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Entering the XR market in three areas: the  
metaverse, digital twins, and XR devices

—More than a year has passed since NTT QONOQ 
was established and you were appointed president 
and chief executive officer. Could you please tell us 
how you feel looking back on the past year and the 
progress of the company’s business?

Since NTT QONOQ was launched in October 
2022, things have been going well. We have devel-
oped a variety of extended reality (XR)* services and 
established NTT QONOQ Devices, a joint venture 
with Sharp Corporation. In addition to the approxi-
mately 200 employees of NTT QONOQ, the employ-
ees of our subsidiaries, and our collaborative part-
ners, we are working together to develop XR technol-
ogy; and I feel that we have finally formed NTT 
QONOQ into a company.

We provide various services and solutions in three 

business areas: the metaverse, digital twins, and XR 
devices. Although these businesses are supported by 
XR technology, XR technology is still a developing 
field. The amount of data in the three-dimensional 
space that composes the XR space is enormous, and 
it is essential that communication networks and 
devices evolve to cope with this. However, current 
technology has not evolved enough, so what we can 
do is limited, and we are developing XR products 
within those limits.

Under the above-described circumstances, we are 
working with the research and development (R&D) 
departments of NTT and NTT DOCOMO to promote 
medium- and long-term technological development. 
To supplement expertise not available within the 
NTT Group, we are collaborating extensively with 
other companies to provide new customer value 

* XR: A generic term for advanced technologies such as virtual re-
ality (VR), augmented reality (AR), and mixed reality (MR).
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NTT QONOQ was created by NTT DOCOMO, which focuses on com-

munication between people. NTT QONOQ aims to create new experiences 
that zigzag between real and digital spaces with the hopes to enrich people’s 
minds and energize society, going beyond distance, time, and imagination. 
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NTT QONOQ, who is working toward creating a market for extended real-
ity (XR), about the status of the company’s business and his mindset as a 
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while adopting agile management by leveraging the 
advantage of being a small company.

—Regarding the XR business, you will have to com-
pete with major domestic and global companies. In 
such a competitive market, what strengths does NTT 
QONOQ bring?

XR technology is still in its infancy, and the XR 
market is in its growth stage. Meta, Microsoft, Apple, 
Epic Games, and other major companies are actively 
investing in the XR business to achieve vertical inte-
gration, and the XR market is expected to grow sig-
nificantly over the next few years. A variety of 
smaller companies, including startups, have also 
entered the XR market, and each one is specializing 
in areas where they can use their strengths to develop 
their businesses, which is boosting the market.

Under these circumstances, we have two strengths. 
One strength is that we cover the full range of XR 
components—from servers and networks to termi-
nals. Our other strength is that we have a wealth of 
technology and human resources. Originally, each 
company in the NTT Group developed its own XR 
business under the NTT XR vision of “transcending 
the limits of reality to a world where people can expe-
rience and share their dreams and thoughts.” To 
achieve this vision, those technologies and human 
resources were consolidated to establish NTT 
QONOQ. 

We are exploring various business possibilities by 
leveraging the NTT Group’s sales base and techno-
logical capabilities, while striving to provide value 
and flexibly, by combining our technologies we can 
meet customer needs in a speedy manner. Naturally, 
we are very grateful to NTT Group companies for 
their support.

Combining the strengths of the NTT Group to 
take on challenges in a wide-ranging and  

comprehensive manner

—NTT QONOQ is combining the strengths of the 
NTT Group to address the XR market in a broad and 
comprehensive manner. Is there any chance for us to 
experience its technological capabilities?

Yes. The NTT Group will participate in Expo 2025 
Osaka, Kansai, Japan, and I believe this is a great 
opportunity to showcase technological capabilities of 
NTT QONOQ and the NTT Group. As one example, 
NTT will provide the Virtual Expo, which is a virtual 
reproduction of the Expo’s physical venue, and NTT 
QONOQ will be in charge of developing the soft-
ware. The Virtual Expo is part of the future society 
showcase project at the Expo, which will incorporate 
cutting-edge technologies and systems into opera-
tions at the venue. This service will enable visitors to 
experience the Expo without actually visiting the 
venue by reproducing the Expo site and pavilions in 
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a virtual space (the metaverse). Visitors will be able 
to use their avatars (alter egos) to tour the Virtual 
Expo and enter the virtual pavilions and experience 
virtual events.

Before I go on, let me leap back in time. As an 
elementary-school pupil in rural Kyushu, I went to 
see the Japan World Exposition, Osaka in 1970. As a 
boy who loved science, I remember being very 
excited about the Expo. I feel that the experience 
influenced me into becoming an engineer. Through 
the Virtual Expo, I hope that many people will be able 
to experience similar hopes and dreams like I did.

As I mentioned earlier, XR is an immature technol-
ogy, and the general public may not have a real sense 
of what it is. However, experiencing XR will help 
them realize how interesting XR is and change their 
impression of the technology. Therefore, to provide 
an experience of XR technology, we have opened 
“XR BASE produced by NTT QONOQ” (https://
www.nttqonoq.com/xrbase/) at the Electric Town 
ticket gate of Akihabara Station in Tokyo. Admission 
to XR BASE produced by NTT QONOQ is free, so 

please feel free to visit and experience it for yourself.

—Once we experience XR technology, how to apply it 
to the real world will become more realistic. NTT 
QONOQ has announced in press releases and 
through other media that it began offering a variety 
of XR solutions, correct?

In the metaverse business, we are focusing on rep-
resenting avatars in a more human-like manner. 
Specifically, we will enable a human-like response by 
an avatar in the virtual space platform on the web 
called “DOOR” by using artificial intelligence (AI). 
NTT QONOQ offers the “XR Concierge” solution by 
combining an avatar and dialogue engine equipped 
with customized conversational AI. Using these tech-
nologies and knowledge on the metaverse, we will 
enable an avatar to respond to users in a user-friendly 
manner by analyzing the user’s emotions and estimat-
ing their state of mind. We are collaborating with 
NTT Group companies to incorporate AI technolo-
gies gathered by the NTT Group. 

Remote work has become widespread due to the 
COVID-19 pandemic, and some people say it is dif-
ficult to communicate remotely compared to face-to-
face. With that concern in mind, we started a service 
called “NTT XR Lounge.” As a small metaverse 
space containing avatars, NTT XR Lounge is 
designed to facilitate informal communication such 
as chatting among team members.

Amidst the labor shortages due to the declining 
birthrate and aging population in Japan, the augment-
ed reality (AR) field is addressing social issues 
through remote operation. We offer “NTT XR Real 
Support” (https://www.nttqonoq.com/realsupport/), a 
remote-operation support solution using mixed real-
ity (MR) technology, for reducing on-site mainte-
nance in the infrastructure industry and supporting 
machine operation and on-site maintenance in the 
manufacturing industry. It is already being used in a 
variety of fields, including agriculture and fire 
departments, where it allows the transmission of 
skilled techniques remotely. We are also investigating 
applying it in the medical field, such as dentistry, and 
in the educational field by taking advantage of its 
ability to represent objects in three dimensions.

XR is active mainly in the industrial sector, and we 
exhibited our XR solutions at the 7th Smart Factory 
EXPO Tokyo in January 2023 to help people realize 
the advantages of our XR solutions. At our booth, we 
added a new device model compatible with NTT XR 
Real Support and offered visitors the chance to 

https://www.nttqonoq.com/xrbase/
https://www.nttqonoq.com/xrbase/
https://www.nttqonoq.com/realsupport/
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experience hands-free MR remote support. We are 
also developing a lightweight eyeglass-type device, 
which we plan to launch in 2024.

Intuition is cultivated from experience 

—Is the experience you have gained since joining 
NTT useful in your work as the head of NTT QONOQ?

I became president of NTT QONOQ following my 
previous job as the senior executive vice president of 
NTT DOCOMO. After assuming my new position, I 
have felt a big change because the scales of the two 
companies are completely different. Since joining 
NTT, I have worked as an engineer and served as a 
top executive several times. The experiences I had 
during that time have been useful in my current posi-
tion, and I want to talk about one of those experi-
ences I had at DOCOMO PlusHearty, of which I was 
the president for about two years.

DOCOMO PlusHearty was established to promote 
employment, primarily for people with severe intel-
lectual disabilities. The company offers cleaning and 
other services and is about the same size as NTT 
QONOQ. At that time, I strived to create a good envi-
ronment and devised ways to make it easier for 
employees with disabilities to work and make prog-
ress in their tasks. The employees took this to heart 
and worked diligently on various job sites, and we 
received feedback from our customers that they were 
very pleased with our employees’ work, which made 
me very happy.

In fact, now I again realize the importance of commu-
nication. I think the success of DOCOMO PlusHearty 
shows the advantages of being a small company—speed 
of response, quick decision making, and agile manage-
ment—which allow the voices of the workers in the 
field to be delivered directly to a top executive, who 
can then respond quickly.

Because of that experience, I continue to place 
importance on direct communication with employees 
at NTT QONOQ. For example, I hold in-house 
events, such as wine parties and participate in e-sports 
tournaments, to increase opportunities to communi-
cate directly with front-line employees, and I find 
those activities meaningful and fun.

Another thing I continue to emphasize is to be 
unafraid of failure. Of course, we are in business, so 
it is important to reduce failures; but even so, it is 
equally or even more important to be willing to take 
on challenges. If you are afraid of failure, you cannot 
take on any risks.

As I already mentioned, XR is in uncharted terri-
tory, and it is our job to create something new with 
XR. I remind our employees daily that even if they 
fail, they should keep trying.

—It sounds like you are taking the helm of NTT 
QONOQ and leveraging your various experiences. 
What do you think is required of top executives? And 
do you have a message for everyone?

First, top executives are the ones who make the 
final decision. In a large organization, the heads of 
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each department make careful decisions from their 
respective standpoints, and those decisions are then 
taken into consideration when a top executive makes 
their final decision; however, in an organization the 
size of ours, employees in the field consult directly 
with a top executive. Therefore, quick decision mak-
ing is required, which can be difficult, but I try to 
make decisions on the spot as much as possible.

While it is important to analyze past cases, figures, 
and failures, it is also important to listen to your heart 
to confirm the true meaning and gravity. At the final 
moment of decision making, intuition plays a key 
role. Intuition may sound irresponsible, but I think it 
means making instantaneous judgments based on 
previous experience. In that sense, intuition may be 
an “unconscious lessons learned from experience.”

Top executives should also value the curiosity of 
not only their employees but also themselves. 
Curiosity shows us new things and teaches us how to 
look at things from different angles. We do not know 
everything about the world. Curiosity is stimulated 
by talking with people from a wide range of perspec-
tives, and I try to stay curious no matter what position 
I find myself in.

Considering these experiences, I hope that all of 
you, especially researchers, will embrace curiosity 
and engage in your work without fear of failure. They 
say that failure is the mother of success, but without 
the accumulation of results and efforts, no awareness 

can be gained. Considering my experience as an engi-
neer, I believe that the research and development you 
are engaged in is important and you need to respect 
your desire to take on this challenge.

To our corporate and consumer customers, XR 
technology is rapidly evolving. Please try it out and 
let us know what you think. Your impressions and 
experiences will help us open new doors. To all our 
partners, there are limits to what one can do alone, so 
let’s continue to work together.

Interviewee profile
 Career highlights
Seiji Maruyama joined NTT in 1985. In his 

career at NTT DOCOMO, he became general 
manager of the Product Department in 2010, 
senior vice president and general manager of the 
Human Resources Management Department in 
2016, executive vice president and general man-
ager of the Corporate Strategy & Planning 
Department, responsible for Mobile Society 
Research Institute and Preparation for the 2020 in 
2018, and senior executive vice president and 
representative member of the board of directors 
in 2019. He assumed his current position in 
October 2022.
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Creating and discovering new materials by using 
high-quality complex-oxide-thin-film 

growth technology

—Could you tell us about your current research?

My research theme focuses on creating new materi-
als and elucidating their physical properties. In the 

three years since my last interview for “Front-line 
Researchers,” our research team made three main 
accomplishments: (i) discovery of a new copper 
oxide (cuprate) superconductor through the forma-
tion of artificial superlattices; (ii) development of a 
pioneering and efficient method for growing high-
quality thin films; and (iii) substantiation of a mag-
netic Weyl semimetal state in SrRuO3 (Sr: strontium, 

Taking the Challenge to Create Novel 
High-temperature Superconductors 
and Access New Physical Phenomena 
by Using a Thin-film Growth Method 
sui generis

Front-line Researchers

Hideki Yamamoto
Senior Distinguished Researcher, 
NTT Basic Research Laboratories

Abstract
A newly developed elemental source-sequencing technique has 

further advanced NTT’s world-leading complex-oxide-thin-film 
growth technology, which allows for synthesis of artificial materi-
als consisting of alternating layers of different materials with 
molecular-layer thicknesses, culminated in the discovery of a new 
superconductor. Synergetic integration of the thin-film growth 
technology and process informatics has enabled efficient prepara-
tion of the world’s highest-quality thin films of oxides in exis-
tence, which has led to the observation of new physical properties 
in an oxide previously unsubstantiated. We interviewed Hideki Yamamoto, a senior distinguished 
researcher at NTT Basic Research Laboratories, who is conducting research on new materials synthesis 
and on their physical properties, about the above achievements, his thoughts on superconductors, which 
are expected to be used in the environmental and energy-related fields, and his attitude as a leader of a 
world-class research team.

Keywords: superconductor, thin-film growth, artificial superlattice, molecular beam epitaxy
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Ru: ruthenium, O: oxygen) by using ultra-high-qual-
ity thin films.

I’ll explain the first accomplishment, discovery of 
a new cuprate superconductor, in more detail. Super-
conductivity is a phenomenon in which electrical 
resistance in a material disappears under certain con-
ditions; as a result, an electric current continues to 
flow in the material without heat generation or other 
losses. A material that has this property is called a 
superconductor. We created a new superconductor 
using a thin-film growth method we developed. To 
achieve superconductivity, it had been necessary to 
cool materials to cryogenic temperatures. Some 
hydrides have recently been found to exhibit super-
conductivity at temperatures approaching room tem-
perature: the highest superconducting critical tem-
perature Tc ≈ −25°C. This discovery suggests the 
existence of yet-undiscovered materials that can 
exhibit superconductivity at room temperature. How-
ever, such hydrides with high critical temperatures 
are stable only under ultra-high pressure, about 200 
GPa. The materials change their crystal structures 
under ambient pressure and become non-supercon-
ducting. The material family with the second highest 
Tc is cuprate. The highest Tc in the cuprates is about 
–130°C, so lower temperatures are required, but 
cuprate superconductors have the advantage of 
exhibiting superconductivity under ambient pressure.

There are two approaches to achieve the ultimate 
goal of discovering materials that exhibit supercon-
ductivity at ambient pressure and room temperature: 
(i) focusing on hydrides that show high Tc under high 
pressure and searching for materials that can be stabi-
lized under ambient pressure and (ii) focusing on 
cuprates that exhibit relatively high Tc under ambient 
pressure and searching for materials that are likely to 
have higher Tc. Making artificial superlattices of 
cuprates is in line with the second plan.

The crystal structure of cuprate superconductors is 
a natural superlattice composed of periodically 
stacked superconducting layers and charge-reservoir 
layers. Therefore, a bottom-up technique for material 
creation, i.e., superconducting layers and charge-res-
ervoir layers are alternately stacked to form an artifi-
cial superlattice, has long been considered promising. 
However, the crystal structure is complex, and each 
layer has a totally different crystal structure; there-
fore, a top-down technique for material creation has 
been used, i.e., natural superlattice structures are 
synthesized through solid-state reactions via a so-
called powder mixing + sintering process. Our oxide-
thin-film growth technology, coupled with further 
technological developments (Fig. 1), has reached a 
level at which we can now create difficult-to-prepare 
artificial superlattices. Our challenge was to design 
and prepare an artificial superlattice that combines a 

Fig. 1.   Technology for growing high-quality complex-oxide superlattices.

