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Reshaping the infrastructure facility 
management business to go forward

—It has been four years since your last appearance 
in “View from the Top.” Please tell us about NTT 
InfraNet from your new position as president.

NTT InfraNet was established in 1999 as a subsid-
iary of NTT EAST. As a group of experts who have 
fully and uniformly inherited the business and techni-
cal expertise related to telecommunication infrastruc-
ture facilities such as underground conduits and 
manholes, we have engaged in the management of the 
infrastructure facilities of NTT Group companies 
such as NTT EAST, NTT WEST, NTT DOCOMO, 
and NTT Communications. In July 2019, to create a 
business that can be provided to companies other than 
NTT Group with the Smart Infra Platform by central-
izing infrastructure data in a three-dimensional (3D) 
manner, we became a wholly owned subsidiary of 

NTT holding company, changing ownership from 
NTT EAST. Moreover, we took over the civil-engi-
neering infrastructure and business of NTT 
Communications, acquired NTT Geospace and 
AIREC Engineering as subsidiaries in December 
2019 and March 2020, respectively, and merged with 
NTT Geospace in July 2020.

Although the operation and maintenance of infra-
structure facilities within the NTT Group has already 
been unified, the requirements of each company 
slightly differ. Accordingly, since taking up my post 
in June 2019, I have been working on creating a sys-
tem for efficiently operating and managing these 
infrastructure facilities. The infrastructure possessed 
by the NTT Group includes about 670,000 km of 
underground conduits, through which cables run, 
about 690,000 manholes, and about 654 km of tun-
nels called service tunnels. The volume of these 
facilities is about the same as that of the domestic 
water supply. Since the total length of all domestic 
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gas pipes is about 270,000 km, it is easy to see that 
the length of our conduits far exceeds that length. 
Development of a database is indispensable for effi-
ciently operating and managing these infrastructure 
facilities, and using the database in more-advanced 
ways will lead to the establishment of the Smart Infra 
Platform. 

It has been 40 to 60 years since the peak of con-
struction of these infrastructure facilities in Japan, 
and the civil engineers who maintain them are, natu-
rally, aging, and the working population will continue 
to decline. It is necessary to maintain efficient opera-
tion and management of many infrastructure facili-
ties. Information about infrastructure facilities had 
mainly been managed on paper; however, we want to 
respond to aging facilities and shortage in the work-
force by speeding up digital transformation (DX), 
such as digitizing information about infrastructure 
facilities and using it for tasks on devices such as 
tablets and making inspections and other tasks smart-
er by using information and communication technol-
ogy (ICT). In July 2020, we launched the Smart Infra 
Business Concept to create the Smart Infra Platform 
by building a centralized database of infrastructure 
facilities using ICT, which will also be used by infra-
structure companies other than the NTT Group. 
Through these initiatives, we want to contribute to 
society while increasing our profits. 

—What specific changes will DX bring to your daily 
work?

Managing 3D and 4D facility data on the Smart 
Infra Platform makes it possible to not only improve 
the efficiency of our work but also smoothly coordi-
nate work for constructing roads, for example. As 
with communication cables, electric-power pipelines 
and cables, gas pipes, water pipes, and so on are gen-
erally buried under roads. When constructing roads, it 
is necessary to check the status of these facilities 
underground and visit the offices of their owners and 
users individually to discuss the method of construc-
tion (excavation). By storing the facility data of each 
company on the Smart Infra Platform, one can check 
the status of these facilities in one step, thereby sim-
plifying the procedure and further reducing the num-
ber of on-site observations. In the future, when it will 
be possible to search for infrastructure-facility infor-
mation on the Internet, we will be able to help solve 
social issues such as reducing overlapping invest-
ments due to repeated excavation and backfilling by 
individual construction works for electricity, gas, 
water supply, and telecommunications and relieving 
traffic congestion by shortening construction periods.

We are promoting smart maintenance, which uses 
ICT for the purpose of efficient equipment mainte-
nance, as our solution concerning triple I+P 
(Infrastructure, IT, Innovation Platform). In particu-
lar, smart maintenance is used for more efficient 
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management of facility inspection and for proposals 
of facility-renewal plans by creating a real-time mash 
up of external information published by government 
offices, local governments, other companies, and 
other sources in addition to internal information. 
Regarding our Mobile Mapping System (MMS) solu-
tion, images of manholes, etc. are captured with a 
camera or laser mounted on a car and subjected to 
high-precision 3D measurement, and we are thinking 
of using these measurement data for tasks such as 
diagnosing facility deterioration, observation, con-
struction, inspection, and repair work. Smart mainte-
nance and MMS have already been introduced for the 
management of facilities and inspection of utility 
poles in operations of access-system facilities of NTT 
EAST and NTT WEST. 

NTT InfraNet has conducted civil-engineering 
solutions and gained the trust of the Ministry of Land, 
Infrastructure, Transport and Tourism and local gov-
ernments through long-term relationships. From the 
viewpoints of countermeasures against traffic acci-
dents, landscape protection, and safety measures 
against damage such as fallen utility poles due to 
natural disasters, we received many requests to bury 
utility poles in the ground and provide geospatial data 
management systems. I feel that there are expecta-
tions for us to tackle social issues using ICT. 
However, we cannot do everything on our own, so we 

will collaborate with other NTT Group companies to 
tackle these issues. 

Creating a story that benefits all stakeholders

—What is the key to maximizing resources while 
working together?

To make the best use of collaboration and resourc-
es, it is important that we harmonize with the goals of 
each company. To take the flow in the direction you 
want to go, create a story that matches the goals of 
each company. Of course, it is also necessary to think 
and act in a give-and-take manner, and if we do not 
interweave these elements, the story will stop half-
way. Consensus building is necessary even if it takes 
time. To that end, we must work in good faith. We 
cannot only pursue our own interests; in other words, 
how to create a story that benefits all stakeholders is 
important. In some cases, you may have to bear the 
costs or take a loss at the beginning, but I think that if 
you take the time to work in good faith, you will gain 
trust. Within the company, trust relationships are also 
of the utmost importance. One of the basics is to have 
one goal and gain faith. 

Even if we proceed with our business in this man-
ner, various problems and conflicts will sometimes 
occur. The requests and contract details sent to us 
from each company are not the same. Some compa-
nies present a comprehensive annual construction 
budget in an effort to improve efficiency, while other 
companies determine the budget for each process. 
Some companies want to entrust maintenance and 
operation of not only infrastructure facilities but also 
cables. From our viewpoint, we want to apply the 
same standard for contracts, but that won’t happen 
overnight, so I think the only way to get such stan-
dardization right is to develop standards little by little 
over time. At the end of the day, it is important for 
each company to make a profit and recognize the 
benefits of our services such as cost reduction and 
quality and for NTT InfraNet to become an indis-
pensable partner for them.

—It is important to gain trust.

Regardless of the size of the work, there are moun-
tains to be climbed, and a relationship of trust is 
essential to climb them. The reorganization of NTT 
that I experienced was a big mountain. It was my first 
experience of an organizational design. At the stage 
of considering and coordinating the transfer of the 
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mission and organization to each company after the 
reorganization, various departments made requests 
based on their own circumstances and reasoning, 
such as wanting to move a certain unit to the holding 
company or wanting to send certain people to certain 
departments. At that time, NTT InfraNet was also 
established, becoming an independent company. 
Anyway, I had to take into account the various 
thoughts of each organization and form them into a 
concrete plan. I remember that it was quite difficult to 
reconcile everyone’s interests because the scale of the 
measures was large and covered many fields. 

No matter how difficult it is, I want to get the job 
done properly. There was no question that I was not 
allowed to leave the task incomplete, but I’ve been 
paying the most attention to how I can proceed 
toward the results, not to mention the accomplish-
ments. That is still something I’m always thinking 
about. When you are young, you may not be able to 
complete your tasks and you may get stuck. At such 
times, I’m telling young people to go to see other 
people. It is valuable to have various people teach you 
things, and those who listen and talk will stand by 
you. It is exactly killing two birds with one stone that 
will increase your knowledge and friends. I’m sure 
there are a lot of things in the company life of young 
engineers that they don’t understand. In such cases, 
solutions won’t suddenly appear; I think the shortest 
way is to take it steadily. There are many problems 
you won’t be able to solve no matter how much you 

think at your desk but can solve by visiting and meet-
ing people. By the way, you don’t have to talk much. 
Have other people teach you. I was the same. Start by 
having people teach you, then, if there is something 
that seems to be useful for you, go with it even little 
by little. So why not try working in that order?

Self-realization through work

—If you listen to people more, you will be able to 
work better.

