

The enhancement of human abilities may also change people’s identities [3]. In other words, beyond
achieving self-improvement, a person’s very identity may change or a person may become someone
else. Such a change of identity could have adverse effects on one’s personal history and development
as well as mental ability. One might deceive oneself and even commit a crime. Further, one’s core
personal characteristics or features are shaped by psychological profile, personality, general
intelligence, need for sleep, as well as age, gender, basic species traits of Homo sapiens, and so on.
There is a strong possibility that the identity thus formed may become extremely fragile.

5. Three proposals concerning the HMS demanded by future society

Based on the above discussions, we propose the following three approaches to achieving human-
machine symbiosis.

(1) First approach (Proposal 1): Conduct research and development of HMS resilient to disasters,
pandemics, etc.

(2) Second approach (Proposal 2): Conduct research and development of HMS that enhances and
augments human physical, cognitive, and perceptual abilities by utilizing robots, avatars, and
the like.

(3) Third approach (Proposal 3): Clarify the E>LSI (Ethical, Economic, Environmental, Legal,
and Social Issues) pertaining to the human-machine symbiosis described above in (1) and (2),
then solve the negative aspects of this system.

5.1 Proposal 1: HMS resilient against disasters and the like

We propose that the national government (in particular the Ministry of Health, Labour and Welfare;
the Ministry of Economy, Trade and Industry; and the Ministry of Education, Culture, Sports,
Science and Technology) promote the research and development of production systems adaptive to
resilient human symbiosis that can continue to produce value through the stable delivery of goods
and services as well as improved productivity regardless of the occurrence of unforeseeable social
changes, such as disasters and infection outbreaks. We suggest the following two research topics.
Topic 1-1) Development of resilient systems adaptive to change in the global and social
environments
Topic 1-2) Development of systems that reflect (respect) the skills and creativity that only humans

possess

Discussions on Topic 1-1) should aim to build systems that possess the dynamic capabilities of
companies to recombine and rebuild management resources according to the status of damage
resulting from a disaster or the like.

Topic 1-2) corresponds to the trend for work division between people and machines toward 2025, as
mentioned in the 2020 Report of the World Economic Forum. It is unlikely that human-based
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creative activities and artisanship will be completely replaced by the functionalities of machine
systems, as stated in the concept of Multiverse Mediation [14]. About the division of roles between
humans and machines, it is crucial that the tasks only humans can perform are assigned to people
bearing in mind the hierarchical role division of “sophisticated slavery” [26], and that all other tasks
are effectively divided and shared with machines. Especially for the transfer of the skills of elderly
people reaching retirement age, systems to support the transfer of skills from people to people must
be developed.

5.2 Proposal 2: HMS adaptive to work environments and daily life

We propose that the national government (Ministry of Education, Culture, Sports, Science and
Technology; JST, etc.) continuously promote the research and development of human-machine
symbiosis capable of enhancing and augmenting human physical, cognitive, and perceptual abilities
by 2030, with the goal of realizing a diverse and inclusive society ahead of others in the world.

This research and development should aim to construct human-machine symbiosis (HMS) that allows
all willing individuals to work and participate in social activities. If elderly or child-rearing people
become remote operators and manipulate multiple robots/avatars scattered around the world, it would
become possible to deliver services to users all over the world from a single location. If multiple
operators agree to consolidate each other’s skills, it would create new services for distributing the
skills and knowledge of multiple people across the globe. What is more, if it becomes possible to
operate a robot or avatar as one desires in the mind using a BMI (Brain-Machine Interface), even
people with severe impairments could participate in diverse social activities. Research and
development are presently being conducted on robots that understand their surrounding conditions,
learn/act on their own, and coexist cooperatively with people. To enhance human abilities, realize a
diverse and inclusive society, and create new growth industries toward 2030, the following topics
should be addressed and resolved.

Topic 2-1) Creation of middleware equipped with interoperability and scalability for robots
and avatars with different shapes and functionalities as part of the network infrastructure

Topic 2-2) The need for a technology that incorporates (consolidates) the skills of multiple
people in one avatar or that allows multiple users to operate one avatar, for people to work
cooperatively in an environment where many robots and avatars operate in unison. The
development of a technology that allows one user to simultaneously operate/control multiple
robots/avatars.

5.3 Proposal 3: Clarification of E3LSI (Ethical, Economic, Environmental, Legal, and
Social Issues) and resolution of negative aspects of HMS

We propose the following measures to the national government (especially the Ministry of Health,
Labour and Welfare; the Ministry of Economy, Trade and Industry; and the Ministry of Education,
Culture, Sports, Science and Technology) and general public: establish a Promotion Forum aimed at
resolving ELSI institutionally and negative aspects of HMS; clarify the methodology and means to
realize the well-being of people, society, and the global environment; and feed the results back to the
Approach 1 and Approach 2 processes.

It is necessary to keep in mind that human-machine symbiosis has not only positive aspects (the
light) but also negative aspects (the shadow). By connecting to outside worlds through the system of
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human-machine symbiosis, people can have a greater impact on society. Conversely, people may
also be connected from the outside and subjected to attacks and suffer damage as individuals. As the
development of the system advances further, new E’LSI will inevitably emerge, as will the need for
a mechanism to solve individual issues together with experts from legal and institutional
perspectives and a mechanism to feed back the results in the form of new research and development
topics to the research and development described earlier as Approach 1 and Approach 2. As this
system grows in scale, more issues pertaining to its global environmental impact will arise.

Since the negative aspects of HMS include health issues resulting from the overuse of the system
and mental distress or depression due to slander, defamation, etc., it is necessary to establish trusted
places where people can go for advice anytime.

We propose that an inter-ministry HMS Promotion Forum be established in order to provide
places and opportunities for democratic discussion among multiple stakeholders, including the
general public and users, on issues that may develop during the course of research and development
on HMS and its practical application. Such Forum could then be used to clarify the methodology and
means to realize the well-being of people, society, and the global environment and feed the results
back to the Approach 1 and Approach 2 processes.

This process will encourage the acceptance of HMS by society and provide all willing people new
opportunities to work and participate in social activities.
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