Atomic-
oxy

gen so
urce Ozone source

EIES: electron impact emission spectroscopy
MBE: molecular beam epitaxy
RHEED: reflection high-energy electron diffraction

Multiple electron guns

Substrate
heater

RHEED
Shutter

Cu Fe

Ca

MBE chamber

Pump

Complex-oxide MBE

Ultra-high
vacuum

(1) Technology for precisely controlling supply
rates of Ca, Cu, and Fe simultaneously

(2) Source-shutter control technology custom
designed to work with NTT-established 
flux-rate control technology

Li
qu

id
-n

itr
og

en
sh

ro
ud

EIES sensor
(rate control)

(1)

(2)Source
shutter



Front-line Researchers

NTT Technical Review 8Vol. 21 No. 11 Nov. 2023

compound called IL-CaCuO2 (infinite-layer calcium 
copper oxide) as a superconducting layer and another 
oxide as a charge-reservoir layer. Since IL-CaCuO2 is 
a quasi-stable phase, the IL-CaCuO2 layers can only 
be stabilized on lattice-matched substrate (and lat-
tice-matched charge-reservoir layers) and within a 
limited growth temperature range (590–600°C) while 
maintaining strong oxidizing conditions. According-
ly, the material to be combined with IL-CaCuO2 must 
have growth-condition compatibility and lattice 
matching with IL-CaCuO2. Through case studies, we 
found a material that fulfills these requirements, 
Ca2Fe2O5 (calcium iron oxide), and were able to form 
the [(CaCuO2)n/(Ca2Fe2O5)m]N superlattices as 
designed, which showed superconductivity.

An atomic-resolution scanning transmission elec-
tron microscope (STEM) equipped with an element-
distinctive electron energy-loss spectroscopy (EELS) 
apparatus enabled direct observation of the atomic 
arrangements in the superlattices and evaluation of 
their crystallinity. The capability of visualizing atom-
ic arrangements has been of great help in optimizing 
the growth conditions for such superlattices com-
posed of materials with different crystal structures.

Our newly discovered and synthesized artificial-
superlattice high-Tc superconductor [(CaCuO2)n/
(Ca2Fe2O5)m]N has a Tc below −223°C, which does 
not reach the highest record for cuprates; neverthe-
less, we have demonstrated that a new superconduc-
tor can be synthesized by stacking two layers with 
completely different crystal structures. This suggests 
that the creation of artificial superlattices with even 

higher Tc by changing the material combined with 
IL-CaCuO2 is possible. It had not been clear why the 
IL-CaCuO2 layer, which is responsible for supercon-
ductivity in the superlattice, does not exhibit super-
conductivity by itself; however, through our research, 
we were able to clarify the mechanism by which the 
IL-CaCuO2 layer exhibits superconductivity when 
embedded in the superlattice. As shown on the left 
side of Fig. 2, in bare IL-CaCuO2 layers, the CuO2 
planes, the playground of superconductivity are dis-
continuous due to the displacement of the atomic 
arrangement. In contrast, as shown on the right side 
of Fig. 2, when embedded in the superlattice, the 
pristine CuO2 planes are formed.

Drs. Ai Ikeda and Yoshiharu Krockenberger have 
been the main players in achieving these research 
accomplishments, which have been published in four 
scientific papers [1–4], leading to an invited talk in an 
international conference in 2021. We will be giving 
two more invited talks in November and December 
2023. Dr. Ikeda received the 50th (Spring 2021) 
Japan Society of Applied Physics (JSAP) Young 
Scientist Presentation Award and the 14th JSAP 
Superconductors Division Young Scientist Award for 
an Excellent Article (March 2023), proving our 
research has been highly evaluated. Going forward, 
aiming for a higher Tc superconductor, we will try to 
establish material-design guidelines by varying the 
number of IL-CaCuO2 layers in one superlattice cell 
as well as using empirical rules concerning the types 
of charge-reservoir layers in materials that exhibit 
high Tc.

Fig. 2.   The reason why IL-CaCuO2 layers exhibit superconductivity when embedded in the superlattice structure.
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Through such activities, we intend to elucidate the 
mechanism of high-Tc superconductivity in cuprates. 
As represented by the study of infinite-layer materi-
als such as IL-CaCuO2, we have reported that the 
electronic phase diagram, which is the key to compre-
hending the mechanism of superconductivity in 
cuprate superconductors, is strongly affected by the 
integrity of the CuO2 planes, the playground of super-
conductivity [5]. Although it is on cuprates that 
slightly differ from those we have been studying, 
another research group has recently reported similar 
results [6], which is of great interest from the view-
point of comprehending the mechanism of supercon-
ductivity.

—Thin-film growth technology is important in terms 
of creating new materials and elucidating phenome-
na associated with them, right?

New substances and materials are generally synthe-
sized either by reactions in beakers or flasks or, in the 
case of oxides, by solid-state reactions in which pow-
ders of constituent materials are mixed and fired in a 
furnace to synthesize bulk materials. In contrast, NTT 
aims to create new materials through thin-film syn-
thesis—in which atomic beams of constituent ele-
ments are supplied and reacted under ultra-high vac-
uum—using the world’s most-advanced multi-source 
oxide molecular beam epitaxy (MBE) with high-
precision control of evaporation rates that we have 
developed and improved over the years. The follow-
ing are three key technologies: (i) for evaporating 
high-melting-point elements (≥ 2000°C) by high-
energy-electron irradiation; (ii) for controlling the 
evaporation rates of multiple elements with high 
accuracy and in real time by using electron impact 
emission spectroscopy (EIES); and (iii) for oxidizing 
materials under ultra-high vacuum conditions by 
using ozone and atomic oxygen.

Our thin-film growth technology has been applied 
to synthesize new materials and prepare high-quality 
thin films of materials already in existence; however, 
to prepare the highest-quality thin films, it has been 
necessary to optimize the growth conditions through 
several hundreds to a thousand trial-and-error runs. 
To address this issue, we used process informatics to 
develop a methodology, algorithm, and program suit-
able for optimizing the thin-film growth conditions, 
which enabled us to efficiently prepare the world’s 
highest-quality thin films in less than 50 growth runs 
(Fig. 3). This is the second example of our major 
accomplishments mentioned at the beginning, i.e., 

(ii) the development of a pioneering and efficient 
method for growing high-quality thin films. In addi-
tion to establishing the superlattice-formation tech-
nology mentioned above, this technology has made 
rapid progress in the past five years or so thanks to the 
collaboration between NTT Basic Research Labora-
tories and NTT Communication Science Laborato-
ries, where Dr. Yuki K. Wakabayashi has been play-
ing a central role.

The development of this method, called machine-
learning-assisted molecular-beam epitaxy (ML-
MBE), enabled us to demonstrate the magnetic Weyl 
semimetal state by using ultra-high-quality SrRuO3 
thin films, our main accomplishment (iii) mentioned 
at the beginning. The compound SrRuO3 has been 
studied extensively from the viewpoints of both 
physics and applications because both metallic and 
ferromagnetic states are inherent in it, and it has a 
perovskite structure like many other complex oxides 
that have been widely studied in the field of oxide 
electronics. Since only limited sizes of single crystals 
of SrRuO3 were obtained until recently due to diffi-
culty in crystal growth, research on physical proper-
ties has mainly been conducted using thin-film speci-
mens. We used ML-MBE and successfully prepared 
the world’s highest-quality SrRuO3 thin film. This 
highest-quality thin film enabled us to demonstrate 
that SrRuO3 is a novel material in a unique quantum 
state: metallic, ferromagnetic, and Weyl semimetal 
states simultaneously occur in it [7‒9]. These 
research outcomes have been published in many 
papers (approaching 15) first authored by Dr. Yuki K. 
Wakabayashi.

What is common sense in one field may not be in 
another, so a team of researchers with various 
backgrounds can turn something that does not 

seem common sense into something that is 

—Please tell us what you keep in mind as a researcher.

We are currently researching as a team, but as a 
team manager, I try to take a bird’s-eye view when 
searching for research themes and subjects, and when 
interpreting experimental results. Regarding research 
themes, I first set a major theme and then leave the 
rest to our team members while making sure to 
respect their autonomy. Of course, I give advice 
based on my own experience and knowledge, and 
some problems can be solved based on that experi-
ence; however, a dilemma arises if we put too much 
emphasis on that experience: our ideas and research 
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will become more and more predictable. I believe that 
this balance between past-experience-based advice 
and on-the-fly thinking by individual researchers 
must be kept in mind to maximize the strengths of a 
research team consisting of members of different 
generations. Regardless of generation, what is com-
mon sense in one field is often not in another. Fortu-
nately, our team members have various expertise and 
backgrounds, and pursuing research while discussing 
among themselves often leads to unexpected ideas 
and results; thus, what was thought to be not common 
sense yesterday may become so tomorrow.

I also value the opportunity to talk face-to-face as 
we research as a team. I spend a lot of time on man-
agement-related desk work and in meetings, and it is 
sometimes difficult to find time to talk directly with 
the team members, but the limited time I can find 
conversely highlights the importance of such oppor-
tunity. Under the restrictions on laboratory atten-
dance during the COVID-19 pandemic, I prioritized, 
as much as possible, attendance of the team members 
involved in experiments and I myself shifted to tele-
working. Now that the restrictions have been lifted, I 
feel that face-to-face discussions in the lab and other 
places deepen our mutual understanding of the 

research themes and results. I hope this shift back to 
face-to-face discussion will lead to new discoveries.

NTT Basic Research Laboratories has an external 
evaluation committee called the Advisory Board, 
whose members include prominent researchers, 
including Nobel Prize laureates. Thus far, we have 
held twelve Advisory Board Meetings once every 
two years. In those meetings, the members of the 
Advisory Board visit the Laboratories to hold discus-
sions and give evaluations and recommendations on 
our research system, research plans, and progress of 
research, and related matters. In 2021, during the 
COVID-19 pandemic, we were forced to hold the 
meeting online, but one of the members commented 
on my presentation that “This research effort is 
unique in the world, and this presentation is now 
achieving incredible results.” Even though I was dis-
tressed because we could not proceed with experi-
ments and research as we wanted and could not make 
direct discussions due to the pandemic, that comment 
encouraged me a lot.

Fig. 3.   Synergetic integration of materials science and data science.
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—What do you aim to achieve as a researcher in the 
future?

The discovery of materials that exhibit supercon-
ductivity at ambient pressure and room temperature 
is the ultimate goal of researchers involved in super-
conductivity. Although there are many possible 
approaches to discovering and synthesizing such 
materials, I want to focus on using thin-film growth 
methods. Although further study and verification are 
needed to determine the specific composition and 
crystal structure to target, fortunately, recent advanc-
es in theoretical and computational science have 
made it possible to predict with a high degree of 
accuracy the stability and electronic structure of 
materials that have not yet been synthesized. It has 
also become possible to (i) estimate the phonon struc-
tures of yet-undiscovered hypothetical materials and 
the magnitude of electron-phonon interactions in 
those materials and (ii) predict the superconducting 
transition temperature to some extent. We plan to 
incorporate such an approach while exploiting joint 
research with other institutions.

Even if a new material is discovered, it usually 
takes a certain amount of time before it can be put to 
practical use. However, if a material that exhibits 
superconductivity at room temperature and ambient 
pressure were put to practical use, it would be possi-
ble to transmit and supply electric power using direct 
current in a lossless manner, and if that material were 
used for wiring in circuits, problematic heat genera-
tion would be greatly reduced, thereby contributing 
to resolving environmental and energy issues. As a 
researcher, I am grateful for being able to conduct 
research at a time when materials that exhibit super-
conductivity at temperatures close to room tempera-
ture—though under ultra-high pressure—have been 
discovered, and I want to challenge myself to achieve 
the ultimate goal, though it will not be achieved over-
night.

Streamline your research process and take 
detours once in a while

—What is your message to younger researchers?

First of all, I want to thank all the team members 
who have achieved outstanding results one after 
another, despite the great headwind of the COVID-19 
pandemic, and NTT Communication Science Labo-
ratories and other collaborators for their sincere 
efforts. To next-generation researchers, including 

those who are not necessarily directly involved in our 
research, I want to say the following. It is important 
to improve time performance so that we can achieve 
results and success in a limited amount of time. It is 
natural that people tend to focus on this time keeping, 
but I also want to point out that it is also important to 
take a detour once in a while. In the aforementioned 
research on artificial superlattices that exhibit super-
conductivity, it may sound as if we had taken the 
shortest route, but, in fact, we took quite a few 
detours. As a result of those detours, we discovered 
the unexpected phenomenon, disruption of the super-
conducting layer due to defects, and we were able to 
proceed with our research with a deep understanding 
of the significance of superlattice formation in pre-
venting such disruption. Although the improvement 
in efficiency of the process for optimizing growth 
conditions through process informatics may seem to 
contradict this story, that efficiency improvement has 
also given us room to take a detour in our research on 
SrRuO3.

I also recommend that if you get a chance, you 
should experience a stay abroad. Living abroad 
means, at least in the short term, your research at that 
point in time will be interrupted. I think that from the 
standpoints of work as well as family and personal 
life, the timing when “everything is in order now and 
I can stay abroad without any problems or worries” 
will almost never come around. Today, we can make 
contact with people from different countries at aca-
demic conferences and other gatherings through web-
conferencing systems and other means. Even so, I 
think that the experience of living abroad is still very 
significant. One example of this significance is to 
experience firsthand cultural differences and differ-
ences in ways of thinking; however, I also feel that 
experiencing other aspects that cannot be adequately 
expressed in words is more significant. I went to 
Stanford University in the USA for eleven months 
from 2004 to 2005 as a joint researcher. The primary 
significance was the deep and fruitful discussions I 
had with local researchers, but that is not all. For 
example, I was able to form valuable contacts and 
then expand that network of contacts, which helped 
us to accept an internship student from the University 
of Twente in the Netherlands from October 2022 to 
May 2023. Going abroad may not necessarily lead 
directly to research results in the short term; in the 
long term, however, the presence or absence of such 
experience will make a difference in your range of 
thinking and approaches to research.
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Clarifying the “desire to touch” from large-scale 
social media data

—Dr. Ujitoko, what kind of research is involved in 
obtaining a “scientific understanding of the desire to 
touch”?

“Scientific understanding of the desire to touch” 

refers to research that takes a psychological approach 
to understanding such riddles as “What kind of things 
do people think they want to touch?” and “Why do 
they think they want to touch them?” By promoting 
this kind of research to deepen our understanding of 
the “desire to touch,” which has not been studied 
much in prior research, could we not provide the 
knowledge needed to create haptic content that people 

Scientific Understanding of the Desire 
to Touch and Haptic Presentation 
Methods Based on Cross-modal 
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Haptic presentation technologies that can express a sense of 
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hand, “What kind of haptic experience do people want?” has not 
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want to experience?
In contrast to the sense of touch, information pre-

sentation technologies involving the sense of sight 
and sense of hearing have become widely used. 
Today, the world is overflowing with attractive and 
compelling music and video content, and each of us 
can experience content that we want to experience. 
However, while the research and development of 
haptic presentation technologies involving the sense 
of touch have made some progress, the current situa-
tion is that haptic content that a person wants to expe-
rience has yet to spread in society. I believe that a 
major reason for this is a lack of understanding as to 
what kind of haptic experience people want. In the 
past, investigations into the desire to touch consisted 
of experiments conducted in laboratories with sub-
jects using actual stimuli. These laboratory experi-
ments, however, could only use a limited number of 
targets from among those we touch in our daily lives, 
and could also produce biased results since subjects 
were conscious of results that the experimenter was 
seeking. For these reasons, it was difficult to investi-
gate the desire to touch in everyday life.