I think it’s quite difficult to listen to people. It’s 
harder to listen than to talk. When listening to opin-
ions, including those of a subordinate, never lose your 
temper, interrupt their talking, or negate their words 
midway through a point. It is important to create an 
atmosphere in which people can talk freely. When 
people seem to feel uneasy about speaking out, they 
tend to hold back on saying something important. In 
any case, whenever someone comes to see me, I give 
them my top priority and listen to what they have to 
say. If you can’t do that, you won’t be able to get 
information. Since taking office, I’ve visited each of 
our locations around the country and exchanged opin-
ions with employees. On those occasions, I repeat-
edly said, “Tell me anything,” listened to anything 
they had to say, and gave them proper feedback. Even 
if I couldn’t grant all requests, on returning to the 
head office, I always tried to find a way to grant one 
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or two of the requests that came up in each area I 
visited. I consider work is the main point of contact 
between a person and society. Since humans are 
social beings, we cannot live alone without social 
contact. I think that work is a means to self-realiza-
tion and the most-familiar social activity in our lives.

—It’s true that work is an activity that occupies most 
of the day, and you naturally show your own person-
ality.

Some people emphasize the importance of clearly 
separating their work and private lives in the manner 
of the work-life balance, namely, harmonizing their 
work and private lives; however, for me, work and 
private lives are inextricably linked. I think that the 
most important thing is to be connected to society, 
both at work and in private. In addition, going into the 
field and listening to people’s stories will continue to 
be a consistent part of my work. Nothing is easy, so 
I’ll continue to do my best. 

However, to prevent the spread of the novel corona-
virus, the situation is not going the way I want. Those 
who suffer most are new employees. It is relatively 
easy to switch to remote work after you have built 
some relationships with colleagues, but to work 
remotely straight off the bat is difficult. Immediately 
after joining the company, new employees are stuck 
at home and do not get enough training, and they do 
not know where their fellow employees who joined 
the company at the same time are assigned. Even 
when they go to the office, their faces are partly hid-
den by a mask. It was also a big issue for me. I can 
send information via the intranet, but the opposite 
(such as collecting feedback, opinions, and informa-

tion) is very difficult. Naturally, communication is 
insufficient. I think there are many things they want 
to say, but I can’t fully grasp those thoughts. To some-
how overcome this situation, we have therefore 
started meetings to exchange ideas on an area-by-area 
basis. We limit the number of people attending face-
to-face meetings and connect people with other 
employees at other offices via web conferences so 
they can exchange ideas. I visited all departments in 
2019, but in 2020, under the declaration of a state of 
emergency due to the coronavirus pandemic, I 
haven’t been able to move as I expected. While keep-
ing a close eye on the situation, I resumed office visits 
after the state of emergency was lifted in May, and I 
think I’ll be able to visit all our major sites by the 
beginning of next year.

Interviewee profile
 Career highlights
Yoshihiro Kuroda joined Nippon Telegraph and 

Telephone Public Corporation (now NTT) in 
1981. After serving at NTT Communications as 
director of Consumer & Office Users Business 
Division, Strategy Planning Department and 
director of Human Resource Development 
Group, he became senior director of NTT General 
Affairs Department in 2008, director of NTT 
WEST Hiroshima office and general manager of 
NTT WEST Chugoku regional headquarters in 
2011, executive director of NTT WEST Network 
Department in 2014, and senior executive vice 
president of NTT WEST in 2016. He took up his 
current position in June 2019.
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Applying illusions in the real world

—Please tell us about the research you are currently 
conducting.

My current research theme is information presenta-
tion using illusions. Illusion refers to the perceptual 
characteristic of humans in perceiving something dif-
ferent from what is happening in the real world. Such 
an illusion is generally thought of as undesirable 
because we think it is preventing us from accurately 
seeing the real world. However, thinking that using an 
illusion makes it possible to create a new way of 
expression and provide a sensory experience that is 
unlikely to occur in the real world, I and other 
researchers at NTT Communication Science Labora-
tories developed a technique called Hengento (defor-
mation lamp) [1] (Fig. 1). This technique was also the 
trigger for initiating my current research theme.

Using projection-mapping technology, Hengento 
makes it possible to give an illusion in which a sta-
tionary paper object appears to be moving. Hengento 
projects an image of light and dark calculated to cre-
ate an illusion that exactly overlaps the target. The 
mechanism for detecting movement in the human 
brain works even in the case of low contrast, so the 
image projected by Hengento may also have low con-
trast.

Human motion detectors are sensitive to brightness 
but insensitive to color; therefore, a change in bright-
ness is sufficient for the image projected by Hengen-
to. Since only a faint light-and-dark image is pro-
jected, it is possible to give the illusion of movement 
only to the target without losing almost any of the 
color or texture of the projected target. This technique 
was commercialized in collaboration with NTT Com-
munications and Dai Nippon Printing Co., Ltd. and is 
being used in various places such as supermarkets 
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and museums.
I then developed a technique called Ukuzo (Fig. 2) 

[2]. By projecting a shadow pattern onto a real object, 
Ukuzo gives an illusion as if the real object is floating 
in the air. It has long been known that an object 
appears to float up from its background when a 
shadow is cast onto it, and this phenomenon is used 
in applications ranging from computer interfaces, 
comic books, and animation. By simply capturing an 
image of the target object with a camera, Ukuzo auto-
matically generates and projects a shadow pattern of 
the object onto the object and provides an illusory 
depth impression of a real object. 

I also worked on Danswing Papers (danswing is a 
combined word of dance and swing) [3] (Fig. 3). It 
has been known for a long time that if light and dark 
lines are added to the outline of a stationary object, 
and the object is presented on a background with 
temporarily changing brightness, the illusion of the 
object moving is created. However, it has only been 
applied to displays. I have reported that adding a light 
and dark outline to a picture on a paper object and 
placing the object on a display that switches between 
light and dark gives the impression of the picture 
moving. That report was highly evaluated in the Best 
Illusion of the Year Contest at an international illu-
sion contest in 2018 [4]. I am currently working on 
the commercialization of this technique.

—All three are unique and exciting techniques. What 
are you currently focusing on?

For about a year and a half, I have been researching 
illusion techniques that convey visual “softness.” 
Softness is mainly perceived through the sense of 
touch, and how humans perceive softness only from 
images is not completely clear. 

With this issue in mind, I focused on a physical 

phenomenon called the Poisson effect. The Poisson 
effect is a physical phenomenon by which a material 
contracts vertically when pulled horizontally (or 
expands vertically when squeezed horizontally). It 
can be described by a numerical value called Pois-
son’s ratio. For example, Poisson’s ratio of rubber is 
close to 0.5, but that of cork is almost zero. In other 
words, if rubber is stretched horizontally, it will 
shrink vertically, but if cork is stretched horizontally, 
it will hardly shrink vertically. Poisson’s ratio is thus 
a good indicator of such a physical property. It has 
been shown that Poisson’s ratio for everyday materi-
als (excluding metamaterials) does not exceed 0.5. 

I am researching how Poisson’s ratio contributes to 
the appearance of softness of objects. First, I investi-
gated how humans perceive Poisson’s ratio and found 
that humans do not feel uncomfortable with an object 
when its Poisson ratio exceeds 0.5. As a result of 
repeated investigations, I also found that humans 
judge discomfort due to the Poisson effect based on 
the change in the area of an image before and after the 
image is deformed. 

More recently, I showed that the Poisson effect 
affects the human pseudo-tactile sensation. Pseudo-
tactile sensation refers to the haptic illusion generated 

Fig. 1.   Hengento.

Before application After application

Fig. 2.   Ukuzo.

Before application After application

Fig. 3.   Danswing Papers.
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in a user’s mind when a visual image is manipulated. 
For example, if the cursor suddenly slows while you 
are moving your computer mouse, you get the 
impression that it is heavy. The impression is consid-
ered a kind of pseudo-tactile sensation. I created an 
experimental setting that enables an object to extend 
laterally on a display while a user tries to horizontally 
extend an imaginary object in the air. I then tried to 
manipulate Poisson’s ratio. As a result, I found that 
the higher the Poisson’s ratio, the softer the object is 
perceived. I think in the future this technique can be 
applied in scenes in which the softness of objects in 
remote areas can be conveyed and controlled.

The trigger was a movie that I watched on a 
flight back from an academic conference

—Could you tell us what inspired you to carry out 
these studies?

When I attended an academic conference held over-
seas in 2018, the idea leading to this technique came 
to me in a flash when I watched a movie on my return 
flight. I think the movie was “Iron Man,” and in the 
movie, the main character was operating a three-
dimensional hologram. In the real world, holograms 
are just images, so you can’t touch them; even so, I 
imagined that the hero had the sensation of touching 
the hologram and was operating it. Therefore, I 
started my research thinking that the texture of an 
object could be enhanced by giving it a pseudo-tactile 
sensation. 

When I think back to my childhood, I felt like I 
could see through my hand when I held my hand over 
a miniature bulb, and I wondered if it was an extra-
sensory perception. As I grew older, I gradually 
became aware of reality, and realized things that do 
not actually exist may look like as if they existed. 
That realization might be the original experience that 
leads to current research activities. Some time after 
that, I majored in psychology at university and stud-
ied vision science. Moreover, as a fan of video games, 
I felt the impact when I crashed into a wall in the car 
racing game, so I wondered if it would be possible to 
transmit information using such a visual illusion.