We collected a large amount of text related to the 
desire to touch in everyday life stored in social media 
and aimed to understand the desire to touch in a com-
prehensive manner from the viewpoint of diverse 
situations in daily life. By clarifying what people 
want to touch in what kind of situation as basic 
research based on large-scale social media data, it 
would be possible to obtain insights into haptic con-
tent that people want to experience and to identify 
where we should focus our efforts in developing 
technology based on those insights. For example, if 
it’s understood that the desire to touch cats in one’s 
living room on one’s day off is a strong desire, a deci-

sion can be made to prioritize the development of 
technology that presents a feeling of cat fur and paw 
pads, which may then lead to the creation of content 
that people want to experience in the future (Fig. 1).

—What have been some concrete findings in your 
research to date on the desire to touch?

In collecting data related to the desire to touch, we 
found that targets that people would like to touch are 
extremely limited in number. This was an unexpected 
result since there are a limitless number of targets that 
we can touch all around us, which suggests that there 
would be a wide variety of targets that people would 
like to touch. In demonstrations presenting the results 
of certain studies on haptic presentation, the ability to 
express the feel of all sorts of targets is often regarded 
to be a strong point and an attractive feature of those 
studies. Our above result, however, suggests that the 
ability to reproduce certain types of tactile sensations 
may be appealing even if the feel of a wide variety of 
targets cannot be expressed. We also came to under-
stand that the targets that people want to touch are 
biased on the whole towards living things like people 
and animals over things. For this reason, I believe that 
content that can provide communication through 
remote touching of a loved one or family member or 
through touching of virtual avatars in the metaverse, 
or content that can produce a calming effect by touch-
ing animals like cats and dogs, may in the future 
become an integral part of human life. In addition, we 
found that there is a strong relationship between the 
target of what a person wants to touch and the way of 
touching that target. For example, “stroking” and 
“cat” are strongly related, so when creating “cat 
touching” content, it may be best to start out by  

Fig. 1.   Process of creating haptic content based on knowledge of the desire to touch.
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formulating a policy that places importance on 
expressing the feel of stroking.

This research began during the spread of COVID-
19 when I thought to myself “Could this be research 
that I could conduct from home?” As it turns out, I 
also found that the desire to touch was changing dur-
ing the spread of COVID-19. From around the time 
of Japan’s Declaration of a State of Emergency in 
response to the COVID-19 outbreak in 2020, I 
obtained a result suggesting that the phenomenon of 
“skin hunger,” or a craving for the warmth of the skin 
of living things like people and animals, was appear-
ing among people. I thought that this was likely due 
to the effects of social distancing and restrictions on 
going out on the desire to touch (Fig. 2). This result 
led me to conclude that there was a need for technol-
ogy that could achieve a tactile connection with other 
people in a remote environment during the COVID-
19 pandemic. Similarly, since this research also iden-
tified the desire to refrain from touching non-living 
things like cash or door knobs thought to be a source 
of infection, I found that technology that could pro-
vide a sense of touch even when not actually touching 
something would be needed during such a pandemic. 
In addition, a series of our studies revealed that the 
desire to touch possessed not only static properties 
but also dynamic properties that change depending 
on the event. This was a deeply interesting discovery 
that reflects the complexity of the desire to touch.

—How are you researching “haptic presentation 
methods based on cross-modal perception”?

I am now studying haptic presentation methods 
based on cross-modal perception as technologies that 
can give people a sense of touch. To give an example 
of cross-modal perception, when a person is eating 
red-colored kakigori (shaved ice, a summer treat in 
Japan) that smells like strawberries, a phenomenon 
occurs in which that person experiences the taste of 
strawberries despite the fact that kakigori is essen-
tially tasteless. What happens here is that perception 
corresponding to a certain sensation is modulated by 
input into a different sensory organ. Now, if we were 
to apply this phenomenon to haptic presentation 
when touching something with one’s finger, we could 
produce a pseudo sense of touch by simply changing 
the way in which the finger and target movement is 
viewed as visual information without any physical 
haptic stimulation. In research using this technology, 
I am proposing a haptic presentation method associ-
ated with the swipe operation on a display in which 
the user perceives “heaviness,” which should be 
absent in such a display operation, by limiting the 
amount of scrolling (Fig. 3).

Past haptic presentation devices were often expen-
sive and difficult to carry around, so in actuality, 
spreading their use in the manner of “one per house-
hold” was deemed difficult. In the face of this prob-
lem, I considered that applying cross-modal percep-
tion to haptic presentation could lead to a device 

Fig. 2.   Change in desire to touch and COVID-19 outbreak.

In
de

x 
of

 d
es

ire
 to

 to
uc

h 
liv

in
g 

th
in

gs

0.06

0.05

0.04

0.03

0.02

0.01

0.00
2019
Aug.

2019
Oct.

2019
Dec.

Year/month

COVID-19
outbreak

Stationary
immediately

after COVID-19
outbreak

Index strengthens around
the 1st Declaration of
a State of Emergency

A relatively high level
compared with pre-

pandemic times continues

2020
Feb.

2020
Apr.

2020
June

2020
Aug.

2020
Oct.

2020
Dec.



Rising Researchers

16NTT Technical Review Vol. 21 No. 11 Nov. 2023

based on a simple and inexpensive mechanism.
In my studies of haptic presentation methods based 

on cross-modal perception, I have not only proposed 
individual presentation methods but also undertaken 
the systematization of presentation methods. In this 
regard, a variety of methods have previously been 
proposed as haptic presentation methods based on 
cross-modal perception. For example, various meth-
ods have been proposed such as a method that 
expresses a feeling of heaviness when picking some-
thing up and a method that expresses a feeling of 
roughness when rubbing the surface of an object. In 
the past, however, knowledge associated with these 
methods (such as the method itself and its limitations) 
was presented in separate papers in a fragmentary 
manner. In such an environment, researchers and 
developers of haptic content cannot efficiently obtain 
knowledge. For this reason, I conducted a compre-
hensive survey on related research from the 2000s up 
to now and organized haptic presentation methods 
from viewpoints of tactile feeling, user input, and 
visual stimulus. This type of work is similar to that of 
a consultant in terms of the need for conducting a 
comprehensive survey and organizing information 
based on meaningful viewpoints. However, this 
requires working in a way different from that of a 

researcher, so completing this survey was a challenge 
for me. This survey clarified the present state of “hap-
tic presentation methods based on cross-modal per-
ception,” which have contributed greatly to the field 
of haptic research. The survey also enabled me to 
discover topics missing in the field to date.

Creating appealing haptic content and 
generating a paradigm shift in the haptic field

—What are some difficult points in your current 
research?

In analyzing the desire to touch using large-scale 
social media data, it is difficult to determine whether 
information on the desire to touch can truly be 
obtained as a result of investigation. As a research 
theme, the desire to touch crosses into a person’s pri-
vate domain, but on the other hand, social media data 
constitutes information that the user wants to publi-
cally release. So we need to be careful in deciding 
whether publically released data truly reflects the 
desire to touch. In addition, there is a bias with 
respect to user gender or age depending on the social 
media, so a bias naturally arises in results. In my 
research, I deal with these problems by comparing 
the results of collecting large-scale data in online 
experiments with the results of social media data to 
clarify as much as possible the bias originating in the 
method of data collection. In my research to date, I 
have come to understand the targets of the desire to 
touch, but I have not yet been able to clearly identify 
what kind of tactile sensations should be presented in 
those targets or what kinds of situations are more 
desirable. My research objectives from here on are to 
clarify “What kind of tactile sensation is needed in a 
target that people desire to touch?” and “In what kind 
of situation is a touching experience needed?”

Another problem in a haptic presentation method 

Fig. 3.   Example of a haptic presentation method based on cross-modal perception.
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based on cross-modal perception is that the degree of 
feeling differs from one person to the next. In actual 
demonstrations targeting a variety of people, we have 
found that the way of feeling changes depending on 
the person and that the ease of feeling differs accord-
ing to age. By clarifying the factors that give rise to 
such differences in the way of feeling, I hope to apply 
the knowledge gained to calibration techniques in 
haptic presentations to mitigate individual differences. 
Moreover, in comparison to past haptic presentation 
devices that physically stimulate a person’s body, a 
problem in existing haptic presentation methods 
based on cross-modal perception is that the tactile 
sensation that can be felt is very weak. To solve this 
problem, I will combine existing methods with phys-
ical stimuli based on simple haptic presentation 
devices, and from here on, I plan to search for haptic 
presentation methods based on more powerful means 
of cross-modal perception. 

—What do you think will become possible in the years 
to come based on your research achievements?

I believe that using the results obtained from the 
scientific analysis of the desire to touch and from 
haptic presentation methods based on cross-modal 
perception should be able to contribute to various ele-
ments making up the Innovative Optical and Wireless 
Network (IOWN) vision proposed by NTT. For 
example, in Digital Twin Computing, one of the three 
key elements of IOWN, our results can contribute to 
making the digital twin itself more appealing by 
implementing in the cyber world “content that people 
desire” born from an understanding of the desire to 
touch. In addition, haptic presentation methods based 
on cross-modal perception can be used as a mecha-
nism for conveying to a user in the physical world a 
haptic experience of the user’s digital twin in the 
cyber world. In this way, it will be possible to provide 
a natural haptic experience without special devices.

—Dr. Ujitoko, what message would you like to leave 
for researchers, students, and business partners? 

I myself have been in this research field related to 
the sense of touch for some time, but the present situ-
ation is that the general public knows little about this 
research with no clear outlook for the spread of haptic 
content in society. This can make me feel a bit sad as 
a researcher. To overcome this state of affairs, what 
motivates me in my research is a desire to produce 
results that can support technologies and content that 
the general public can easily use while pursuing my 
work in basic research. From here on, as well, I will 
focus on basic research that could lead to appealing 
technologies in the future. Furthermore, in contrast to 
a desire for immediate profits, I hope that the knowl-
edge that I accumulate in relation to the sense of 
touch will enable someone in the future to gain some 
valuable insights. To those readers who have an inter-
est in the research that I am pursuing here at NTT 
Communication Science Laboratories, I would like to 
say, “Let’s work together to create a new future for 
haptic research!”
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1.   Necessity of renewing computing 
infrastructure for supporting IOWN

Promoting its concept called the Innovative Optical 
and Wireless Network (IOWN), NTT is striving to 
build a new network and information-processing 
infrastructure that overcomes the limits of current 
information and communication technology (ICT). In 
the IOWN era, we aim to provide a new service called 
Digital Twin Computing (DTC)—which will enable 
future prediction by combining the real world with 
the digital world—by optimally combining various 
ICT resources through Cognitive Foundation and 
connecting everything at high speed with light via the 
All-Photonics Network.

Future prediction by DTC requires a computing 
infrastructure that can process huge amounts of data 
and provide unimaginable accuracy and speed. To 
actualize the IOWN concept, we are considering 
speeding up arithmetic processing by using photon-
ics-electronics convergence technology and consid-
ering radically switching to a completely new com-
puting infrastructure using quantum computers, 
which have been attracting attention. Quantum com-
puters are expected to exploit quantum-mechanical 

behavior to solve problems that are difficult for con-
ventional computers to solve, such as prime factor-
ization, optimization problems, and chemical simula-
tions, at high speed. Our goal is to take advantage of 
these characteristics of quantum computers to imple-
ment unprecedented applications and provide new 
services.

2.   What is quantum computing?

Research on quantum computers is thought to have 
started in 1985 with the proposal of a computational 
model called a “quantum Turing machine” by Oxford 
University physicist David Deutsch [1]. In 1994, 
Peter Shor, a mathematician at AT&T, a U.S. tele-
communications company at the time, announced a 
quantum algorithm that could solve prime-factoriza-
tion problems considerably faster than a classical 
computer with conventional central processing units 
[2]. That announcement attracted a great deal of 
attention, and various universities and companies 
began a race to develop various types of computers 
that apply quantum-mechanical behavior to comput-
ing. Two main types of such computers have been 
developed: the so-called quantum computer and its 

Toward Creation of a System 
Architecture for Quantum 
Computers
Sumitaka Sakauchi
Abstract

To achieve innovations in the era of the Innovative Optical and Wireless Network (IOWN), for exam-
ple, predicting the future by Digital Twin Computing, a computing infrastructure that supports ultra-
high-speed and ultra-large-scale computing is needed. This need has led to a growing interest in quantum 
computers, which execute operations in a completely different way than conventional computers. NTT 
Computer and Data Science Laboratories is engaged in both (i) theoretical research to create system 
architectures that maximize the capabilities of quantum computers and (ii) development of system and 
software technology for practical applications of quantum computers.
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derivative, an Ising machine. 
Quantum computers are expected to be used for 

tasks such as solving prime-factorization problems at 
high speed. Quantum operations are based on quan-
tum bits (qubits), which can represent quantum-
superposition states through their quantum nature. 
Various methods for creating qubits, such as using 
superconductivity, photons, and ion trapping, have 
been proposed, but the number of qubits that can be 
implemented is currently limited. In addition, errors 
are generated by noise, etc., and practical calculations 
require additional qubits for error correction. For 
example, it is said that prime factorization of 2048 
bits requires 107 qubits with an error rate of 10−4 [3]. 
However, current quantum computers lack both scale 
and precision. Many companies and research insti-
tutes are therefore conducting basic research and 
development of multi-bit systems. However, a large-
scale quantum computer called a fault-tolerant quan-
tum computer (FTQC)—which can correct errors 
during calculation while executing prime factoriza-
tion—has not yet been put into practical use. Even in 
the current situation in which the number of qubits is 
small, efforts to suppress noise by minimizing the 
circuit scale as much as possible and promote the 
development of useful computational applications 
before an FTQC is put into practical use are under-
way. Such research and development on a small-scale 
noisy intermediate-scale quantum (NISQ) computer 
is progressing. 

The other type of quantum computer, an Ising 
machine, specializes in solving combinatorial optimi-
zation problems, namely, time-consuming problems 
for classical computers to solve, at high speed by 
using a statistical-mechanics model that represents 
the properties of magnetic materials called the Ising 
model. Unlike quantum computers that use qubits, an 
Ising machine has limited applications. However, 
having already been commercialized by several com-
panies, it leads the competition in terms of practical 
use.

At NTT, we are conducting a wide range of research 
and development—from technologies related to Ising 
machines to technologies for enabling the develop-
ment of quantum computers (NISQ computers and 
FTQCs). We developed an Ising machine called the 
LASOLVTM computing system, which executes 
operations using light. We are also promoting the 
development of its applications. Regarding quantum 
computers, we are researching optical quantum sys-
tems and superconducting systems as methods for 
implementing quantum-computing hardware. 

Regarding software, we are investigating methods 
and theories to achieve error correction and error sup-
pression with higher performance and efficiency. On 
March 27, 2023, RIKEN started providing Japan’s 
first quantum-computing cloud service through the 
national project Q-LEAP [4]. Participating in this 
project, NTT Computer and Data Science Laborato-
ries is contributing to the implementation of control 
software for quantum computers.

A positioning map for an Ising machine, NISQ 
computer, and FTQC is shown in Fig. 1. An FTQC 
increases the range of problems that can be solved, 
but its relative difficulty of implementation is higher. 
With that difficulty in mind, NTT laboratories, con-
sidering implementation of an FTQC as our goal, are 
aiming to provide a practical computing infrastruc-
ture as soon as possible by researching and develop-
ing technologies to fill the gap from an NISQ com-
puter to an FTQC called the “early-FTQC” as well as 
developing Ising machines and NISQ computers.

3.   System-architecture technology for practical 
use of quantum computers

Various types of hardware have been proposed for 
implementing Ising machines and quantum comput-
ers. A research-and-development competition to 
establish a mechanism for controlling various types 
of hardware that enable quantum computing and 
executing meaningful applications, that is, establish-
ing a quantum-computing system architecture, has 
also begun.