—Have you personally changed since becoming a 
senior distinguished researcher? Please tell us what 
you have in mind when looking for a research theme.

It’s only been two months since I became a senior 
distinguished researcher, and I’ve been working from 

home to help prevent the spread of the novel corona-
virus, so I haven’t yet felt a change in my role. I did 
begin to think about the viewpoint I should have. 
When I was working at a university 10 years ago, I 
became determined to contribute to science by 
becoming a science building block. However, I start-
ed thinking that I could pursue research differently at 
NTT than at a university. After starting to conduct 
research at NTT on the application of visual illusions 
in the real world and having people use those illu-
sions, I felt that my research can not only contribute 
to the foundation of science but also to society. As a 
senior distinguished researcher at NTT, I’d like to be 
a person who can provide valuable research results to 
both science and society.

I think that finding research themes is one of the 
aspects that researchers will struggle with. Even now, 
I sometimes wonder, “What should I do next?” I 
remember when I was a graduate student, I was wor-
ried about finding a research theme, and I was dressed 
down by a senior student, who is now a university 
teacher, saying, “You cannot decide what to do 
because you are not making enough effort.” Certain-
ly, if you don’t structurally understand the issues in 
your research area, you won’t know what to research. 
Thus, the resulting words “You’re not trying hard 
enough.” uttered by my senior were apt. To under-
stand the issues in my research area and what I do not 
know, I try to read four or five papers on themes in 
that area during my spare time every day.

I also try to imagine things in the manner of the 
song of the Japanese cartoon character “Doraemon,” 
namely, “That looks fun; I wish I could do it.” For 
example, first, I imagine that it would be great if we 
could use illusions to do such wonderful things. I then 
think whether it would be feasible and what state-of-
the-art knowledge and technology are needed to 
achieve this. When I ponder all this, I can lay out 
specific research processes, and the papers that I’ve 
been reading daily will be useful. In this way, I think 
that proceeding with research from the bottom up 
(namely, understanding what is unknown in a particu-
lar research area) while continuing to think from the 
top down (namely, thinking what we can achieve in 
the world) will make it easier to find issues and 
research themes.

Certain events that happened at graduate school 
influenced how I settled on research themes and what 
approaches I took. When I was worried about my 
career path, a professor in the laboratory next to mine 
said, “Mr. Kawabe, you can do as much research as 
you like, not as much as you need to do, but as much 
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as you want to do.” After hearing those words, I real-
ized that someone else will probably do what I need 
to do, so I’ve been continuing researching what I 
want to research without losing out to anyone. Those 
words are the reason my research got off to a good 
start.

I’m constantly thinking that I shouldn’t limit 
myself to a particular research field. To solve prob-
lems in the real world, knowledge of one research 
field is rarely enough; instead, in most cases, knowl-
edge of multiple research fields is required. In such a 
case, I will not easily give up solving the problem 
even if it’s not my field; instead, I’ll try to acquire 
knowledge by reading papers in other fields. How-
ever, it is also true that it is impossible to surpass 
experts, so I try to listen actively to people in other 
fields. I think that the accumulation of knowledge 
will facilitate discussions and future collaborations. 

Take up challenges with bottom-up and 
top-down approaches

—Please say a few words to junior researchers.

In my case, since I still have more seniors than 
juniors, I’d like to say what is important to us as I 
stand in the same shoes as my juniors. I’d like you, 
our juniors, to keep in mind bottom-up and top-down 
approaches that I talked about earlier. Taking these 
two approaches, you will naturally see how you can 
contribute to your research area as well as to society. 
I think it’s fine to focus on research themes that no 
one else has tackled if you want to. There is always 
someone to appreciate your desire if you try. My hope 
is that many creative and outstanding researchers will 
be nurtured in doing so. 

What’s more, I think it’s probably not so easy for 
researchers to link their basic research to direct out-
put. For example, we put Hengento into practical use 
after receiving feedback from someone who looked at 
our research results and suggested we could use it in 
a certain way. I also think that researchers who take a 
top-down approach and have aspirations can lead to 
output. In this sense, NTT provides good opportuni-
ties such as NTT R&D Forum, so I think it is impor-
tant for our juniors to actively take those opportuni-
ties to obtain the opinions of others. With that in 
mind, I am actively exhibiting my research results at 
every opportunity. 

—How will you move forward? Please tell us about 
your challenges and aspirations.

My future challenge is to expand the real-world 
implementation of illusions. Illusions occur not only 
with regard to vision but also to other senses such as 
hearing and touch. There are also illusions that occur 
when multiple senses combine. I think that we can 
change the scope and depth of technology that uses 
sensations by incorporating illusions that occur with 
various sensations into that technology. For example, 
I believe that we can conduct research from various 
perspectives under the keyword “softness,” namely, 
expressing softness through a combination of visual 
and tactile senses, manipulating the softness of real 
objects by using light projection, and judging soft-
ness in virtual space. 

Now that I’m at NTT laboratories, and I’m often 
asked why I’m doing certain research. I feel that my 
research stance differs from that when I was research-
ing at a university—where I had little contact with the 
outside world. I have come to think that my research 
is often questioned because researching at NTT labo-
ratories may contribute to society. I feel that it is 
important to make not only scientific contributions 
but also social contributions by using the technolo-
gies that I have researched. After the state of emer-
gency was declared in Japan to prevent the spread of 
the novel coronavirus, I wondered what kind of social 
contribution I could make to help stop the spread. For 
example, aiming to promote non-contact technology, 
thereby prevent infection, we are trying to develop a 
display that uses illusion to give the user the sensation 
of touching the buttons of a cash machine, elevator, or 
the like. 

I think it is vital to solve these social problems one 
by one and anticipate problems that may occur in 
society. I had been thinking about the idea of a non-
contact display even before the coronavirus crisis and 
was attempting to propose a rich and profound infor-
mation-presentation technique by using illusions. 
Such non-contact displays could help prevent the 
spread of infectious diseases.

I imagine that people might not understand exactly 
what researchers like me are doing; however, I also 
believe that people think researchers are trying to 
improve society by gathering wisdom. I don’t know 
anything other than my work as a researcher, and I’ve 
never wanted to be anything else. I’ll continue 
researching what I like by keeping the two approach-
es of top down and bottom up in mind.
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1.   Introduction

In 1985, the Nippon Telegraph and Telephone Pub-
lic Corporation was privatized, which led to the 
founding of NTT. Before privatization, each home 
only had a traditional black telephone, which was 
rented from the corporation and mainly located in the 
entrance hall. After privatization, however, one could 
freely buy a telephone of different colors and with 
more functions such as cordless reception that 
enabled having a receiver in each room. The popular 
love song titled “I want to learn more about you”* 
focused on an intimate conversation between a girl 
and her (possibly) boyfriend over the phone with her 
asking “where are you now and what are you doing” 
and achieved estimated sales of 391,000 copies. 
Today, various forms of social media have almost 
entirely subsumed this role and even been extended to 
learning about people who are not close friends and 
basically strangers. A smartphone obtains a great deal 
of information about its user throughout the day. It is 
so smart that it may obtain more details about its user 
than what the user knows about him/herself. On the 
other hand, the traditional black telephone, while 
simple and not smart, might be more comfortable to 
use than current smartphones. As technology contin-
ues to develop, how will communication change? It is 

all the more important to identify the core of commu-
nication in this era when the physical distance 
between people must be maintained to prevent the 
spread of the novel coronavirus while avoiding social 
disconnection from our close friends and community.

Next year, NTT Communication Science Laborato-
ries (NTT CS Labs), which was founded in Keihanna 
Science City, Kyoto, in 1991, will mark its 30-year 
anniversary. Since its founding, it has undertaken 
fundamental research based not only on the principle 
of conveying information accurately and efficiently 
but also on deepening mutual understanding, sharing 
feelings, and making genuine contact. Even though 
the research in the beginning focused on person-to-
person communication, its aim today is sincere and 
heartfelt communication in both person-to-person 
and person-to-computer contexts. To this end, we at 
NTT CS Labs are pursuing innovative technologies 
for approaching and exceeding human abilities such 
as media processing, data analysis, and machine 
learning as well as studying cognitive neuroscience 
and brain science for obtaining a deeper understand-
ing of people and their cognitive flexibility and diversity 

I Want to Learn More about You:
Getting Closer to Humans with AI 
and Brain Science
Takeshi Yamada

Abstract
NTT Communication Science Laboratories aims to achieve communication that reaches the heart by 

pursuing innovative technologies that approach and exceed human abilities such as media processing, 
data analysis, and machine learning as well as studying cognitive neuroscience and brain science for 
obtaining a deeper understanding of people. It also aims to deliver concrete results to society through 
collaboration with its business partners. This article introduces the efforts to achieve these aims.