Various challenges facing the creation of system 
architectures to use quantum computers have been 
identified. To address these challenges, NTT Com-
puter and Data Science Laboratories is engaged in 
research and development that combines physics and 
information science to explore the ideal architectural 
design and usage of a practical quantum computer 
(Fig. 2).

Challenge (1): Application development for quan-
tum computers is difficult

A quantum computer solves problems by using 
specialized quantum algorithms. It is therefore neces-
sary to study how problems in general form can be 
represented by complex quantum algorithms and 
converted into a form suitable for quantum comput-
ers. Since knowledge of quantum mechanics is also 
used, the hurdle is currently too high for general 
application developers.

To address this challenge, we are working to 
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abstract the parts of quantum hardware that are used 
by application developers by implementing them as 
libraries or SDKs (software-development kits). Soft-

ware development specialized for each type of quan-
tum hardware is currently required, as was the case 
with assembly languages in the early days of classical 

Fig. 1.   Position map for Ising machines and quantum computers.
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• To maximize the computational-processing
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• To execute useful operations on quantum 
computers, it is necessary to improve scalability by 
increasing the size of qubits and enhancing noise 
immunity.

• Upgrading of elemental technologies for using quantum-
computer arithmetic hardware with various characteristics

• Creation of quantum-computing system architecture that 
can operate in combination with control software, operating 
systems, compilers, etc.

• Abstract the parts of quantum hardware that are used by application
developers with libraries, SDKs, etc. to facilitate the development of
applications that use quantum computers.

• Develop a language and compiler that handles quantum hardware
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computers. Therefore, we aim to construct instruction 
sets, intermediate expressions, high-level program-
ming languages, and compilers that enable optimized 
processing by using the characteristics of each type of 
quantum hardware.

Challenge (2): Quantum computers demonstrate 
high speed only for certain applications

By using superposition states, quantum computers 
can be expected to dramatically speed up operations 
on many inputs at once, such as during prime factor-
ization; however, they are not expected to be fast 
enough to replace all operations executed by a classi-
cal computer. In other words, a quantum computer 
acts as a kind of accelerator. To create value as an 
application, it is therefore necessary to consider a 
system that works well with a classical computer and 
maximizes the computing power, which is the advan-
tage of quantum computers.

To overcome this challenge, we are investigating 
system architectures that combine various types of 
quantum computers and classical computers in a 
tightly coupled manner and distribute processing 
appropriately. We are pursuing research and develop-
ment to materialize these architectures as distributed 
operating systems.

Challenge (3): To achieve useful quantum compu-
tation, increased scalability is needed 

As mentioned above, quantum-computing hard-
ware with various means of implementation is being 
developed; however, we have not yet reached the 
stage of conclusively proving quantum transcen-
dence, in which a quantum computer can compute 
faster than a classical computer. One reason for this is 
the lack of the number of qubits needed to execute 
meaningful operations in quantum computers. Hard-
ware-implemented qubits are also susceptible to 
noise, and to correct the errors due to that noise and 
execute operations, additional qubits are needed. The 
key challenges are therefore three-fold: expand the 
scale of the number of qubits, improve the accuracy 
of operations, and reduce the number of required 

qubits by improving the efficiency of circuits.
To address these challenges, while improving 

qubits through research and development of the 
quantum-computing hardware, we are working to 
improve the usefulness of hardware through the 
power of software by developing technologies for 
higher precision, higher speed, and more compact 
integration; improving scalability through inter-
hardware communication; and establishing and 
implementing superior error-suppression and error-
tolerance theories.

By overcoming each of these three challenges, we 
will create a system architecture that maximizes the 
capabilities of quantum computers.

4.   Future developments

Quantum computers are expected to be able to 
solve problems that would take a very long time to 
solve with classical computers at ultra-high speeds. 
NTT Computer and Data Science Laboratories is 
developing technologies for creating the system 
architecture of quantum computers described in this 
article. Applications of these technologies range from 
an Ising machine, which is leading in terms of practi-
cal application, to NISQ computers and FTQCs, 
which will require further research and development. 
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1.   Combinatorial optimization problems and 
Ising machines

Combinatorial optimization problems, namely, 
finding the best solution from a large number of alter-
natives, are difficult to solve and require long compu-
tation time even with today’s computers. For exam-
ple, the traveling salesman problem (finding the 
most-efficient order in which to visit multiple desti-
nations) and the graph-coloring problem (ensuring 
that adjacent areas of a given map are painted with 
different colors under the constraint of a limited num-
ber of colors) are typical combinatorial optimization 
problems that become more difficult as the scale of 
the problem increases. 

Research on an Ising machine that solves such 
problems on the basis of a new approach, namely, 
using a model representing the properties of mag-
netic materials, is progressing. An Ising machine is a 
computer that specializes in solving a combinatorial 
optimization problem called the Ising-model ground-
state search problem. As a statistical-mechanics 
model, an Ising model describes a network of mag-
nets (each with a property called “spin”), as shown in 
Fig. 1. The spin σi can be either up (+1) or down (–1). 

If Jij and hi represent spin-spin interaction and mag-
netic-field strength, respectively, the ground state is 
the state in which the second-order polynomial Ising 
model H, defined by the following equation, is mini-
mized.

H = −
i<j

 Jijσiσj −
i
  hiσi

The combination of spins that satisfies this equation 
is the solution to the ground-state search problem.

Although there are many different types of combi-
natorial optimization problems, it has been theoreti-
cally proven that they can all be transformed into 
such an Ising-model ground-state search problem. 
Given this fact, various companies, such as D-Wave 
Systems [1] and Fujitsu [2], have developed Ising 
machines and are using them to solve various combi-
natorial optimization problems. Likewise, NTT labo-
ratories are developing a laser-based coherent Ising 
machine [3] called LASOLVTM.

2.   Software development kit to facilitate the use 
of Ising machines

To use an Ising machine, it is necessary to represent 
the problem to be solved in the form of an Ising 

A Computing System for Supporting 
Application Development Using  
Ising Machines
Kazuhiro Miyahara and Junji Teramoto
Abstract

One of the problems that conventional computers, such as those based on central processing units, 
cannot solve is the combinatorial optimization problem, the solution to which is a pattern from among a 
huge number of combinations of patterns that satisfies a certain condition. Operating on the basis of a 
new principle, an Ising machine is a computer that specializes in solving this problem. However, there 
are many challenges to using an Ising machine, such as converting real-world problems into a format 
that the Ising machine can handle. Research and development of a software development kit and comput-
ing system that overcome these challenges are introduced in this article.
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model that can be input to the Ising machine. To 
express the problem with the Ising model, it is neces-
sary to (i) correlate the value taken by the spin (+1 or 
–1) and the meaning of the solution to the problem 
and (ii) create a polynomial that corresponds to the 
desired solution when the value of the Ising model is 
minimized. The reason for correlating that minimum 
value to the desired solution is that the Ising machine 
is a calculator that finds the value of spin at which the 
input Ising model is minimized. The task of devising 
the Ising model becomes more complicated in pro-
portion to the complexity of the problem, which 
increases the difficulty of using the Ising machine. 
NTT Computer and Data Science Laboratories is 
developing a software development kit (SDK)—
called cimsdk—that greatly simplifies the process of 
devising Ising models. The conventional process for 
devising an Ising model is explained as follows with 
a simple problem as an example.

In this example of an office department, six staff 
members (given as A, B, C, D, E, and F) are to be 
assigned to six desks (given as U, V, W, X, Y, and Z). 

The six desks are positioned, as shown in Fig. 2(a). 
It is assumed that one desk must be assigned to one 
staff member (Assumption 1). It is also assumed that 
staff members A/B and C/D/E/F are teamed up for the 
same job, so they must be assigned adjacent desks. In 

this process, one point is added to a points total when 
each staff-member pair on the same team is assigned 
adjacent desks, and the goal is to maximize the total 
number of points (Assumption 2). Based on Assump-
tions 1 and 2, the assignment shown in Fig. 2(b) is 
one of the solutions giving the maximum number of 
points. The following Ising-model representation of 
this example problem is considered.

First, the correspondence between the +1 and –1 
spins and the meaning of the solution to the problem 
are considered. One spin is assigned to each of the 36 
possible combinations of 6 staff members and 6 
desks, and the following meaning is associated with 
each spin: “+1 means that a certain staff member was 
assigned to a certain desk” and “–1 means that the 
staff member was not assigned to that desk.” The 
spins are represented by variable xA,U, where A repre-
sents the staff member and U represents the desk. For 
example, xB,X is interpreted as follows: “If x is +1, 
staff member B was assigned to desk X; if x is –1, 
staff B was not assigned to desk X. For the 36 spins 
prepared in this way, the following expressions for 
Assumptions 1 and 2 are considered.

Assumption 1 (i.e., one desk per staff member) is 
supposed to express spin as described earlier. In other 
words, “only one of the six desks is assigned to each 
staff member” or “only one of the six staff members 

Fig. 1.   Ising model.
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is assigned to each desk.” For example, the assump-
tion “only one of the six desks is assigned for staff 
member A” can be expressed by the quadratic poly-
nomial (∑desk∈{U,V,W,X,Y,Z} xA,desk + 4)2. The value of 
this quadratic polynomial is minimized when only 
one of xA,U – xA,Z is +1 and the remaining five vari-
ables are –1. The fact that only one desk is assigned 
to a staff member corresponds to the fact that the 
value of the quadratic polynomial is minimized. The 
other staff members and desks can be represented by 
a similar quadratic polynomial with a single assign-
ment.

Assumption 2 (i.e., 1 point is added for each staff 
member of the same team seated at adjacent desks) is 
considered with the following example of a team 
composed of staff members A and B. One point is 
added if staff members A and B are respectively 
assigned to desks U and X. Assumption 2 is expressed 
as the quadratic polynomial (xA,U + 1)(xB,X + 1)/4. 
When +1 and –1 are respectively substituted for xA,U 
and xB,X, this quadratic polynomial is +1 only when 
xA,U and xB,X are +1; otherwise, it is 0. Since this con-
dition would result in no points being awarded for 
opposing desk assignments and/or combinations of 
non-team staff members on adjacent desks, the num-
ber of points awarded can be expressed as a quadratic 
polynomial by adding up the values given by the 
quadratic polynomials for all combinations. It should 
be noted that the Ising machine derives the solution 
that minimizes the Ising model. In other words, it is 

necessary to minimize the value taken by the Ising 
model as the points added due to the desk adjacency 
increase, so the plus or minus signs of these quadratic 
polynomials are inverted, and these quadratic poly-
nomials are added together.

The Ising model for this example is shown in 
Fig. 3, which is constructed by adding up the above-
devised quadratic polynomials. Even in the case of 
such a simple example, the Ising-model formula/
equation is relatively complex.

In contrast, the Ising model constructed using the 
functions of cimsdk is shown in Fig. 4. It can be 
understood that the Ising model can be generated 
without considering what value each polynomial 
takes when it satisfies what, which was a necessary 
condition when devising the equations in Fig. 3.

For practical problems, more spins and more com-
plex assumptions are required, so the task of devising 
an Ising model becomes much more complicated. 
Practical problems may deal with integers, and it may 
be necessary to combine multiple spins taking either 
+1 or –1 and treat them as a single integer. If it is 
necessary to express conditions related to three or 
more spins at the same time, it will be necessary to 
handle third-order or higher polynomials; however, 
the Ising model can only handle second-order poly-
nomials, so the polynomial order must be reduced. 

Regarding the work of devising such a complicated 
Ising model, cimsdk provides a function for auto-
matically converting various spins (such as integers 

Fig. 2.   Example desk arrangement and optimal solution.
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Fig. 3.   Ising model representing the desk-arrangement problem.
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Fig. 4.   Ising model constructed using cimsdk.

    staffs = ["A", "B", "C", "D", "E", "F"]
    teams = [{"A", "B"}, {"C", "D", "E", "F"}]
    desks = ["U","V", "W", "X", "Y", "Z"]
    neighbor_desks = [
        {"U", "V"}, {"V", "W"}, {"X", "Y"}, {"Y", "Z"},
        {"U", "X"}, {"V", "Y"}, {"W", "Z"},
    ]
    x = {}
    for s, d in itertools.product(staffs, desks):
        # Declare variables that take +1 or -1
        x[s, d] = cimsdk.boolean((s, d))

    # Variables for summing up the values given by Ising model
    input = 0

    # Assumption 1: The Ising model is automatically created by declaring the “choose_one” function.
    for s in staffs:
        input += cimsdk.choose_one(x[s, "U"], x[s, "V"], x[s, "W"], x[s, "X"], x[s, "Y"], x[s, "Z"])
    for d in desks:
        input += cimsdk.choose_one(x["A", d], x["B", d], x["C", d], x["D", d], x["E", d], x["F", d])

    for t in teams:
        for s1, s2 in itertools.combinations(t, 2):
            for d1, d2 in itertools.product(desks, 2):
                # Assumption 2: Declaring an associative array of values automatically creates the Ising model.
                input -= cimsdk.translate_dict(
                    (x[s1, d1], x[s2, d2]),
                    {
                        (-1, -1): 0,
                        (-1, +1): 0,
                        (+1, -1): 0,
                        (+1, +1): +1 if {d1, d2} in neighbor_desks else 0, 
                   })
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and their related conditions) to the Ising model. This 
function makes it easy for people without expertise in 
Ising models or Ising machines to benefit from the 
fast solutions given by the Ising machine.

The unique strengths of cimsdk in comparison with 
similar SDKs from other companies are three-fold: 
(i) the ability to combine multiple conditions unre-
strictedly, (ii) the ability to express mathematically 
definable logical structures as is, and (iii) the ability 
to automatically generate the corresponding Ising 
model from an arbitrary associative array. We plan to 
expand the number of spins and conditions for auto-
matic conversion to an Ising model, thereby broaden-
ing the range of practical problems that can be han-
dled by cimsdk.

3.   Application development and execution using 
LASOLVTM computing system

Another problem with using an Ising machine is 
that it is difficult for it to complete the application 
because it is a computer specialized for solving the 
Ising-model ground-state search problem. To execute 
processes, such as data pre-processing and post-pro-
cessing using cimsdk, for classical computers to have 
an advantage, a heterogeneous system that combines 
an Ising machine with various computing devices, 
such as classical computers, is required. The cost and 
installation location of an Ising machine pose diffi-
culties compared with those of a personal computer 
or a general server, so it is difficult to have a large 
number of Ising machines available. Therefore, as is 
the case with supercomputers, a means of sharing a 
small number of Ising machines among several users 
is required. NTT Computer and Data Science Labo-
ratories has therefore been developing the LASOLVTM 
Computing System (LCS) as a platform for efficient 
use of Ising machines such as LASOLVTM [4]. In 
addition to providing a development environment 
that facilitates application development such as 
cimsdk, LCS has functions for controlling user jobs 
and scheduling them so that multiple users’ jobs do 
not overlap while efficiently coordinating and using 
nodes that perform calculations on central processing 
units and Ising machines.

By developing applications using cimsdk on LCS, 
we are also developing applications that use the capa-
bilities of LASOLVTM. To cite an example, we con-
ducted a joint demonstration in conjunction with 
Mitsubishi Heavy Industries, Ltd. to use an Ising 
machine for personnel-assignment planning [5]. The 
company is responsible for inspecting and repairing 

power plants and other facilities worldwide. In 
response to this responsibility, workers with skills 
tailored to various inspection items must be dis-
patched, and personnel-assignment plans must 
account for complex parameters such as the number 
of workers, consecutive working days, and overtime 
hours. Conventionally, it took about one month for a 
skilled planner to manually formulate a personnel-
assignment plan for 26 plants to be inspected by 141 
workers within a period of 64 days to find a candidate 
solution for the plan that satisfies constraints such as 
the skills possessed by the workers. The scale of this 
task is tremendous, namely, 3.48 × 1013329 combina-
tions. By using the latest version of LASOLVTM, 
which can calculate 50,000 spins at once, we demon-
strated that a solution can be obtained in a very short 
time. This high solution speed is expected to make it 
possible to formulate personnel-assignment plans 
with multiple patterns and revise the plans as needed 
to accommodate infectious-disease countermeasures 
and other circumstances.