Keywords: artificial intelligence, communication science, brain science

* “I want to learn more about you” was NTT’s “TALK ON THE 
PHONE” campaign song that was released immediately after 
NTT’s privatization in 1985.
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(Fig. 1) [1]. We are also continuing to work on the 
development of more fundamental mathematical 
theories [2]. Our primary mission is to carry out these 
basic research topics with unlimited curiosity to learn 
more about us humans. We are also delivering con-
crete results to society through collaboration with our 
business partners. Several examples of these research 
endeavors are introduced below.

2.   Technologies that approach and exceed 
human abilities 

Communication is first and foremost the recogni-
tion and understanding of spoken words. On our Illu-
sion Forum website, which provides information on a 
variety of visual and auditory illusions, noise-vocod-
ed speech (so-called mosaic speech) is introduced 
[3]. Mosaic speech, which is analogous to visual 
mosaic images, is a distorted speech sound where the 
detailed spectral information in the original clean 
speech sound is manipulated and destroyed. When 
one listens to it, he or she can somehow understand 
what is being said, even though the sound is unnatural 
and hard to hear. In this way, humans can hear the 

content of speech sounds even if their fine temporal 
structure is substantially degraded. One may fail to 
understand the sound at first, but if he or she listens 
multiple times, or listens to the original sound then 
listens to the converted one again, he or she will 
understand it. One has just experienced the depth of 
the human auditory system and sound recognition 
ability.

Mammals, including humans, have developed brain 
functions that recognize such natural sounds as 
speech and environmental from evolution. In the 
mammalian brain, the auditory system converts the 
physical properties of a sound stimulus to neural 
activities and processes them through a cascade of 
brain regions. Interestingly, the characteristics of 
amplitude modulation (AM) tuning in temporal and 
rate coding are transformed systematically along the 
processing stages from the periphery to the cortex. 
The AM rate at which neurons are synchronized 
gradually decreases and the number of neurons that 
perform rate coding gradually increases. We have 
discovered that when a deep neural network (DNN) is 
trained to classify raw sound data using raw waveforms 
that are directly input, the trained DNN resembles the 

Fig. 1.   Research areas of NTT CS Labs.
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brain’s auditory system throughout the entire cascade 
[4]. Such similarity to the auditory system increases 
as the classification accuracy improves. These results 
suggest that AM tuning in auditory systems emerged 
through evolution as a result of adapting to sound 
recognition in the real world.

Through evolution, humans have acquired the abil-
ity to select the specific voice of a person they want 
to hear and understand what he or she is saying in a 
meeting or at a party when several people are talking 
or when music is playing in the background. This 
skill is called selective listening. We have applied a 
proprietary DNN and developed technology called 
SpeakerBeam that enables computers to perform 
selective listening [5]. However, extracting a target 
voice is difficult if speakers with similar voices are 
included in the data. Therefore, in addition to voice, 
lip movements are used as features to distinguish 
among speakers even with similar voices. We are also 
developing DNN-based voice-conversion technology 
that makes it possible to freely change such voice 
features as voice quality and intonation while pre-
serving the speech’s linguistic content. Further devel-
opment of these technologies will enable natural 
communication that overcomes disabilities or age-
related decline in speaking or hearing functions and 
support conversations in foreign languages [6].

We are also investigating the language-acquisition 
mechanism in children, who basically acquire lan-
guage by talking with their parents. Language and 
language-based oral communication are basic human 
functions that have evolved over the past 150,000 
years. Since written language emerged relatively 
recently, only 50,000 years ago, the ability to read is 
not an inherent function of the human brain, which 
did not evolve for reading. Reading is achieved 
through a flexible combination of basic brain func-
tions such as vision, audition, language, and cogni-
tion, which is called neural recycling [7].

To understand the language-acquisition mecha-
nism, we constructed the Child Vocabulary Develop-
ment Database by conducting a large-scale survey of 
what words children can understand and say at what 
particular development times and modeling the 
results [8]. With this database, we created personal-
ized educational picture books in collaboration with 
NTT Printing Corporation for encouraging children 
to read. The books’ contents were customized to the 
vocabulary development of each child. In cooperation 
with Onna Village in Okinawa and Tokushima City, 
we worked with NTT Printing Corporation to deliver 
these books to children and to encourage them to read 

from an early age [9, 10].
As an approach to understanding the advanced 

human abilities of both language and knowledge pro-
cessing, we are participating in the artificial intelli-
gence (AI) project “Todai Robot Project—Can a 
robot get into the University of Tokyo?” led by the 
National Institute of Informatics (NII). The project is 
researching the extent to which AI can solve the same 
problems that humans can solve. A team made up of 
members of the NTT CS Labs. and other project 
members took up the challenge of developing an AI 
system that can take and pass the English written 
exam administered by the National Center for Uni-
versity Entrance Examinations. The AI system 
achieved an extremely high score of 185 out of 200 
points (64.1 T-score) in the exam’s 2019 version [11]. 
English exams contain problems that require integrat-
ing both natural language processing and knowledge 
processing to solve. We exploit the knowledge gained 
in tackling these problems for our conversational AI 
research, which involves chatting with people (in 
chat-oriented dialogue systems) and providing infor-
mation and guidance (in task-oriented dialogue sys-
tems) to achieve more natural and mutually under-
standable conversations between AI and humans.

Based on research on conversational AI, NTT is 
developing a role-play-based conversational AI 
called Narikiri AI, which reproduces the behaviors of 
a celebrity or a character in a novel or a game. Nariki-
ri AI’s dialogue data are collected through sets of 
questions and answers posted by online users, where 
one user asks a certain character a question, and 
another user mimics its personality and answers it. A 
few such Narikiri AIs have been constructed by NTT 
in cooperation with NTT DOCOMO and DWANGO 
Co., Ltd. Recently, we have begun a new Narikiri AI 
project in cooperation with Seika Town, Kyoto, 
involving its official public-relations character (mas-
cot) Kyomachi Seika; thus, the project is called 
Narikiri AI Kyomachi Seika [12]. The concept of 
Kyomachi Seika is that of “a young agent is dis-
patched from the future to protect the world from a 
time paradox” [13]. It has attracted many fans 
through social networking services and is a perfect 
match with Narikiri AI. 

We are conducting basic research on technologies 
to achieve natural human-like conversations by 
smoothly switching between chat-oriented and task-
oriented dialogues. To demonstrate this technology, 
we collected dialogue data, including a large amount 
of knowledge and experience about Seika Town, 
through cooperation with its residents. We will build 
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a dialogue system that provides appropriate informa-
tion and guidance regarding tourism and town admin-
istration, understand user’s intensions, and flexibly 
answers user questions and requests through Kyoma-
chi Seika.

3.   Studying cognitive neuroscience and brain 
science for a deeper understanding of people

AI development is also intensifying the importance 
of obtaining a deeper understanding of people. For 
example, when searching on the Internet, advertise-
ments suddenly appear that match the search words. 
Sometimes users click on such links and impulsively 
make purchases. Many users might argue that they 
purchased the product completely voluntarily, down-
playing any third-party manipulation. As AI technol-
ogy expands, the risk increases for such manipula-
tion, which resembles an AI version of subliminal 
effects.

To avoid such risks, it is important to obtain a 
deeper understanding of the preconceptions held by 
people and how and when they will behave in a cer-
tain way. We are conducting research to clarify the 
information-processing mechanisms of the human 
brain and body involving the five senses, perception, 
and motion and providing novel perceptual experi-
ences [14, 15]. We are also carrying out brain science 
research to understand the relationships among the 
mind, skills, and body of top athletes through study-
ing their cognitive flexibility and diversity such as 
how they obtain and judge information from the out-
side world. Regarding baseball, for example, we are 
exploring the differences between great and mediocre 
hitters by investigating how well good hitters actually 
see the ball or whether a fastball really travels in a 
straight path. The plan is to use the knowledge gained 
from our research to provide feedback to athletes to 
sharpen their brain functions.

As societies worldwide are forced to coexist with 
the novel coronavirus, establishing profound contact 
has become more complicated. The economist and 
philosopher Adam Smith wrote that “we often derive 
sorrow from the sorrow of others” in his discussion of 
the importance of sympathy [16]. Sharing sentiment 
and emotions with others and feeling their experi-
ences as one’s own is the essence of sympathy and 
leads to genuine interaction. In collaboration with 
Tatsuya Kameda Laboratory at the University of 
Tokyo, we are studying how pain is shared during 
face-to-face interactions [17]. In one of the experi-
ments carried out through this collaboration, a pair of 

strangers (participants) were exposed to identical 
pain-provoking (thermal) stimuli. The blood-volume 
pulse of both participants is recorded to measure their 
acute sympathetic responses while they both simulta-
neously experienced the stimuli. Under a face-to-face 
condition, participants with weaker reactions elevat-
ed their physiological reactivity to the stimulus based 
on their partner’s reactions but not under a shielded, 
non-face-to-face condition. These results suggest that 
during face-to-face interactions, sharing such nega-
tive emotions as pain occurs at the unconscious 
physiological level. Another experiment of a two-
player eSports competition showed that the heart 
rates of both players were synchronized in high-level 
close battles but not in intermediate one-sided battles. 