4.   Future developments

Our efforts concerning SDKs to facilitate applica-
tion development and computing-system develop-
ment while taking into account the characteristics of 
Ising machines were introduced. Practical application 
of quantum computers—as well as Ising machines—
will increase the importance of SDKs and other 
libraries that account for their characteristics, and the 
need for computing systems with greater heterogene-
ity will grow. At NTT Computer and Data Science 
Laboratories, we will define the ideal computing-
system architecture that uses advanced technologies, 
such as quantum computers and advance research, on 
that architecture.
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1.   Introduction

By using superposition states of quantum matter, 
quantum computers are expected to enable high-
speed computing and new types of information pro-
cessing. However, superposition states are vulnerable 
to environmental noise and can easily change to 
another superposition state; therefore, quantum com-
puting research and development (R&D) has focused 
on the development of devices with long lifetime of 
the superposition state, exploration of efficient error-
correcting codes to reduce quantum noise, and analy-
sis of quantum algorithms and its computational-
performance limits.

Quantum computing has become a reality as these 
basic technologies have been established, and design-
ing and developing a large-scale quantum computer 
that combines the research results of these technolo-
gies have been active. NTT, in collaboration with 
RIKEN and others, developed a quantum computer 
using superconducting quantum bits (qubits)*1 and 
launched the first quantum-computer cloud service in 
Japan in March 2023. NTT has worked on the devel-
opment of technology to abstract, calibrate, and auto-
mate the control of qubits and provide quantum 
computing as a cloud service. This superconducting 

quantum computer and the efforts being made to 
demonstrate practical quantum computing are dis-
cussed in this article.

2.   Superconducting qubits

Since the matter around us obeys quantum mechan-
ics, any two distinct states can theoretically be treated 
as a qubit. However, there are a limited number of 
systems in which we can realistically maintain the 
superposition state for a long time. Superconducting 
qubits, which use the two lowest-energy states of 
superconducting circuits as qubits, are promising as 
highly scalable quantum physical systems because 
they can be integrated on a substrate and maintain a 
long lifetime of several hundred microseconds to mil-
liseconds. 

A photograph of integrated qubits on a chip is 
shown in Fig. 1. The circular pattern in the enlarged 
image on the left corresponds to a single qubit. The 
qubits are arranged two-dimensionally on the chip 
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quantum computer.
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and wired to the outside via the package. Since the 
superposition state of superconducting qubits is sen-
sitive to thermal noise, the chip is cooled to tens of 
millikelvin by placing it in a dilution refrigerator.

The superconducting circuit shown in Fig. 1 is a 
medium that stores information and does not have the 
ability to compute on its own. For this reason, as 
shown in Fig. 2, microwave pulses are sent to the 
qubits to control them. A typical quantum-computing 
program is written in a representation similar to a 
logic circuit, called a quantum circuit. There are two 
types of operations on a qubit in a quantum circuit: (i) 
unitary operations, which change the quantum state 
of the qubit without obtaining information about it, 
and (ii) readout operations, which obtain the state of 
the qubit as either 0 or 1. Both operations involve 
qubit control with multiple microwave pulses, the 
shapes of which are optimized for the characteristics 
of the qubit and the type of operation [1]. For readout 

operations, in addition to microwave controls, the 
shape of the response microwave pulse is analyzed to 
discriminate whether the qubit state is 0 or 1.

These microwave controls are experimentally 
implemented as follows. First, the waveform of the 
microwave pulse is designed as digital data with clas-
sical computers in accordance with the characteristics 
of the quantum-circuit elements and qubit character-
istics. These data are then transferred to control elec-
tronics installed at room temperature, which converts 
the digital signal to an analog signal that is output in 
the form of a microwave. The microwaves are trans-
mitted through wires to the qubits in the dilution 
refrigerator. The state of qubits can be read out from 
the signal returned from the qubit. Thus, the returned 
analog waveform is converted to digital data using 
the electronics, and the state of qubits is discriminat-
ed with a binary classifier. By subjecting the qubits 
arranged in a chip to the above-described processing, 

Fig. 1.   Appearance of superconducting quantum computer.
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Fig. 2.   Control of superconducting qubits.
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it is possible to execute the desired computations and 
obtain results.

3.   Controlling qubits

To perform quantum operations on qubits, we need 
to design the pulse shape of the microwaves required 
to control the qubits as well as the binary classifica-
tion function for the readout operation. The optimal 
pulse shape depends on qubits’ properties such as 
lifetime and energy gaps. Since these properties differ 
from qubit to qubit, the control signal must be 
designed for each qubit. The characteristics of the 
qubits can be roughly estimated at the chip-design 
stage, but the exact value cannot be determined with-
out measurements on fabricated qubits. Therefore, 
the following two procedures must be established to 
carry out quantum computing with qubits. First, 
clarify the characteristics of the qubits through mul-
tiple measurements after cooling them in a dilution 
refrigerator. Second, in accordance with those char-
acteristics, create optimal pulse shapes for each type 
of operations and classification functions for the 
readout operation. The series of experiments that 
ensure that the manufactured qubits can be used for 
computation is called “calibration.”

We can calibrate qubits by hand as long as the num-
ber of qubits is small. However, as the number of 
qubits increases, it is not practical to design and cali-
brate them in an ad-hoc manner. Thus, we have made 
efforts to abstract large-scale quantum computing, 
experimentally reveal the challenges that impede 
scalability, and address them one by one. The three 
fundamental technologies that support the scalability 
of quantum computing shown in Fig. 3 are explained 
hereafter.

The first challenge in scaling quantum computers is 
the problem of qubit wiring. Qubits are typically 
arranged two-dimensionally on the chip and individ-
ually wired from the periphery of the chip so that 

control signals can be transmitted to the individual 
qubits. However, with this arrangement, the number 
of necessary wires increases quadratically with 
respect to the chip width, while the number of wires 
that can be routed to qubits increases linearly to the 
chip width; as a result, wiring becomes more difficult 
when the circuit scale increases. To solve this prob-
lem, RIKEN proposed a highly scalable method, with 
which the control wires are three-dimensionally con-
nected to the chip (Fig. 1), and in collaboration with 
Fujitsu, National Institute of Advanced Industrial 
Science and Technology (AIST), and National Insti-
tute of Information and Communications Technology 
(NICT), RIKEN has integrated qubits by using this 
wiring method [2]. 

The second challenge is to improve the efficiency 
of electronics. To control qubits with as few wires as 
possible, it is necessary to multiplex and transmit 
microwave signals with multiple frequencies and 
waveforms with a single wire. If expensive measure-
ment equipment is used for each qubit to achieve this 
control, the scalability of the quantum computer 
becomes impractical in terms of cost and size as the 
number of qubits increases. The developed supercon-
ducting quantum-computer system uses the electron-
ics optimized for controlling qubits developed under 
the leadership of Osaka University and others. 

The third challenge is to write software to effi-
ciently control and calibrate the qubits. As mentioned 
above, the method of manually characterizing qubits 
is known, but it is impractical to manually calibrate a 
large number of qubits. Since the characteristics of 
qubits and their controllers change over time, the 
quantum computer cannot be operated accurately if 
calibration takes too long. NTT and RIKEN have 
constructed a platform for controlling multiple elec-
tronics in parallel and systematically measuring 
qubits. Using this platform, NTT and RIKEN have 
also written software and protocols for automating 
the parallel and accurate calibration of multiple 

Fig. 3.   Fundamental technologies supporting scalability.
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qubits.

4.   System abstraction and operation

The above-mentioned superconducting quantum-
computer system provides the fundamental technolo-
gies to control the integrated qubits. However, to 
operate this system continuously as a cloud service, 
we need to accumulate the knowledge to maintain its 
stable operation. We also must create a framework for 
providing the service to users. The above-mentioned 
platform for measuring qubits works well when the 
qubits are manufactured ideally. In practice, however, 
calibration often fails for a variety of reasons. Causes 
of this failure range from human error, such as wrong 
wiring, to manufacturing problems, which cause the 
characteristics of the qubits to deviate so much from 
the designed values that they cannot be controlled. As 
the system is scaled up, the more difficult it becomes 
to identify the type and location of the cause of fail-
ure, and practical operation of the quantum computer 
becomes difficult. The software that oversees the 
entire system is therefore expected to not only oper-
ate the system in a normal state but also accurately 
report the cause of any anomalies at the earliest pos-
sible stage. Since there are countless types of abnor-
mal cases, it is not easy to completely automate this 
procedure. Even so, NTT and RIKEN have accumu-
lated knowledge during the development period and 
built a software system to efficiently find typical fac-
tors.

To provide this quantum-computing system as a 
service, it is also necessary to establish a web service 

to make it easier for users to use quantum computers. 
In the current design of the control software, the 
lowest-level representation of the program that con-
trols the qubit is the waveform information of the 
microwave that controls the qubit. This representa-
tion is convenient to experimentally investigate the 
characteristics of qubits, but it is not realistic for users 
to describe their computing tasks with pulse shapes. 
The developed quantum computer platform provides 
two methods: a job-description method for directly 
designing the shape of a pulse for the developers of 
quantum computers and a method for specifying a 
program in the description of a quantum circuit for 
the users of cloud service. To provide quantum com-
puting as a cloud service, Osaka University, RIKEN, 
and NTT collaborated to build the system shown in 
Fig. 4. Through this system, the user sends a program 
described in quantum circuits at the front end, the 
back-end service executes calculations using qubits 
with the latter method, and the measurement values, 
which identify measurement data, are returned to the 
user.

5.   Future developments

Although the current cloud service is a milestone in 
the integration of qubits, many obstacles still have to 
be overcome before a practical quantum computer 
can be implemented. As shown in Fig. 5, NTT is 
developing technologies for a fault-tolerant quantum 
computer in parallel for future practical applications. 
The largest problem with today’s quantum computers 
is their large noise. The best currently available 

Fig. 4.   Overview of our cloud service.
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qubits have about 0.1% error probability per gate 
operation, so it is impossible to reliably run large-scale 
quantum algorithms. It is therefore necessary to 
develop a technology to encode qubits using quan-
tum-error-correction technology*2 that will execute 
repetitive error correction during computation and 
reduce the effective error rate [3]. If quantum-error-
correction technology is developed, the errors and 
variations in the characteristics of qubits can be 
absorbed to some extent; accordingly, it will be pos-
sible to design and build a highly scalable quantum 
computer. 

NTT is collaborating with various research insti-
tutes to establish a computer architecture for quantum 
error correction [4–8]. When we build an architecture 
under the assumption of error correction, the basic 
instruction set is defined by the characteristics of the 
error-correcting code rather than the device. There-
fore, new compilers and software targeting fault-tol-
erant quantum computers are also needed. NTT con-
structed a compiler for long-term fault-tolerant 
quantum computing and proposed methods for opti-
mizing it and software for evaluating it [9, 10]. The 
left side of Fig. 5 shows the actual designed program 
displayed as a three-dimensional graph during com-
piler optimization.

NTT’s next goal is to integrate these system stacks 
we have built thus far with qubits to demonstrate a 
fault-tolerant quantum computer. To create a system 
that incorporates error correction and can process 
instructions at high speed as a computer, the fusion of 
physics and computer science is more essential than 
ever before. NTT will study the design of computers 
on the basis of cooperative design that integrates soft-

ware and hardware in these cross-cutting fields. In 
doing so, we will lead the world in envisioning the 
future of practical quantum computers.
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1.   Quantum error mitigation

A pressing challenge for quantum computers is 
suppressing the effects of computational errors due to 
the loss of quantum coherence. Quantum error miti-
gation (QEM) is a relatively recent concept proposed 
for mitigating computation errors while keeping the 
hardware load to a minimum [1]. QEM is often com-
pared with quantum error correction (QEC). In QEC, 
multiple physical quantum bits (qubits) are used to 
represent a single logical qubit. This redundancy is 
used to detect computational errors, and errors are 
actively corrected on the basis of this information. 
However, because the number of qubits in quantum 
hardware is at most several hundred qubits, QEC 
reduces the effective number of qubits. QEC thus 
cannot make the best of the computation power of 
near-term quantum devices. Therefore, QEM was 
introduced as a set of methods that can reduce com-
putational errors without reducing the effective num-
ber of qubits by avoiding the use of redundancy. 
Progress related to QEM implementation has been 
remarkable. In a recent paper, IBM claimed the 
world’s first accomplishment of a practical task with 
a 127-qubit quantum processor [2]. This break-
through shows that QEM has an extremely useful 
role. The exponential-extrapolation error mitigation 

method I proposed [3] also shows extremely high 
performance. There are a variety of other QEM meth-
ods. In QEM, the correct result of a calculation is 
generally estimated by post-processing the output 
from multiple quantum circuits using a classical com-
puter. A conceptual diagram of QEM is shown in 
Fig. 1(a).

QEM cannot fundamentally suppress errors in the 
quantum state. However, it can mitigate errors in the 
expectation values of observables. Figure 1(b) illus-
trates the function of QEM. Because many quantum 
algorithms that are expected to be implemented in 
current quantum computers and first-generation 
fault-tolerant quantum computation use the expecta-
tion values of observables, QEM is considered to be 
highly useful. It should be noted that the cost of QEM 
is an increase in measurement shots; an exponentially 
greater number of measurements in accordance with 
the frequency of computational errors in quantum 
hardware is required. Intuitively, this is because QEM 
has the effect of amplifying the expectation values of 
observables that generally decays exponentially with 
respect to the number of quantum gates and the gate 
error rate. The variance of calculation results thus 
increases exponentially. Mathematical proof related 
to the exponential increase in the number of measure-
ments have been shown in several papers, including 
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that by our research group [4], using a quantum 
information-theoretic approach. In the following sec-
tion, I discuss the major QEM methods: extrapolation 
[3, 5], quasi-probability (also called probabilistic 
error cancellation [3, 5]), virtual distillation [6], and 
subspace expansion [7].

I then describe our research groups’ latest achieve-
ments, a quantum sensing method incorporating 
QEM [8] and quite a general unified framework of 
QEM called the generalized quantum subspace 
expansion method [9]. For readers who wish to sim-
ply have an overview of QEM, it is sufficient to 
understand the extrapolation methods. For those who 
wish to learn more, I encourage you to read the other 
sections. Referring to the review paper I wrote [1] 
when needed will provide an in-depth understanding 
of QEM. 

1.1   Extrapolation methods
As the name suggests, extrapolation methods esti-

mate the ideal error-free calculation result by extrap-
olating multiple measurement results [3, 5]. They are 
simple yet powerful methods used in many experi-
ments. An overview of extrapolation methods is 
shown in Fig. 2. The horizontal axis shows the error 
rate and the vertical axis shows the result (the expec-

tation value of an observable). Of course, we cannot 
freely reduce the error rate, but it is relatively easy to 
increase calculation errors. For example, it is possible 
to increase the frequency of errors by slowly carrying 
out gate operations or by carrying out extra gate 
operations. By extrapolating the original calculation 
result and calculation results associated with increased 
error rates, the ideal error-free calculation result is 
then estimated. When extrapolation methods were 
first proposed, they used Richardson extrapolation 
with linear and polynomial functions [5]. Observing 
that calculation results generally decay exponentially 
with the frequency of calculation errors, I proposed 
extrapolation using an exponential function [3]. The 
exponential extrapolation showed extremely good 
performance in an actual experiment [2]. However, 
extrapolation methods cannot guarantee computation 
accuracy and can be said to be relatively heuristic.