4.   Future prospects

The Japanese word for “happiness” is “shi-awase,” 
where “shi” means “action” and “awase” means 
“match.” This combination of meanings suggests that 
one way to achieve individual happiness is through 
successful interaction or communication with anoth-
er person [18]. In other words, the synergistic effect 
of sincere and heartfelt contact improves human hap-
piness, or in more modern terms, the well-being of 
people. In Japanese, “shi-ai” denotes games such as 
baseball or tennis, and the heart-rate synchronization 
in the eSports experiment seems to exhibit such a 
“shi-awase” or “action-matching” state. The mission 
of NTT CS Labs is to pursue sincere and heartfelt 
communication that literally achieves the following 
lyric from “I want to learn more about you”*: “Even 
if I’m far away, my heart is with you.”
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1.   Tactile × perceptual psychology

The hand is a tool and sensor. The manual dexterity 
of humans has contributed to the remarkable progress 
of our species. To skillfully use tools, it helps to be 
able to measure and process sensory information 
quickly and correctly. We (myself and other research-
ers at NTT Communication Science Laboratories) are 
interested in this processing of information through 
the skin. Tactile references often appear in metaphors 
that allude to a deep understanding of things. For 
example, someone with the “common touch” under-
stands how ordinary people think, someone with the 
“magic touch” is exceptionally skilled, and someone 
with the ability to retrieve information instantly is 
said to have it “at their fingertips.” However, surpris-
ingly little research has been done on the informa-
tion-processing aspects of how tactile sensations 
actually work, and the mechanisms with which they 
are processed are not well understood. Since tactile 
sensations originate from the boundary between one-
self and the outside world, it has also been techni-
cally difficult to conduct studies such as directly 
measuring or artificially reproducing phenomena that 
take place when touching a surface. With recent 
advances in technology, progress is gradually being 
made in the clarification of tactile sensing, which is 
catching up with research on visual and auditory 
sensing.

Perceptual psychology is a field of study in which 
humans are regarded as systems and which seeks to 
identify their internal processes. It provides a means 
of determining what types of perception a human 
observer obtains as output when provided with input 
stimuli such as images or sounds. For example, peo-
ple can perceive changes in brightness when a light is 
slowly switched on and off, but as the switching-
speed increases, the flickering becomes less visible. 
At higher speeds (like the frequency of fluorescent 
lights), this flickering becomes imperceptible. By 
making small changes to input stimuli in this manner, 
we can examine the ranges of various physical quan-
tities that affect our perception.

This article introduces two illusions that offer 
inroads into reasoning about the mechanisms and 
characteristics of tactile perception. These illusions 
are phenomena in which, for example, identical 
physical inputs are perceived as being different or 
different physical inputs are perceived as being the 
same. These illusions allow us to investigate what 
type of information the brain is sensitive and not sen-
sitive to. They are also useful for considering the 
means in which information can be presented more 
effectively.

Towards Understanding Human Skin 
Sensations
Scinob Kuroki

Abstract
Human fingertips are amazingly sensitive. They can easily detect a single strand of hair that has fallen 

onto a desktop and distinguish between metal surfaces that have been polished to different degrees. Our 
group uses perceptual psychology methods to study tactile sensory mechanisms. This article introduces 
tactile illusions that illustrate how the tactile sensory system processes information and provides stable 
perception. This line of research is expected to yield efficient information-presentation techniques.

Keywords: tactile, haptics, perception
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2.   The illusion of mixed frequency 
from two vibrations

When you move your fingers across the surface of 
an object, it causes vibrations in the skin of your  
fingertips. These vibrations allow you to distinguish 
between different textures, such as rough and smooth 
surfaces. Our perception of these surfaces is based on 
vibration frequencies as encoded by tactile sensors, 
i.e., mechanoreceptors, in the skin. The skin includes 
different types of sensors in much the same manner 
that the retina includes different sensors that are sen-
sitive to different colors. Each sensor has a different 
shape and distribution. Some are small and concen-
trated at shallow parts of the skin surface, while oth-
ers are large and scattered deep within the skin. As a 
result, each type has its own idiosyncrasies. For 
example, some sensors respond to slow deforma-
tions, while others respond to high-frequency vibra-
tions such as received vibrations (Fig. 1). How are 
frequencies encoded using the signals of these differ-
ent sensors? 

The difference in frequency sensitivities across sen-
sors is observed not only in tactile sensing but also in 
visual and auditory sensing. For example, when we 
see red light (which has a long wavelength) and green 
light (which has a slightly shorter wavelength) at the 
same time, we perceive yellow light (which has a 
wavelength between those of red and green). It is not 
possible to perceive the red and green lights sepa-
rately. This is described by the well-known theory of 

the three primary colors. However, when we hear the 
musical notes C and E played at the same time, we 
recognize them as two separate notes forming a major 
third, instead of hearing the note D that lies between 
them. Which of these processes is exhibited by the 
tactile system?

We conducted a series of experiments to ascertain 
whether the tactile system detects frequency in a 
manner analogous to the three primary colors by test-
ing whether an intermediate frequency is perceived 
when multiple vibrations with different frequencies 
are presented [1]. If the skin is simply subjected to a 
synthetic vibration obtained by adding two frequen-
cies together, this vibration may be physically attenu-
ated by the time it reaches the sensor due to the elastic 
nature of the skin. We therefore simulated a situation 
of seeing red and green at the same time by applying 
two vibrations of different frequencies to two differ-
ent fingers (the index and middle fingers) at the same 
time. In these experiments, we applied synthetic 
stimuli consisting of two sinusoidal vibrations at two 
different frequencies on two different fingers of each 
participant and compared the perceived frequency 
with comparative stimuli consisting of two sinusoidal 
vibrations of the same frequency applied to the two 
fingers (Fig. 2). (See [1] for details about this meth-
od.) We found that the perceived frequency of the 
synthetic stimuli was an intermediate frequency 
between the two presented frequencies of the syn-
thetic stimuli. Based on this result, it appears that the 
perception of vibrations is similar to the perception of 

Fig. 1.   Response characteristics of mechanoreceptors and the nerves.
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the three primary colors of light. We also found that 
this phenomenon occurred not only when the syn-
thetic stimuli were applied to two fingers on the same 
hand but also when applied to fingers on the left hand 
and fingers on the right hand. Even when vibrations 
with completely different frequencies were applied to 
clearly different parts, i.e., fingers of the left and right 
hands, the participants seemed to perceive as if the 
two vibrations had the same frequency.

However, we also found that the synthetic stimuli 
do not mix completely. When touching synthetic 
stimuli with two fingers, it is possible to feel differ-
ences (e.g. in vibration strength) between the two 
fingers. Also, the synthetic stimuli feel noisier than 
simple sinusoidal vibration at a matched frequency. 
Unlike in vision, there is no guarantee of perceptual 
equivalence between synthetic stimuli and matched 
vibrations in touch.

In summary, when you experience multiple vibra-
tions at different frequencies via the skin, it is possi-
ble to perceive multiple vibrations, which shows that 
the encoding of tactile vibrations differs from that of 
visual colors. It also differs from the encoding of 
auditory sounds because the tactile system cannot 
encode the two frequencies separately. It seems that 
tactile-frequency information is processed through a 
strategy that lies somewhere between the strategies of 
sight and hearing.

3.   The illusion of textures that look different but 
feel similar

Everyday objects have a variety of surface irregu-
larities and textures. Since it had been technically 
difficult to artificially design tangible textures exactly 

as intended, tactile texture research has been con-
ducted either by creating a simple experimental 
stimulus or using existing materials without altera-
tion. To bridge the gap between simple experimental 
stimuli and complex real-world textures, we use laser 
cutters and three-dimensional (3D) printers to create 
surface textures with complex spatial patterns [2].

For texture design, we used images as height maps 
(Fig. 3(a)). Lighter areas correspond to bumps and 
darker areas correspond to hollows. Using images 
like these, we can easily adjust statistics, such as the 
spatial frequency and bandwidth, of surface irregu-
larities. In this experiment, each image was 3D 
printed as a 4 × 4 cm sample piece with a maximum 
engraving depth of 2 mm to create a set of surface 
textures. The five images shown in Fig. 3(a) have 
central frequencies represented numerically (similar 
to grit numbers on sandpaper) and are modulated 
with relatively simple statistical quantities. In the 
3D-printed sample stimuli based on these images, the 
central frequency increased from left to right, result-
ing in surfaces ranging from bumpy to grainy. With 
these stimuli, texture discrimination is quite easy. 
Humans are very sensitive to central frequency mod-
ulation. Therefore, how well can human observers 
discriminate between 3D-printed stimuli based on 
completely different images? Five natural scene 
images obtained from an image database are shown 
in Fig. 3(b). Although the brightness values of these 
images were matched to have the same average and 
variance, there are differences in the spatial arrange-
ment of black and white that are clearly visible when 
viewed with the eye. However, it was not easy to 
distinguish between the corresponding 3D-printed tex-
tures by touching with the hands. It was particularly 

Fig. 2.   The illusion of mixed frequency from two vibrations.
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impossible to distinguish between the stone, coral, 
and leaf textures shown in Fig. 3(b) (the images out-
lined in dark blue), even though they looked com-
pletely different. This illusion shows that the tactile 
and visual systems use different mechanisms to pro-
cess spatial textures.