The number of measurements, a cost factor in 
QEM, can be easily understood with extrapolation 
methods. Considering linear extrapolation as an 
example, for calculation error rate ε0, we express the 
experimentally obtained average value of the observ-
able as 〈O(ε0)〉 and that with twice the error rate as 
〈O(2ε0)〉. From extrapolation, the error-mitigated 
result can be written as Oest = 2〈O(ε0)〉 − 〈O(2ε0)〉. 

Fig. 1.   Conceptual diagram of QEM.
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When calculating variance, if no correlation is 
assumed between 〈O(ε0)〉 and 〈O(2ε0)〉, we obtain 
Var[Oest] = 4Var[〈O(ε0)〉] + Var[〈O(2ε0)〉]. This shows 
that the variance is amplified after applying QEM and 
that more measurements are needed to obtain the cor-
rect calculation result.

1.2   Quasi-probability method
The quasi-probability method counteracts the effect 

of gate noise by effectively constructing the inverse 
of the noise based on the noise model obtained 
through noise characterization techniques, such as 
process tomography or gate set tomography [3, 5]. 
We denote the quantum process corresponding to the 
noise as Ԑ (it may be easier to think of it as the quan-
tum mechanical version of a transition matrix) and its 
inverse map as Ԑ −1. While Ԑ −1 can be mathematically 
constructed, it is not generally a “physical process” 
and cannot be directly operated on a quantum com-
puter. By constructing Ԑ −1 by a set of operations {Bk}k 
for QEM that we can execute with fewer calculation 
errors, we can decompose Ԑ −1 as Ԑ −1 = ∑k qk Bk. Usu-
ally, we assume that {Bk}k are single qubit operations. 

For example, when we consider the depolarizing 

noise of error probability p to be ԐD(ρ) = (1 − 3
4  p)ρ + 

p
4 (XρX + YρY + ZρZ), its inverse map is Ԑ D

−1(ρ) = (1 + 
3p

4(1−p) )ρ − p
4(1−p) (XρX + YρY + ZρZ). Here, q0 = (1 + 

3p
4(1−p) ), q1 = q2 = q3 = p

4(1−p) , B0(ρ) = ρ, B1(ρ) = XρX, 

B2(ρ) = YρY, B3(ρ) = ZρZ. Because ∑k qk = 1, and Ԑ −1 
is generally not a physical process resulting in qk 
being a quasi-probability that can be negative, this 
method is called the quasi-probability method. A 
negative probability cannot be directly implemented, 
but the expected value “same as the case of sampling 
using negative probability” can be effectively calcu-
lated by post-processing of the measurement results. 
Consider a simple 1-qubit system as an example, 
which is conceptually shown in Fig. 3(a). The ideal 
quantum state is ρideal = U |0〉〈0|U†. However, because 
of depolarizing noise ԐD, the actual quantum state is 
ρnoisy = ԐD (ρideal). Expressing the observable to be 
measured as O, because the noiseless expectation 
value is 〈Oideal〉 = q0Tr[ρnoisyO] + q1Tr[XρnoisyXO] + 
q2Tr[YρnoisyYO] + q3Tr[ZρnoisyZO], the expectation 
value of the observable can be measured by adding 
together the measurement outcomes of quantum 
states ρnoisy, XρnoisyX, YρnoisyY and ZρnoisyZ with the 
appropriate weight of quasi-probability. Even if a 
quasi-probability with a negative value exists, a non-
physical inverse map can be constructed by multiply-
ing a negative sign to measurement outcomes and 
performing post-processing.

It is important to implement the inverse map in a 
quantum circuit with multiple qubits for practical 
purposes. Consider when a quasi-probability method 
is applied to the noise Ԑl (l = 1,2,…NG, where NG is 
the number of gates) of multiple quantum gates. The 
conceptual diagram is shown in Fig. 3(b). We  

Fig. 2.   Overview of extrapolation methods.
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construct an inverse map for each error: Ԑ l
−1 = ∑k qk

(l) 

Bk = γ(l) ∑k pk
(l) sgn(qk

(l))Bk (∑k pk
(l) = 1, pk

(l) > 0, γ(l) = 

∑k |qk
(l)| > 1, sgn(qk

(l)) = qk
(l)/|qk

(l)|, where γ(l) is the cost 

coefficient. After each quantum gate (or before, 
depending on the formulation), operation Bk is gener-
ated with probability pk

(l), and the products of sign 

∏NG
l=1

 sgn(qk
(l)) and cost coefficient γtot = ∏NG

l=1
 γ(l) are 

multiplied to the measurement result. By repeating 
this, the average of the result gives the error-mitigat-
ed result. Because the variance of the calculated 
result is approximately amplified by γ2

tot compared 
with the case without error mitigation, an exponen-
tially large number of measurements according to the 
number of gates is required.

Although a suitable error-characterization method 
has not been proposed when the quasi-probability 
was first proposed, I found that gate-set tomography 
is an efficient error-characterization method for this 
method [3]. I also discovered a set of operations {Bk}k 
for QEM that allows for removal of arbitrary compu-
tational errors [3]. I have also shown that the quasi-
probability method can be applied not only to gate 
models but also temporally continuous noise models 
such as those described by the Lindblad master equa-

tion d
dt  ρ = −i[H, ρ] + ∑k(2 Lk ρLk

† − Lk
†Lkρ −ρLk

†Lk), 

extending QEM to analog quantum systems [10].

1.3   Virtual distillation method
Virtual distillation executes QEM by preparing 

multiple copies of a noisy quantum state ρnoisy, exe-
cuting entanglement measurements between them 
and post-processing the results using a classical com-
puter. This enables us to simulate the error-suppressed 
quantum state as if we distill a noiseless quantum [6]. 
An example of the “classical” counterpart of this 
method is as follows: we ask several students to solve 
the same problem, e.g., elementary school students 
who often get erroneous results for simple arithmetic 
problems. Only when all the calculation results are 
the same is the answer submitted; otherwise, the 
results are discarded (Fig. 4). The more students 
involved in calculating the result, the higher the per-
centage of the correct answer. However, the probabil-
ity of success (i.e., the probability of all students 
calculating the right answer) decreases exponentially 
with the number of students. 

With virtual distillation, we can calculate the 
expected value of the physical quantity correspond-

ing to the distilled quantum state ρvd = ρnnoisy
Tr[ρnnoisy] , where 

n is the number of copies of the noisy quantum state. 
When we have the spectral decomposition ρnoisy =  
∑k pk |ψk〉〈ψk| (p0 ≥ p1 ≥ …), it is expected that the 
eigenstate corresponding to the largest eigenvalue is 
a good approximation of the ideal quantum state 
when the noise is small. Now, as n increases, ρvd 
asymptotically approaches |ψ0〉. The contribution of 
|ψk〉 (k = 1, 2, …) is suppressed exponentially with 
respect to n. However, the number of required measure-
ments increases exponentially with n. The advantage 

Fig. 3.   Overview of the quasi-probability method.
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of this method is that it can mitigate errors with high 
accuracy if the errors are stochastic, even without 
information about the error model. However, coher-
ent errors caused by rotation errors of quantum gates 
and the insufficient expression capability due to the 
lack of depth of ansatz quantum circuits in varia-
tional quantum eigensolver cannot be mitigated with 
this method, no matter the increase in the number of 
copies.

1.4   Subspace expansion method
The subspace expansion method constructs a pro-

jector (strictly speaking, this operator does not satisfy 
the mathematical properties of a projector but is 
called one here for convenience) [7]. Consider a case 
in which the actual quantum state immediately before 
measurement differs from the ideal quantum state 
because of noise. For example, the variational quan-
tum eigenvalue solver is a method for determining 
the ground state ρG = |G〉〈G| of molecules, etc; how-
ever, the actual quantum state may be another quan-
tum state ρnoisy because of errors. If we can construct 
the projector onto the ground state PG = |G〉〈G|, an 

error-free quantum state can be obtained as PG ρnoisy PG
pG  

= ρG with pG being the projection probability (Fig. 5(a)). 
However, because |G〉 is an extremely large quantum 
state in reality, the expression of PG cannot be 
obtained in the first place, and the projection cannot 
be executed accurately. We thus seek to construct a 
projection operator (which strictly speaking, does not 
satisfy the mathematical properties of a projection 
operator but called one here for convenience) that can 

project the noisy state onto a space with the lowest 
possible energy. Using Pauli operators Pk to express 
such a projection operator as P̃ = ∑k ck Pk (where ck 
is a complex number), we optimize {ck}k using a clas-
sical computer so that the energy of the projected 

quantum state ρse = P̃ ρnoisy P̃†

p  (where p is the projec-

tion probability) can be minimized (Fig. 5(b)). What 
Pk to choose is arbitrary. Methods for constructing Pk 
from, for example, excitation operators of a mole-
cule’s spin-orbitals, have been proposed [7]. This 
method can suppress coherent errors to a certain 
extent but is known to be unsuitable for suppressing 
stochastic errors such as bit flips.

2.   NTT’s latest achievements

2.1   Application of QEM to quantum sensing
NTT has developed the world’s first framework for 

quantum sensing incorporating QEM. Quantum sens-
ing is an active area of research in the field of quan-
tum information that uses quantum states to effi-
ciently probe fields such as magnetic fields one 
wishes to measure. This is done by interacting the 
quantum states with the field followed by the readout. 
The process is repeated and the results are accumu-
lated to estimate the value of the magnetic field. What 
is important about quantum sensing is that when 
quantum entangled states are used as probes, quan-
tum advantageous scaling can be achieved depending 
on the number of qubits N. However, if the noise 
fluctuates at each time of measurement, systematic 
errors occur in the accumulated value and estimated 

Fig. 4.   Overview of virtual distillation method.
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An intuitive classical explanation of the virtual distillation
method. Calculation accuracy is increased by having
several participants solve the same problem. The result
is rejected if even one of them produces a different result.
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magnetic-field value, and quantum advantages can-
not be achieved (Fig. 6(a)). Our research group has 
shown that even when noise fluctuates each time the 
quantum device is executed, virtual distillation can 
act as a “filter” that removes such noise and accu-
rately mitigates systematic errors [8]. We have also 
shown that quantum advantageous scaling can be 
restored (Fig. 6(b)).

2.2   Generalized subspace expansion method
Our research group proposed the generalized sub-

space expansion method, which is quite a general 
QEM method, which includes subspace expansion 
and virtual distillation as special cases [9]. I stated 
above that in subspace expansion, the projection 

operator P̃ = ∑k ck Pk can be optimized so that energy 
is minimized. The essence of the generalized sub-
space expansion method is extending Pk to extremely 
general operators. More specifically, quantum states 
(and more complex operators that include them) are 
used as Pk. For example, taking P0 = I, P1 = ρnoisy, the 
projected state is P̃ ρnoisy P̃† = |c0|2 ρnoisy + (c0c1* +  
c0*c1)ρ2noisy + |c1|2ρ3noisy, and the expected value of the 
observables corresponding to an error-mitigated 
quantum state expanded by a series of powers of a 
noisy quantum state can be obtained. We call this 
method the power subspace method (Fig. 5(c)). Our 
research group also proposed the fault-subspace 
method that uses the essence of extrapolation methods 
[5] in the construction of projectors. Unification of 

Fig. 5.   Overview of subspace expansion methods.
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the power subspace method and fault-subspace 
method is also possible. The generalized subspace 
expansion method inherits the advantages of both 
subspace expansion and virtual distillation methods 
and can mitigate both coherent errors and stochastic 
errors with high accuracy. Therefore, far more accu-
rate QEM is made possible compared with subspace 
expansion or virtual distillation alone.
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Fig. 6.   Effect of QEM (virtual distillation) on quantum sensing.
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1.   Noisy intermediate-scale quantum computers 
and fault-tolerant quantum computers

Noisy intermediate-scale quantum (NISQ) comput-
ers, which do not execute quantum error correction, 
do not require overhead for encoding. However, 
because errors inevitably accumulate, there is a limit 
to computation size. Fault-tolerant quantum comput-
ers (FTQCs) carry out computation on encoded 
qubits, so they have overhead for the encoding and 
require quantum computers of at least a certain size. 
The gap between NISQ computers and FTQCs due to 
the amount of overhead is shown in Fig. 1. Is this gap 
unavoidable? Decades ago, many researchers would 
consider the answer to be in the negative. However, 
our team has recently demonstrated a new, unprece-
dented method to overcome this gap. Motivation to 
overcome this gap has also led to a research trend that 
started at around the same time worldwide. These 
efforts, collectively called early fault-tolerant quan-
tum computing “early-FTQC”, have become a world-
wide research movement. In this article, I introduce 
efficiency-improvement methods and novel efforts 
for early-FTQC. 

2.   Possibilities and limitations of 
NISQ computers

In the article “Design and Development of Super-

conducting-quantum-computer System” [1] in this 
issue, a superconducting quantum computer that is 
currently operated as a cloud service in Japan is intro-
duced. What is the extent of computation possible 
with a quantum computer of this scale? This quantum 
computer’s processor chip has 64 qubits. Under ideal 
conditions, it is considered to be capable of perform-
ing computations that cannot be done with current 
large-scale classical computers. In fact, Google pub-
lished a paper in 2019 demonstrating a computation 
task using a processor with 53 qubits and the resulting 
quantum statistical effects, which would be difficult 
to classically simulate [2]. However, it is difficult to 
say that this computation task is useful. After the 
publication of the paper, several works were pub-
lished arguing that even with classical computers, 
faster computation than expected is possible.

Variational quantum eigensolver, a heuristic meth-
od for quantum computing that focuses on the effi-
cient computation in the NISQ era has the potential to 
produce fast and useful computation by exploiting 
the characteristics of the quantum state, which classi-
cal computers do not have. However, there are issues 
that must be addressed. Because the variational quan-
tum eigensolver is a heuristic method, it is not easy to 
show the theoretical proof of high-speed and high-
precision computation. Realistic noise and error 
problems also occur when conditions are not ideal. 
Current quantum computers typically have an error 

Toward Early Fault-tolerant 
Quantum Computing
Yuuki Tokunaga
Abstract

This article introduces new approaches to develop early fault-tolerant quantum computing (early-
FTQC) such as improving efficiency of quantum computation on encoded data, new circuit efficiency 
techniques for quantum algorithms, and combining error-mitigation techniques with fault-tolerant quan-
tum computation.

Keywords:  quantum computer, fault-tolerant quantum computation, early fault-tolerant quantum com-
puting

Feature Articles: Efforts to Speed Up Practical 
Application of Quantum Computers



Feature Articles

44NTT Technical Review Vol. 21 No. 11 Nov. 2023

rate of about 0.1 to 1% for a single gate operation. 
Roughly speaking, the total error rate increases with 
the number of gates, so 1000 gate operations would 
be difficult to achieve without error countermeasures. 
As introduced in the article “Quantum Error Mitiga-
tion and Its Progress” [3] in this issue, quantum error 
mitigation (QEM) is a class of techniques used to 
handle errors in the NISQ era. In the noisy computa-
tion described above, computational results are bur-
ied in errors. With QEM, the correct computational 
result is extrapolated by executing quantum computa-
tions several times to obtain multiple results and sta-
tistically estimating the errors. However, the greater 
the number of errors, the more difficult estimation 
becomes, and the greater the cost of repeatedly exe-
cuting computations and performing measurements. 
In fact, the estimation becomes exponentially more 
difficult with the increase in errors, so there is a limit 
to the scale of computation for which QEM is practi-
cal. However, in June 2023, IBM published a paper 
discussing the use of a 127-qubit superconducting 
quantum computer to solve a condensed matter-
physics problem that is difficult to handle with clas-
sical computation by ingeniously deploying QEM 
[4]. This achievement shows that the possibility of 
executing useful quantum computation that surpasses 
the capabilities of classical computation in the NISQ 
era continues to be pursued. Discussion is still ongo-
ing about whether classical computation can handle 
such problems faster.

3.   Improving FTQC efficiency

Is it the case, then, that quantum computers cannot 
overcome noise and errors and scale up further? It is 
known that error-correcting codes can also be applied 
to quantum computers. A fault-tolerant quantum 
computer (FTQC) can execute quantum computation 
on encoded qubits. An FTQC requires overhead, and 
the number of qubits needed is considered to be 1000 
to 10,000 times that without encoding. As research 
and development of FTQC-architecture-based effi-
cient encoding and decoding systems and compilers 
have just begun, improvement in efficiency is highly 
expected. We carried out several research projects to 
date on such improvements, and two are introduced 
as follows. 

The first project is on improving the efficiency of 
the computational process on encoded data. The stan-
dard method of quantum error correction is encoding 
with what are called surface codes. These codes work 
relatively efficiently with nearest-neighbor interac-
tions between qubits arranged in a two-dimensional 
lattice and have a high fault-tolerant threshold. A 
promising method for executing quantum computa-
tion with surface code is lattice surgery. As shown in 
Fig. 2, we have shown that improving the efficiency 
of lattice surgery can be treated as a scheduling prob-
lem of computational paths in three dimensions, 
which takes into account the time axis of the compu-
tation, and have achieved several promising improve-
ments in efficiency [5]. 

The second project is on improving the circuit  

Fig. 1.   Gap between NISQ computers and FTQCs.
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efficiency of quantum algorithms. The task for deter-
mining the eigenenergy of the Hamiltonian in quan-
tum chemistry and condensed matter physics by 
quantum phase estimation, a key quantum algorithm, 
is a representative approach of FTQC, showing quan-
tum supremacy in practical problems. Compared 
with previous methods, qubitization [6, 7] converts 
the Hamiltonian into a form for which quantum-
phase estimation is executable with fewer resources. 
To execute quantum-advantageous computation in 
the early-FTQC era, it is necessary to optimize the 
circuit elements in this qubitization. We reduced the 
number of T-gate operations, which incur computa-
tional costs in FTQCs. Specifically, we succeeded in 
reducing the number of T-gates in a quadratic polyno-
mial manner for circuits for the Schwinger model [8]. 

4.   Early-FTQC

In the previous section, FTQCs and efforts to 
improve their efficiency were introduced. There are 
limits to improving the computation efficiency of an 
FTQC, and some overhead is inevitable. What costs 
are then incurred to run a useful FTQC? Figure 3 
illustrates the FTQC regime. The horizontal axis rep-
resents the number of logical operations executed on 
the encoded quantum state. A logical operation 
including the overhead of computing on the encoded 
data is counted as one operation. The vertical axis 
represents the error rate of logical operations, i.e., the 

probability that an error will occur for each logical 
operation, which cannot be corrected despite using 
quantum error correction. The greater the number of 
logical operations and lower the logical error rate, the 
greater the scale of an FTQC can be run. The region 
to the left of the green line in this figure indicates the 
region where the scale of computation is tractable 
enough for classical simulation. The green line is 
curved at the top because a higher error rate makes it 
even easier to carry out classical simulation. The 
region to the right of the brown line represents long-
term FTQCs. In this region, we can run algorithms in 
which the quantum advantage can be demonstrated 
for meaningful applications. The region between the 
green and brown lines is what we call early-FTQC 
[9]. This is the region from the boundary satisfying 
logical quantum supremacy to the boundary of long-
term FTQCs. We believe that heuristic quantum algo-
rithms exist in this region, and it is the region where 
an FTQC will be first run. Quantum algorithms used 
in the early-FTQC regime share many traits with 
NISQ algorithms. The major difference from NISQ 
era is that because early-FTQC have acquired fault 
tolerance, they will continue to execute larger com-
putations as quantum computers are scaled up. In 
other words, as the size of the quantum computer 
increases, the potential for better computation 
increases.

Are there ways to further hasten the achievement of 
early-FTQC? The efficiency-improvement methods 
described in the previous section are of course sig-
nificant and effective. Another proposal is rewriting 
the circuit for algorithms to reduce the number of 
qubits by incorporating the classical post-processing 
procedure [10]. Our team has also presented a novel 
method of applying QEM, considered to be a class of 
techniques for the NISQ era, to hasten the achieve-
ment of early-FTQC [9]. 

This method adapts a quasi-probability method, a 
QEM technique mentioned above, to an FTQC. 
Unlike quasi-probability methods for the NISQ era, 
we do not mitigate physical errors but logical errors. 
As shown in Fig. 4, recovery operations for error cor-
rection in an FTQC are carried out using fundamental 
quantum operations called Pauli operations. Because 
Pauli operations are simple, they can be efficiently 
carried out in batches as the final classical post-pro-
cessing procedure. In many cases, quasi-probability-
based QEM can also be carried out using Pauli opera-
tions, so it can be incorporated into the classical 
post-processing procedure. In some cases, it cannot 
be carried out with Pauli operations. In this case, the 

Fig. 2.   A scheduling problem of lattice surgery on FTQC.
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process is carried out physically (see [9] for details). 
What becomes important is the cost of QEM. 

Because the variance of results increases as the 
amount of errors increases, we need the cost of 
repeating computations to statistically estimate errors 
and obtain the correct result. Because there is no 

error-correction function in NISQ computers, the 
amount of errors increases as the quantum-computa-
tion size increases. Because QEM cost increases 
exponentially, there is a practical limit to the compu-
tation size for which QEM can be used. An FTQC is 
equipped with error correction, so a region where 

Fig. 3.   FTQC regime.
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QEM can be used within reasonable parameters 
always exists when computation size increases. In an 
FTQC, the code distance and overhead are normally 
set so that the number of errors remaining in the com-
putation results to obtain the correct result is suffi-
ciently smaller than 1 (the line Ne = 10−3 in Fig. 3). If 
QEM is applied to an FTQC, the number of errors can 
be relaxed to about 1 (the line Ne = 1 in Fig. 3), code 
distance can be shortened, and overhead needed for 
error correction can be reduced. As indicated with the 
red arrows in Fig. 3, the region of early-FTQC is 
expanded (the region of long-term FTQC is also 
similarly expanded.) In fact, we have shown that by 
using QEM, the number of qubits required for an 
FTQC can be reduced by about 80%. In other words, 
using the same number of qubits, quantum computa-
tion size can be increased 1000-fold in terms of the 
number of quantum operations due to the effect of 
QEM.

5.   Further development of early-FTQC

Early-FTQC has been progressing with various 
implications. Early-FTQC in a broader sense has also 
been investigated so far. Early-FTQC described in the 
previous section meant the initial stages of an FTQC 
and efforts to hasten the achievement of FTQCs. 
However, the concept of early-FTQC as a “partial” 
FTQC, occupying the intermediate stage between a 
NISQ computing and full-fledged FTQC, has recent-
ly emerged. For example, a partial FTQC architecture 
was proposed in which circuit elements called Clif-
ford gates, which have small encoding overhead, are 
error corrected, while the rotating gate circuit ele-
ments, which are known to incur large overhead for 
error correction in quantum computation, are not 
error corrected [11]. In this case, errors accumulate in 
the rotation gates, so quantum-computation size is 
limited by this characteristic. However, compared 
with NISQ computers, this architecture is believed to 
enable larger quantum computation. We have also 
proposed a virtual quantum-error-detection protocol 
that seeks an intermediate procedure between QEM 
and quantum error correction [12]. Research and 
development such as that to bridge the gap between 
NISQ computers and FTQCs have begun. If it 
becomes possible to freely choose the appropriate 
error-correction capability and connect a NISQ com-
puter and FTQC, it will be possible to continue to 
develop quantum computers that perform better than 
before as computation size increases without incur-
ring gaps from encoding overheads. This new era 

may soon be a reality.
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1.   ITU-T SG17 (Security)

The International Telecommunication Union - 
Telecommunication Standardization Sector (ITU-T) 
Study Group (SG) 17 deals with general security 
issues. While other SGs handle security issues spe-
cific to their respective fields, SG17 is responsible for 
the overall security study of ITU-T.

ITU-T SG17 has a long history of dealing not only 
with security but also with fundamental technologies 
for security, including directories, object identifiers, 
and technical languages. One of the classic recom-
mendations of ITU-T SG17 is X.509, which defines 
a standard format for digital certificates. Also well 
known are the Abstract Syntax Notation One (ASN.1) 
and object identifiers.

As of July 2023, ITU-T SG17 has five Working 
Parties (WPs) and twelve Questions (Qs). Each Q 
belongs to one of the WPs. The composition of these 
WPs and Qs is dynamic. Qs are added and merged as 
discussions evolve and technology advances. (That is 
why they are numbered in skips.) The scope of a par-
ticular Q may be expanded. WPs and Qs may be 
reconfigured at regular intervals. Next year marks a 
milestone, and a major reorganization may take 
place. The current structure of WPs and Qs is shown 
in Fig. 1.

2.   JTC 1/SC 27 (Information security, 
cybersecurity and privacy protection)

I now discuss the International Organization for 
Standardization (ISO)/International Electrotechnical 
Commission (IEC) Joint Technical Committee (JTC) 
1/Subcommittee (SC) 27 as a comparison. This de 
jure organization also deals with general security 
issues, particularly methods, techniques and guide-
lines related to information security, cybersecurity, 
and privacy protection. Although its role is similar to 
that of ITU-T SG17 in that it is also responsible for 
security that affects the entire JTC 1, it does not deal 
with standardization of underlying technologies such 
as directories or technical languages. (It does make 
use of them, though.)

Within JTC 1/SC 27, there are five working groups 
(WGs), each of which is responsible for a different 
topic. An overview is given in Fig. 2. Although the 
WGs in JTC 1/SC 27 have been added or renamed, 
they are basically static and the scope of their work 
has not changed significantly.

3.   Comparison of the two organizations

Corresponding to the respective organizational 
structures of ITU-T SG17 and JTC 1/SC 27, the Japa-
nese domestic committees have different structures. 
The domestic committee corresponding to ITU-T 
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SG17 conducts technical discussions on all matters; 
however, there is no subcommittee corresponding to 
each international WP. (There is of course an assign-

ment of responsibilities within the domestic commit-
tee.) There is also a domestic committee correspond-
ing to JTC 1/SC 27, but this committee does not 

WP1 Security strategy and coordination

• Q1 Security standardization strategy and coordination

• Q15 Security for/by emerging technologies including quantum-based security

WP2 5G, IoT and ITS security

• Q2 Security architecture and network security

• Q6 Security for telecommunication services and Internet of Things

• Q13 Intelligent transport system security

WP3 Cybersecurity and management

• Q3 Telecommunication information security management and security services

• Q4 Cybersecurity and countering spam

WP4 Service and application security

• Q7 Secure application services

• Q8 Cloud computing and Big data infrastructure security

• Q14 Distributed Ledger Technology (DLT) security

WP5 Fundamental security technologies

• Q10 Identity management and telebiometrics architecture and mechanisms

• Q11 Generic technologies (such as Directory, PKI, Formal languages, Object Identifiers) to support secure applications

5G: fifth-generation mobile communications network
IoT: Internet of Things
ITS: intelligent transport system
PKI: public key infrastructure

Fig. 1.   Composition of WPs and Qs in ITU-T SG17 (as of writing).

Fig. 2.   Areas of responsibility and representative standards of WGs in JTC 1/SC 27.

• ISMS ISO/IEC 27000 standards, etc.

WG 2 Cryptography and security mechanisms

• Encryption algorithms ISO/IEC 18033 series, etc.

WG 3 Security evaluation, testing and specification

• Evaluation criteria for IT security ISO/IEC 15408 series, etc.

WG 4 Security controls and services

• IoT security and privacy — Guidelines ISO/IEC 27400 etc.

WG 5 Identity management and privacy technologies

• Privacy framework ISO/IEC 29100 etc.

WG 1 Information security management systems (ISMS)
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conduct technical studies. The technical discussions 
are primarily conducted by their domestic subcom-
mittees, which range from WG 1 to WG 5, corre-
sponding to each of the international WGs. Consider-
ing the aforementioned differences, namely the 
dynamic and static organizational structures of 
ITU-T SG17 and JTC 1/SC 27, it can be said that how 
the Japanese domestic committees are organized 
makes sense.

Regarding technical fields, ITU-T SG17 and JTC 1/
SC 27 obviously share many common subjects, but 
there are also many subjects that complement each 
other. For example, in the area of public key cryptog-
raphy, ITU-T SG17 defines the standard format and 
verification algorithms for the public key infrastruc-
ture (PKI), while JTC 1/SC 27 defines the crypto-
graphic algorithms and digital signature schemes 
used in the PKI. Both are essential for the use of 
public key cryptography. Of course, there are many 
deeply related subjects regarding guidelines and 
frameworks for security management and network 
security; therefore, ITU-T SG17 and JTC 1/SC 27 
have liaisons in both directions and work closely to 
promote their standardization activities.

4.   Trends in security standardization

The larger numbered Qs in ITU-T SG17 are rela-
tively new technologies. Examples include Q14 dis-
tributed ledger technology (DLT) and Q15 quantum 
key distribution (QKD). For DLT, a temporary body 
called ITU-T FG DLT (Focus Group on Application 
of Distributed Ledger Technology) was active from 
2017 to 2019. The recommendations issued by the 
body have now been taken over by the respective SGs 
of ITU-T. JTC 1/SC 27 also discussed DLT for a 
while, and in 2016 a permanent body called ISO/TC 
(Technical Committee) 307 (Blockchain and DLTs) 
was established. This body is currently promoting the 
standardization of DLTs.

The situation is similar for quantum information 
technology, where a temporary body, ITU-T FG-
QIT4N (Focus Group on Quantum Information Tech-
nology for Networks), was active from 2019 to 2021. 

In JTC 1/SC 27, the standardization of QKD is under-
way in WG 3, and ISO/IEC 23837 series, which 
defines implementation security requirements and 
evaluation methods for QKD, is expected to be pub-
lished soon. However, quantum information technol-
ogy covers a wide range of areas, certainly not 
restricted to QKD, and there is a view that a dedicated 
body is needed to handle the whole area (e.g., TC 
307, which is devoted to handling DLT in general), 
and it is possible that a new permanent organization 
should be established within ISO/IEC in the future.

In addition to DLT and quantum information tech-
nology, another new technology is artificial intelli-
gence (AI). It is not yet clear how AI security is going 
to be handled and standardized in these organiza-
tions.

Finally, I would like to mention post-quantum cryp-
tography (PQC). It is believed that if a large-scale 
quantum computer is put into practical use, many 
current cryptographic algorithms, especially many of 
the public-key cryptographic algorithms, should 
become insecure. Therefore, there is an active move-
ment to standardize cryptographic algorithms that 
can be used securely even if a large-scale quantum 
computer is put into practical use, i.e., quantum com-
puter resistant cryptography. Technically speaking, 
we see that PQC is not part of quantum information 
technology but belongs to the conventional “elec-
tronic” information technology. In other words, PQC 
can be implemented and used on current electronic 
computers. One might have heard that the National 
Institute of Standards and Technology is running a 
competition for the standardization of PQC. Now that 
a part of the competition is over and the selection of 
cryptographic algorithms has progressed, WG 2 of 
JTC 1/SC 27 is accelerating its work on PQC. Rather 
than creating a new standard, at least initially, they 
plan to start standardization by amending to existing 
parts of standards or establishing new parts of exist-
ing standards. It is natural to expect that these 
renewed standards should then affect accordingly 
those set of ITU-T SG17 recommendations, which 
are related to public key cryptography.
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1.   Overview

Since the founding of NTT Communication Science 
Laboratories (CS Labs), we have been engaged in 
research centered on the pursuit of science that can 
deepen our understanding of humans and the creation 
of technologies that approach and exceed human 
abilities to achieve heart-touching communication 
between people and between people and machines. 
We hold the Open House annually for people to expe-
rience our latest research results. However, for the 
three years from 2020 to 2022, the event was not held 
on-site due to the COVID-19 pandemic. Instead, we 
showcased videos of talks and exhibitions of our 
research on the Open House website [1]. 