 How does information processing differ between 
the eyes and hands? To answer this, we analyzed the 
original images used as templates for the 3D-printed 
surfaces. A characteristic of natural images is that the 
amplitude decreases at higher spatial frequencies. We 
calculated the Fourier transform of each of the five 
images shown in Fig. 3(b) and compared the ampli-
tude and phase spectrum of each transform (ampli-
tude indicates the intensity of the light and shade and 
phase conveys information about the distribution of 
light and shade). Although the amplitude spectra 
were very similar for all five images, their phase 
spectra were completely different. The visual system 
processes both the amplitude and (some of) the phase 
characteristics of an image after Fourier decomposi-
tion. It seems that the tactile system mostly processes 
the amplitude characteristics without using much of 
the phase characteristics (Fig. 3(c)). This finding can 
be exploited to freely create visually dissimilar tex-
tures that feel similar when touched. The calculation 
of phase is computationally more expensive than the 
calculation of amplitude. Our tentative understanding 
is that the tactile system does not expend many 

resources on processing phase information and may 
instead have evolved to be sensitive to small differ-
ences in amplitude characteristics.

As mentioned above, we are using perceptual psy-
chology methods to study tactile sensory mecha-
nisms. Originally, most research on the human senses 
focused on vision and audition, and few considered 
the tactile sense. However, the number of tactile stud-
ies has recently increased due to advances in the tools 
that can be used for conducting research. Although 
the five senses involve many similar processes, the 
fact that these sensory organs evolved in different 
forms suggests that they may be processing informa-
tion in different ways. In other words, visual informa-
tion is processed by visual rules, auditory information 
by auditory rules, and tactile information by tactile 
rules. We hope that by accumulating an understand-
ing of these rules of perception, it will be possible to 
gain an understanding of the tactile sense while at the 
same time increasing the possibility of multimodal 
information presentation.
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1.   Introduction

When we move our bodies, various sensory-motor 
processes are unconsciously executed in our brain. 
Reflex is one of these mechanisms, which evokes 
actions without conscious thought in response to 
stimuli such as visual or proprioceptive* inputs. Since 
a reflex can evoke quicker action than voluntary 
movements (movements performed via conscious 
thought), it enables an instantaneous reaction in 
response to an opponents’ movement, for example, 
during competitive sports. Moreover, a wide range of 
actions in our everyday life cannot be performed 
without the support of unconscious motor control 
mediated by the reflex system. 

NTT Communication Science Laboratories has 
investigated how the reflex system is regulated in our 
brain and contributes to our action execution [1–3]. 
This article briefly explains the function of the stretch 
reflex (a reflex driven by proprioceptive inputs) then 
reviews our recent study [4] regarding information 

processing for generating the stretch reflex. 

2.   Mechanisms and functions of the 
stretch reflex

The stretch reflex is involuntary muscle contraction 
induced by a sudden passive muscle extension. This 
sensory-motor mechanism plays an important role in 
maintaining posture stability (Fig. 1). For instance, a 
sudden change in arm posture can be caused by unex-
pected contact with an external object. Muscle spin-
dles, receptors that sense changes in muscle length, 
detect the sudden stretch of the muscle occurring with 
the postural change and send that signal to the central 
nervous system. This signal then causes contraction 
of the stretched muscles after it is instantaneously 

Brain-information Processing for 
Quick and Stable Human 
Movements—Stretch-reflex 
Regulation Based on Visually 
Updated Body Representation
Sho Ito and Hiroaki Gomi

Abstract
From the extraordinary performances of athletes to our most common everyday actions, human body 

movements are heavily governed by unconscious and automatic information processing of sensory-
motor flow, some of which is known as a reflex. Our resent research has demonstrated that the brain 
flexibly regulates stretch reflexes, using body information shaped by integrating multiple sensory cues, 
including vision. This finding suggests that there is sophisticated brain processing underlying reflex 
control, in contrast to the classical view of reflexes as simple and primitive.

Keywords: stretch reflex, motor control, multisensory integration

* Proprioception: The sensation of body position or of movements 
that originates from a group of mechanosensory receptors called 
proprioceptors located in muscles, tendons, and joints. Due to 
proprioception, we can perceive our own body posture or self-
movements even without visual information.
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processed by specific brain areas. There are two 
responses of the stretch reflex: (1) short-latency 
stretch reflex generated in a spinal circuit and (2) 
long-latency stretch reflex generated through broader 
neural circuits including a sensory-motor area in the 
cerebral cortex [2]. Importantly, even the long-laten-
cy stretch reflex generates muscle contraction in quite 
a short time of 50 ms from the stimulus onset, which 
is shorter than the response latency of voluntary reac-
tions (100–150 ms). Accordingly, stretch reflexes 
enable us to react and compensate for postural chang-
es more quickly than the fastest voluntary move-
ments.

Previous research has shown that stretch reflex 
responses are not constant but can be modulated in 
response to changes in the tasks or environment [3, 
5]. Thanks to modulation of the reflex system, the 
brain can flexibly adapt motor control to various con-
texts. However, the details of the information pro-
cessing underlying this functional reflex modulation 
remains unclear. For instance, it is unknown whether 
adjustments of the stretch reflex depend on only pro-
prioceptive information or body states obtained by 
combining multiple sensory information, including 
vision. To examine this point, we investigated if 
visual information affects stretch reflexes by manipu-

lating visual cues through a series of experiments. 

3.   Contributions of multisensory integration to 
reflex control

There are two possible hypotheses accounting for 
the information process underlying the regulation of 
the stretch reflex (Fig. 2). The first hypothesis is that 
the regulation of the reflex simply depends on uni-
modal information. Since the stretch reflex is trig-
gered by proprioceptive inputs, this hypothesis pro-
poses that proprioception alone is the source for 
stretch-reflex regulation. The second hypothesis, on 
the other hand, proposes that stretch-reflex modula-
tion depends on the body information provided by 
multiple sensory sources, including vision. This 
assumes that the brain uses multisensory integration 
to obtain reliable estimates of the current body state, 
even for reflex control. To dissociate these two pos-
sibilities, we recently conducted experiments in 
which we manipulated a visual cue representing body 
posture and tested if this visual manipulation affected 
the stretch reflex [4].

Using the setup shown in Fig. 3(a), we asked par-
ticipants to perform reaching movements toward a 
visual target by flexing the wrist (Fig. 3(b)). In some 

Fig. 1.   Function of the stretch reflex.
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trials, a manipulandum (a robotic device for measur-
ing hand movements) applied an instantaneous 
mechanical torque to extend the wrist (Fig. 3(c)). 
This sudden and rapid wrist extension evokes stretch-
reflex response in the wrist extensor muscle. We 
evaluated the size of the stretch-reflex response by 
measuring muscle activities with electrodes attached 
to the skin. As an experimental manipulation, we 
introduced a mismatch between visual information 
and actual body motion by giving rotation in the 
direction of cursor movements (Fig. 4(a)). Notably, 
the displayed location of the target and the starting 
point were also rotated so that actual hand move-
ments were identical regardless of the visual rotation. 
We compared the amplitude of the stretch-reflex 
response under different visual rotation angles to 
investigate the effect of visual information on stretch-
reflex regulation. As shown in Fig. 4(b), we found a 

decrease in the amplitude of the long-latency stretch 
reflex as the visual rotation angle increased, which 
clearly demonstrates the impact of visual manipula-
tion on the stretch-reflex response. This result sup-
ports the hypothesis that multiple sensory informa-
tion, including vision, contributes to stretch-reflex 
regulation. Accordingly, even for reflex control, our 
brain seems to use reliable body-state estimates 
obtained by multisensory integration, as it does for 
voluntary motor control. 

4.   Effect of uncertainty in estimating body states 
on stretch-reflex control

The first experiment showed that rotation of visual 
feedback reduces the amplitude of the stretch-reflex 
response. One possible reason of this modulation is 
that uncertainty in estimating body states, due to 

Fig. 2.   Hypotheses of sensory process for reflex control.
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visual rotation, led to the attenuation of responses. To 
examine this hypothesis, we eliminated the visual 
cursor representing hand position during wrist move-
ments (Fig. 5(a)) in the second experiment. By vary-
ing locations to eliminate the cursor, we controlled 
the presentation time of the cursor at four levels to 
add uncertainty in visual information. We found that 
movement endpoints became more variable as the 
presentation time decreased (Fig. 5(b)). This increase 
in movement variability indicates that the elimination 
of the cursor increased uncertainty in body-state esti-
mates during the hand movement. We also found a 
decrease in amplitude of the long-latency stretch 
reflex as the presentation time of the cursor shortened 
(Fig. 5(c)). This result suggests that the stretch reflex 
is down-regulated depending on the uncertainty of 
the body state during movements. An interpretation 
of this result is that the brain reduces the risk of gen-
erating a large response in an incorrect direction, due 
to erroneous body-state estimation, by attenuating 
reflex response when the sensory information is not 
reliable.

5.   Summary and future direction

Our recent study [4] revealed that visual informa-
tion relating to the body state contributes to the regu-
lation of the stretch reflex. Our experiments showed a 

decrease in amplitude of the stretch-reflex response 
under the conditions of (1) a mismatch between 
visual feedback and actual movement and (2) elimi-
nation of visual feedback. These results indicate that 
the brain uses body representation containing visual 
information to regulate the stretch reflex. By chang-
ing the presentation time of the visual cursor, we also 
found a negative relationship between the size of the 
reflex response and variability of movement end-
points. This is interpreted as occurring because the 
stretch reflex is regulated depending on the uncer-
tainty of body-state estimates during movement. 
These findings suggest that more complex brain com-
putation underlie stretch-reflex regulation than has 
conventionally been thought. In the future, we aim to 
further elucidate the information processing in the 
brain that regulates the reflex system. Particularly, 
our interests are to reveal the neural basis of reflex 
modulation and build a theoretical framework to 
account for the functional regulation of reflexes. We 
expect that the motor-control-related insights 
obtained through this reflex study will also be benefi-
cial to a range of applications involving human move-
ments such as analyzing the performance of athletes 
or developing effective methods for physical training. 
In addition, our study demonstrated the essential role 
of multisensory integration in movement execution. 
Understanding how the brain uses multiple forms of 

Fig. 4.   Effect of inconsistent visual feedback on stretch reflex.

(a)

Display

Target

Cursor

Hand movement

Measurement of 
muscle activity

Rotation
  0–180°

Torque

(b)

Muscle activity around
torque application

Amplitude of stretch reflex

Long-latency stretch reflex

Time from torque onset (ms)
Visual rotation (deg.)

(a.u.)

4

2

0

(a.u.)

2

p < 0.05

1

0−50 0 30 50

0°
90°
180°

100
0 45 90 135 180



Feature Articles

NTT Technical Review 25Vol. 18 No. 11 Nov. 2020

sensory information in action is important to design-
ing human-machine interfaces accompanying body 
movements. We will accumulate further knowledge 
on sensory-motor processing for practical applica-
tion, including the development of virtual-reality 
systems. 
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1.   Non/para-linguistic information conversion

Speech is one of the fundamental methods for con-
veying not only linguistic information but also non/
para-linguistic information. We can control the 
impression we want to give to others of us by chang-
ing our voice properties, including intonation, speak-
ing characteristics, and rhythm. However, the expres-
sion of the speech generated by an individual is lim-
ited due to physical or psychological constraints. 
Voice-conversion techniques help us go beyond this 
limitation and express ourselves as we wish by con-
verting our voice into the desired voice (Fig. 1). 
There are a wide variety of applications of voice con-
version, i.e., speaker identity conversion, assistance 
for people with vocal disabilities, emotion conver-
sion, and pronunciation/accent conversion for lan-
guage learning. These applications have several 
requirements according to the usage scenarios. We 
particularly focus on the quality of generated speech, 
the amount of training data, non-parallel data* train-
ing, real-time conversion, and not only voice timbre 
but also suprasegmental features conversion. 

2.   Research on speech × deep generative model

A typical voice-conversion technique is statistical 
voice conversion based on Gaussian mixture models 

[1]. By using the time-aligned acoustic parameters as 
the training data, we train a model describing the joint 
probability of acoustic parameters of the source and 
target speech to obtain a mapping function from the 
source acoustic parameters to target acoustic param-
eters. Within the framework that requires the parallel 
data described above, several methods using a neural 
network and an example-based method, such as non-
negative matrix factorization, have recently been 
proposed. Although these methods improve conver-
sion quality and controllability, there are still disad-
vantages, i.e., 1) speech-sample pairs have the same 
content as the training data, 2) convertible acoustic 
parameters are limited to the voice timbre, and 3) it is 
too easy to distinguish the converted speech from 
normal speech because classical vocoders are used 
for generating speech waveforms from the given 
acoustic parameters.

Variational auto-encoder (VAE), generative adver-
sarial networks (GANs), and sequence-to-sequence 
model (Seq2Seq) have been proposed for tasks such 
as image recognition and natural-language process-
ing. The auto-regressive model, which is a part of 
Seq2Seq, VAE, and GANs, is treated as the main 
deep generative model and has been proven to be 

Communication with Desired Voice
Kou Tanaka, Takuhiro Kaneko, Nobukatsu Hojo, 
and Hirokazu Kameoka

Abstract
We convey/understand our intentions/feelings through speech. We also change the impression we want 

others to have of us by controlling our voice, including intonation, speaking characteristics, and rhythm. 
Unfortunately, the types of voice and voice controllability an individual can generate are limited. In this 
article, we introduce the challenges with conventional voice-conversion techniques and introduce 
improved voice conversion techniques with the following question in mind, “What can be done when the 
voice is combined with deep learning, which has been advancing in recent years?” Finally, we look at 
the future of deep learning and speech generation and conversion.

Keywords: deep learning, signal processing, voice conversion

* Non-parallel data: Non-parallel data does not restrict utterance 
content of input speech and target speech.
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outstanding in various research tasks. In the research 
field of the machine translation in mid-2015, an atten-
tion mechanism [2] was proposed and has attracted 
attention due to its effectiveness.

At NTT Communication Science Laboratories, to 
develop a versatile voice-conversion system that can 
be flexibly applied to various usage scenarios and 
overcome the problems with the conventional voice-
conversion techniques mentioned above, we pro-
posed the following functions based on the main deep 
generative models: 1) voice-series conversion for 
converting not only voice timbre but also prosody and 
accent, which are long-term dependent features, 2) 
non-parallel voice conversion trained using non-par-
allel training data with no restrictions on the utterance 
content, and 3) waveform post-filter for directly 
modifying synthetic speech waveforms to real voice 
waveforms not on the acoustic parameters space but 
on the waveform space. With these functions, we 
achieved high-quality, high-efficiency, and real-time 
voice conversion. In addition, as wider research, we 
also developed a cross-modal voice-conversion func-
tion for converting voice by using the face image of 
the target speaker. 

3.   High-quality and stable training-voice 
conversion based on Seq2Seq

We briefly introduce our voice-series conversion 
function [3]. Unlike words (symbols) that are treated 
as discrete values in natural-language processing, 
speech is observed as a series of continuous values. 
While conventional voice-conversion techniques 
using series conversion can be expected to signifi-
cantly improve the quality of generated voice, the 
difficulty in learning when input and output are con-
tinuous value series is an issue. To address this issue, 
the mainstream approach with conventional speech-
sequence conversion is to combine automatic speech 
recognition (ASR) and text-to-speech synthesis. This 
approach uses ASR to recognize symbols such as 
words from given speech, converts the recognized 
symbol sequence into a symbol sequence of the target 
speaker, and synthesizes the desired speech from the 
converted symbol sequence. Since conversion is 
executed using symbols that are discrete values, the 
training is relatively stable. However, not only speech 
but also text labels are required to train the model. In 
addition, it is not easy to convert laughter, which 
makes it difficult to convert speech into text. 

NTT Communication Science Laboratories has 
achieved voice-sequence conversion that enables 

Fig. 1.   Speech-generation process and voice conversion.

Non-
native

Hearing loss

Physiological Psychological Expressive
ability

Conceptual level

“Nice!”

Linguistic level

Physiological level

Desired
voice

Tension and
anxiety

Speaking disorder

Singing skill

Speaker

Voice conversion:
Beyond
these
barriers Voice

Barriers in the real worldBarriers in the real world

Nice!



Feature Articles

NTT Technical Review 29Vol. 18 No. 11 Nov. 2020

stable training without using text labels. We devel-
oped a context-preservation mechanism, shown in 
Fig. 2 and described later, to train all modules from 
only audio data. Instead of text labels, we use this 
mechanism for adequate model training to convert 
utterance context. In our context-preservation mecha-
nism, the left module (Fig. 2(a)) is used to restore the 
input speech. Namely, the utterance content of the 
input speech is kept in the conversion process. This is 
called auto-encoding. The right module (Fig. 2(b)) is 
used to predict the acoustic parameters of the target 
speech and converts the semantic features into pre-
dictable features for both the input voice and the tar-
get voice. In other words, it is a constraint that the 
input speech is mapped to the common space for all 
speakers. Unlike speech recognition, the important 
semantic features are automatically determined from 
the training data. Therefore, richer semantic features 
rather than the symbols are extracted from the input 
speech, enabling more accurate conversions.

4.   Waveform modification for converting 
synthetic speech to real speech

Another issue with conventional voice-conversion 
techniques is that they are affected by the accuracy of 
the waveform synthesizer when synthesizing wave-

forms from acoustic parameters. Therefore, we may 
be able to determine that voices have been artificially 
synthesized. We aim to eliminate such synthetic-
voice likeness and directly modify waveforms to 
normal voice waveforms with higher sound quality 
and real-voice likeness.