This year, we held the Open House on-site for the 
first time in four years, and as a new trial, we held the 
event at a new venue QUINTBRIDGE, an open-
innovation facility of NTT WEST. We introduced a 
reservation system to ensure the safety and comfort 

of all participants, and thankfully, the number of 
reservations reached a maximum of 500 in less than 
two weeks after the start of reservations. Unfortunately, 
the second day of the event was hit by heavy rain due 
to a typhoon; however, approximately 420 people 
from various companies, research institutions, and 
universities attended the event at the site. As we did 
last year, we made videos of the talks and exhibitions 
available on the Open House website, which were 
viewed more than 3000 times in 20 days after the 
event.

2.   Keynote speech

Dr. Futoshi Naya, vice president and head of CS 
Labs, presented a speech entitled “Design a world 
where everyone can flourish by deciphering the future 
of people, society, and the Earth – Communication sci-
ence that connects the past, present, and future through 
diverse knowledge and technologies –”, in which he 
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introduced some of the CS Labs’ recent efforts in 
research centered on human science and brain sci-
ence for a deep understanding of people and research 
on media processing and machine learning that 
approaches and surpasses human capabilities from 
the perspective of deciphering individuals, society, 
and the Earth (Photo 1). 

He first gave an overview of the mission and 
research areas of CS Labs, and outlined individual 
research projects, classifying them into three catego-
ries: attempts to read “individuals,” “society,” and 
“the Earth”: mind-reading technology to decipher the 
latent state of mind from people’s unconscious phys-
ical movements and physiological reactions as 
attempts to decipher individuals; understanding the 
well-being of individuals and society in the COVID-
19 pandemic and beyond as attempts to decipher 
society; and simulation of complex physical phenom-
ena using new machine-learning technology that uses 
vast amounts of observation data as attempts to deci-
pher the Earth.

He concluded his speech by describing the direction 
of our future research based on the concept of 
‘designing the future’ and declared that we would 
continue our research to design a better future world 
where everyone can shine at any time in their own 
way.

3.   Research talks

The following four talks highlighted recent 
significant research results and high-profile research 
topics. Each talk presented some of the latest research 
findings with a background and overview of the 
research field.

3.1    “Machine learning that reproduces physical 
phenomena from data – Physics simulation 
based on a data-driven approach –”: Dr. 
Yusuke Tanaka, Innovative Communication 
Laboratory

Dr. Yusuke Tanaka introduced machine-learning 
techniques for accurately reproducing physical 
phenomena from observed data using physical laws 
as prior knowledge. While machine-learning models 
are highly expressive for potentially representing 
complex physical phenomena, obtaining an 
appropriate model that accurately reproduces the 
target physical phenomena from the vast search space 
of models is challenging. To solve this problem, he 
proposed a technique for automatically constructing 
machine-learning models from data that satisfy one 
of the most fundamental physical laws, the energy 
conservation law, by incorporating the theory of 
Hamiltonian dynamics (a formulation of analytical 
mechanics) into Gaussian processes (a model of 
machine learning). He also envisioned the application 
of this technique to weather forecasting and improving 
the accuracy of engineering designs for aircraft and 
automobiles (Photo 2).

3.2    “Dilemma between quantum speedup and 
computational reliability – Overcoming 
errors by efficient verification methods for 
quantum computing –”: Dr. Yuki Takeuchi, 
Media Information Laboratory

Dr. Yuki Takeuchi introduced the dilemma that 
quantum superposition, a fundamental principle of 
quantum mechanics, makes verifying calculation 
results on quantum computers difficult and showed a 
way to avoid this dilemma. While ordinary computers 
represent information using bits that take the value 0 
or 1, quantum computers use quantum bits (qubits) 

Photo 1.   Keynote speech by Dr. Futoshi Naya. Photo 2.   Research talk by Dr. Yusuke Tanaka.
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that take the state of a probabilistic superposition of 0 
and 1. The use of qubits enables high-speed parallel 
processing that is difficult to reproduce using 
ordinary computers; however, calculations using 
qubits are vulnerable to errors because the results can 
change significantly with minute changes in 
probability values, and their complexity makes it 
difficult to verify the results of calculations using 
ordinary computers. To address this issue, Dr. 
Takeuchi proposed new verification methods using 
small-scale quantum devices. He also suggested that 
the proposed methods could enable quantum 
computers to be cloud-based and used worldwide via 
the Internet (Photo 3).

3.3    “Decoding the human brain through machine 
brains – Unraveling brain mechanisms 
through integration of AI and neural 
information analysis techniques –”: Dr. 
Tomoyasu Horikawa, Human Information 
Science Laboratory

Dr. Tomoyasu Horikawa gave an overview of 
research on brain decoding, which decodes latent 
information in the human mind from brain activity, 
and introduced approaches based on the latest 
ar t i f icial  intel l igence (AI)  technology for 
understanding the brain mechanism that generates the 
human mind. For instance, by associating fMRI 
(functional magnetic-resonance imaging) signals 
representing brain activity with latent states of deep 
neural networks (DNNs), an AI technology that has 
attracted much attention, he showed the similarity 
between brain activity and DNN behavior and the 
possibility of reconstructing images that humans see 
or imagine from brain information. He concluded his 
talk by mentioning the possibility of reconstructing 
senses other than sight, such as hearing and touch, 

from brain activity if AI technology and brain 
information analysis technology were further linked 
(Photo 4).

3.4    “What is the lucid awareness in the mindful-
ness meditation? – Investigation of the physi-
ological, psychological, and neural mecha-
nisms of mindfulness meditation –”: Dr. 
Masahiro Fujino, Human Information Sci-
ence Laboratory

Dr. Masahiro Fujino introduced the definition of 
mindfulness, which is attracting attention to achieve 
well-being, and then explained how mindful 
meditation affects our mind and body from the 
perspective of physiological, psychological, and 
neural mechanisms. People are said to be “mindful” 
if they recognize their own present experience as it is. 
Mindfulness meditation is one method for achieving 
mindfulness and consists of two meditation 
techniques: focused attention meditation and open 
monitoring meditation. In this talk, Dr. Fujino 
showed how open monitoring meditation influences 
the achievement of mindfulness by measuring its 
effects on autonomic nervous activity, hormone 
secretion, attention control processes, and brain 
activity. He also mentioned that the results could help 
develop more effective methods for achieving 
mindfulness (Photo 5).

4.   Research exhibitions

The Open House 2023 featured 16 exhibits 
displaying CS Labs’ latest research results. We 
categorized them into four areas: Science of Machine 
Learning,  Science of  Communicat ion and 
Computation, Science of Media Information, and 
Science of Humans. Each exhibit was presented 

Photo 3.   Research talk by Dr. Yuki Takeuchi. Photo 4.   Research talk by Dr. Tomoyasu Horikawa.
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on-site by researchers from CS Labs (Photo 6) and 
showcased a short overview video on the event web 
page. The following list, taken from the event 
website, summarizes the research exhibits in each 
category.

4.1   Science of Machine Learning
•  Zeta functions in the interaction of light and matter 

–  Discovering the mathematics of quantum Rabi 
models –

•  Is that quantum computer really working correctly? 
–  How to verify quantum computations by circuit 

partitioning –
•  Machine learning that reproduces physical 

phenomena 
–  Gaussian process model incorporating energy 

conservation law –
•  We transport numerous guests comfortably and 

flexibly 
–  A shuttle bus operation plan for both visitors and 

operators –

4.2   Science of Communication and Computation
•  Dialog processing techniques for reading the 

situation 
–  Multimodal situation recognition for everyday 

conversations –
•  Here, a moderately challenging problem for you! 

–  VAE [variational autoencoder]-based individually 
optimized problem recommendation –

•  Choose the best translation from diverse candidates 
–  Generating diverse translation with perturbed 

kNN-MT [k-neares t -neighbor  machine 
translation] –

4.3   Science of Media Information
•  MagneShape: A pin-based display using magnetism 

–  Non-electrical control of magnetic pins shows 
various shapes –

•  AI that attends to the sounds you want to listen to 
–  Deep learning based selective hearing of 

arbitrary sounds –
•  Listening to topics of interest 

–  ConceptBeam: Technology for separating 
signals by meaning –

4.4   Science of Humans
•  The attentional control of mindfulness meditation 

–  Meditation reduces inhibition of peripheral 
visual stimuli –

•  How should we interact softly from afar? 
–  Realizing a highly compliant remote-operated 

robot –
•  Reading minds from eyes 

–  Pupil responses and microsaccades reveal 
cognitive functions –

•  What makes people’s impression for artworks 
different? 

–  Art impressions differ based on language and 
attributes –

•  Precompetitive physiological states determine the 
game 

–  Snowboarders’ physiological states, motion, and 
performance –

•  Auditory perception in autism spectrum disorder 
–  Auditory-information processing underlying 

unique perception –

5.   Special lecture

We invited Dr. Akira Takagi, director of Hearing 
and Speech-language Center, Shizuoka General 
Hospital and professor of the Shizuoka Graduate 
University of Public Health, to CS Labs to give a 

Photo 5.   Research talk by Dr. Masahiro Fujino. Photo 6.   On-site research exhibition.
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special lecture entitled “Spoken language acquisition 
through electrical stimulation” and conduct a 
discussion with CS Labs researchers.

Humans use various modes of communication, 
such as spoken, written, and signed language; 
however, spoken language is considered the most 
efficient mode of communication in terms of body 
structure and physiology. Auditory perception is 
necessary for humans to acquire spoken language, 
but more specifically, humans will only fully develop 
spoken language if they are provided with auditory 
stimulation by age three, which is the sensory period. 
In human hearing, sound vibrations are converted 
into electrical signals in the Organ of Corti of the 
inner ear, and only then are sounds transmitted to the 
brainstem. However, even if the Organ of Corti is 
congenitally absent or its electrical signals are feeble, 
humans can fully acquire spoken language if they 
receive a cochlear implant, a device providing 
electrical signals to the inner ear, by the time of the 
sensory period. Cochlear implants have been used 
worldwide since 1985 when the US Food and Drug 
Administration approved a 22-channel cochlear 
implant for adults over 18 for trial use. In this talk, Dr. 
Takagi explained the efforts of cochlear implantation 
in Japan and worldwide and introduced the speech 

and language acquisition process of cochlear-implant 
recipients using videos and data. At the end of the 
talk, he suggested that research on how sensory 
integration is formed during the brain’s receptive 
period could contribute to future brain cognitive 
science and AI research.

6.   Concluding remarks

The Open House 2023 was the first on-site event in 
four years, and many people could see the latest 
research results from CS Labs through on-site 
exhibits and videos on the special website. CS Labs’ 
researchers were also inspired by direct communica-
tion with visitors to the event. As a new trial this year, 
we used the NTT WEST open-innovation facility 
QUINTBRIDGE, and we believe that this environ-
ment facilitated very active communication. We would 
like to express our sincere thanks to everyone who 
helped make this event possible.
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External Awards

2023 HPCI Software Awards, Encouragement Award in 
Development Category
Winner: The development group of SALMON consisting of 
Shunsuke Yamada, National Institutes for Quantum Science and 
Technology, Kansai Institute for Photon Science; Yuta Hirokawa, 
Preferred Networks, Inc.; Kenji Iida, Hokkaido University Institute 
for Catalysis; Jun-ichi Iwata, Quemix Inc.; Shinji Noda, ACADE-
MEIA Inc.; Tomohito Otobe, National Institutes for Quantum Sci-
ence and Technology, Kansai Institute for Photon Science; Shunsuke 
Sato, Center for Computational Sciences, University of Tsukuba; 
Yasushi Shinohara, NTT Basic Research Laboratories/School of 
Engineering, The University of Tokyo; Takashi Takeuchi, RIKEN 
Cluster for Pioneering Research (CPR); Mizuki Tani, School of Engi-
neering, The University of Tokyo; Mitsuharu Uemoto, Department of 
Electrical and Electronic Engineering, Faculty of Engineering, Kobe 
University; Kazuhiro Yabana, Center for Computational Sciences, 
University of Tsukuba; Atsushi Yamada, Research organization for 
Information Science and Technology
Date: May 19, 2023
Organization: High Performance Computing Infrastructure Consor-
tium (HPCI)

The development group of the first-principles calculation code 
SALMON (Scalable Ab-initio Light-Matter simulator for Optics and 
Nanoscience, https://salmon-tddft.jp/), which is developing the field 
of computational science such as large-scale calculations, was 
selected as a developer or organization whose software was recog-
nized as particularly useful among the software that contributed to 
HPCI.

ICASSP 2023 Outstanding Reviewer Recognition
Winner: Hiroshi Sawada, NTT Communication Science Laborato-
ries
Date: June 21, 2023
Organization: The 2023 IEEE International Conference on Acous-
tics, Speech and Signal Processing (ICASSP 2023)

Best Paper Award
Winners: Shimpei Shimizu, NTT Network Innovation Laboratories; 
Takayuki Kobayashi, NTT Network Innovation Laboratories; 
Takushi Kazama, NTT Network Innovation Laboratories/NTT 
Device Technology Laboratories; Takeshi Umeki, NTT Network 
Innovation Laboratories/NTT Device Technology Laboratories; Koji 
Enbutsu, NTT Device Technology Laboratories; Ryoichi Kasahara, 
NTT Device Technology Laboratories; Yutaka Miyamoto, NTT Net-
work Innovation Laboratories
Date: September 13, 2023
Organization: The Institute of Electronics, Information and Com-

munication Engineers (IEICE) Communications Society

For “Channel Arrangement Design in Lumped Amplified WDM 
Transmission over NZ-DSF Link with Nonlinearity Mitigation Using 
Optical Phase Conjugation.”
Published as: S. Shimizu, T. Kobayashi, T. Kazama, T. Umeki, K. 
Enbutsu, R. Kasahara, and Y. Miyamoto, “Channel Arrangement 
Design in Lumped Amplified WDM Transmission over NZ-DSF 
Link with Nonlinearity Mitigation Using Optical Phase Conjuga-
tion,” IEICE Trans. Commun., Vol. E105-B, No. 7, pp. 805–813, 
2022. 

ComEX Best Letter Award
Winners: Doohwan Lee, NTT Network Innovation Laboratories; 
Yasunori Yagi, NTT Network Innovation Laboratories; Hiroyuki 
Shiba, NTT Network Innovation Laboratories
Date: September 13, 2023
Organization: IEICE Communications Society

For “Multishape Radio: New Approach to Utilizing the Physical 
Properties of Electromagnetic Waves.”
Published as: D. Lee, Y. Yagi, and H. Shiba, “Multishape Radio: 
New Approach to Utilizing the Physical Properties of Electromag-
netic Waves,” IEICE Communications Express (ComEX)., Vol. 11, 
No. 9, pp. 571–576, Sept. 2022. 

Distinguished Contributions Award
Winner: Shuto Yamamoto, NTT Network Innovation Laboratories
Date: September 13, 2023
Organization: IEICE Communications Society

For contributions as a secretariat in IEICE Technical Committee 
on Optical Communication Systems.

JIP Specially Selected Paper
Winners: Kazuki Nomoto, Waseda University; Takuya Watanabe, 
NTT Social Informatics Laboratories; Eitaro Shioji, NTT Social 
Informatics Laboratories; Mitsuaki Akiyama, NTT Social Informat-
ics Laboratories; Tatsuya Mori, Waseda University
Date: September 15, 2023
Organization: Information Processing Society of Japan

For “Understanding the Inconsistencies in the Permissions Mecha-
nism of Web Browsers.”
Published as: K. Nomoto, T. Watanabe, E. Shioji, M. Akiyama, and 
T. Mori, “Understanding the Inconsistencies in the Permissions 
Mechanism of Web Browsers,” Journal of Information Processing 
(JIP), Vol. 31, pp. 620–642, 2023. 
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