There are two main difficulties in modifying a 
speech waveform in deep learning. One involves the 
sampling rate. For example, 16-kHz sampling audio 
has 16,000 samples in one second. It is easy to under-
stand the difficulty in alignment, which finds the cor-
respondence point of the synthesized speech wave-
form and real speech. The other involves phase 
information of speech. In conventional voice-conver-
sion techniques, it is standard practice to discard 
phase information and handle only amplitude infor-
mation.

NTT Communication Science Laboratories is tack-
ling these problems by directly modifying speech 
waveforms using deep learning [4]. A converter, 
which is the core module in the model, is trained 
according to two criteria, as shown in Fig. 3. One is 
minimization of discrimination error, which is a cri-
terion for adversarial training. The discriminator 
recognizes the difference between processed speech 
and non-processed speech that is difficult to quantify, 
and the converter is trained to eliminate as much of 

Fig. 2.   Seq2Seq voice conversion.
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the difference as possible. We also proposed using 
multiple classifiers instead of one classifier for recog-
nizing the difference among various views and 
enabling high-quality modification.

The other criterion is minimization of reconstruc-
tion error, which is a criterion for cyclic models. By 
converting synthetic voice into natural voice then 
converting it into synthetic voice again, the input 
synthetic voice has to be restored. The key is that the 
amplitude information as well as phase information 
have to be restored. Namely, it is possible to properly 
process the phase information and make the training 
process stable. Moreover, this cyclical adversarial 
model does not require parallel data of synthetic 
speech and normal speech. By appropriately collect-
ing synthetic speech and natural speech, we can train 
the desired model. 

5.   Future work

NTT Communication Science Laboratories will 
continue to improve and demonstrate technology for 
converting more diverse voices. To date, we have suc-
ceeded in high-quality conversion when we have a 
specific target speaker, e.g., “I want to speak with a 

target speaker’s voice.” However, perceptual score 
conversion is still challenging, e.g., “I want to speak 
with a cute voice” and “I want to speak with a sterner 
voice.” To enable such conversion, it is necessary to 
model the perceptual space of speech and interpolate 
latent variables in that space. This is why perceptual 
score conversion is challenging. We will promote 
research and development toward a versatile voice-
conversion system that can flexibly work on various 
usage scenarios and respond to all user requirements.
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Fig. 3.   Synthetic-to-natural speech-waveform modification.
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1.   Current status of quantum 
information processing

A quantum computer is a quantum-information-
processing device that uses the properties of quantum 
mechanics, which allows two states to exist at the 
same time. As a result, a quantum computer can natu-
rally perform parallel processing to do things that are 
impossible with today’s computers. For example, it 
can easily decode any encrypted code currently in 
use, which is one of the reasons the implementation 
of quantum computers is greatly anticipated. Another 
type of quantum information processing is quantum 
cryptography. This type of cryptography uses a prop-
erty of quantum mechanics that makes it impossible 
to measure certain quantities at the same time and is 
secure in principle. Quantum cryptography is expect-
ed to complement the modern cryptography tech-
niques currently in use.

In terms of practical application, devices that 
implement quantum cryptography have been devel-
oped. Although these devices are not currently avail-
able to the public, they can be used in special cases. 
It is only a matter of time before they are introduced 
into the real world. In fact, the governments of China, 
the EU, and the United States are conducting field 
experiments using quantum cryptography.

However, we are still a bit far from the application 
of quantum computers. An article authored by Google 

researchers showed how an implemented quantum 
computer outperforms conventional computers, and 
IBM offers a service to use a quantum computer on 
the cloud. Quantum computers made up of a few tens 
of qubits have been constructed. However, we are not 
yet ready to implement a quantum computer of a 
scale and level of accuracy that could change the 
nature of society. For example, to crack the ciphers 
currently in use on the Internet, we need thousands of 
ideal qubits. If just a little noise is left on the qubits, 
we would need millions of them to crack the ciphers. 
In other words, the scale of current quantum comput-
ers is still an order of magnitude too small to have any 
kind of significant impact on society.

There are currently two problems that need to be 
overcome to increase the scale of quantum comput-
ers. The first problem is the increase in noise. No 
matter how small a quantum system, which is com-
posed of quantum computers and other quantum 
devices, is, it is impossible to completely eliminate 
noise in quantum computers. Moreover, as the scale 
of quantum computers increases, the effect of noise 
becomes greater. This is why we need to find ways to 
avoid the increase in noise as we increase the scale of 
such computers. Quantum error-correcting codes are 
the most promising to overcome this problem. How-
ever, they are in the research phase and not yet ready 
for practical use. The other problem is that the mech-
anisms needed to control large-scale quantum  

Quantum Information Processing via 
Indirect Quantum Control
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Quantum information processing will enable us to solve problems that conventional computers cannot 

or provide informationally secure cryptography. However, there are still difficulties in achieving quan-
tum information processing. This article introduces indirect quantum control as one method to overcome 
these difficulties and shows that indirect quantum control has excellent properties for achieving quantum 
information processing. 
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computers are difficult to implement. In a typical 
quantum computer model, the number of control 
mechanisms is proportional to the number of qubits 
that make up the quantum computer. In other words, 
as the number of qubits in a quantum computer 
increases, a vast number of control mechanisms—in 
the millions—is required. This makes device design 
very difficult. Conventional computers have over-
come the same problem with the concept of a bus, but 
a quantum structure for what one might call a quan-
tum bus has not yet been developed for large-scale 
quantum computers.

2.   Indirect quantum control as a means of 
overcoming the problems in developing 

quantum computers

Although various studies have used well-known 
techniques in attempts to overcome the above prob-
lems, it is also important to explore solutions from a 
new perspective. The idea of indirect quantum con-
trol will be just such a new solution.

An indirect quantum protocol is a means of control-
ling a quantum system via direct manipulation of a 
part (system S) of the system. That is, the rest of the 
parts (system E) are controlled indirectly via the 
interaction between them and system S. 

An example of system S is a qubit system that is 
easy to manipulate. It is composed of superconduct-
ing qubits (one such qubit is shown in Fig. 1(a)) and 
has superconducting material arranged in a ring 
shape. A nitrogen-vacancy (NV) center is an example 
of system E composed of one qubit. It is made from a 
lattice defect caused by nitrogen in diamonds 
(Fig. 1(b)). Simply placing a diamond plate contain-
ing NV centers on top of a superconducting qubit 
connects the two quantum systems through their 

interaction. Thus, a structure for indirect quantum 
control can be created. Experiments to implement a 
one-qubit quantum memory system with little noise 
[1] have been carried out using this structure.

This indirect quantum control structure is generally 
effective in overcoming the first problem mentioned 
above, namely the increase in noise. It can be under-
stood as follows. To manipulate a quantum system, it 
is necessary to place physically implemented manip-
ulators in it. However, if such manipulators are con-
nected, they also allow noise pathways to enter the 
system (Fig. 2). If we want to reduce noise ingress, 
we have to sacrifice operability by reducing such 
manipulators. In other words, there is a trade-off 
between ease of operation and noise reduction in the 
quantum system. The current implementation of 
quantum computers relies on the high operability of 
the entire quantum system. This imposes a limitation 
on reducing the noise-intrusion paths. Therefore, if it 
is possible to have complete controllability via limit-
ed operability, we will be able to reduce the noise 
ingress paths and achieve a high level of noise reduc-
tion. 

The ability to control the entire quantum system by 
indirect quantum control is a solution to the second 
problem mentioned above. When a quantum system 
is completely and indirectly controlled, any quantum 
information in system E must merge into system S at 
some point. Such information is manipulated on sys-
tem S at that particular time and returned to system E. 
This is abstractly the function of the quantum bus. In 
other words, the capability of perfect control via 
large-scale indirect quantum control includes the 
function of a large-scale quantum bus.

Fig. 1.   Indirect quantum control. 
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3.   Challenges in implementing quantum 
computers with indirect quantum control

As mentioned above, we can overcome the two 
main problems to constructing large-scale quantum 
computers by using indirect quantum control. Never-
theless, indirect quantum control has not been consid-
ered as a means of large-scale quantum information 
processing. Though it is used for some small-scale 
examples of the quantum memory system mentioned 
above, it has not yet been sufficiently researched. 
This is because even a small difference in the interac-
tion between systems S and E can significantly affect 
the type of control that can be implemented. It is not 
easy even to discuss the ability to process information 
in such a situation. Any quantum device made up of 
quantum computers must be completely controlled. 
However, we have not been able to clearly answer 
even the basic question of which type of indirect 
quantum control could meet this requirement.

The research results presented in our recent paper 
[2] answer this basic question. Given a quantum sys-
tem, the set of controls performed on it can be identi-
fied using a dynamical Lie algebra*1, which is equal 
to a linear space made from a set of skew-Hermitian 
matrices*2. Therefore, to answer the question of 
whether a given quantum system has sufficient con-
trollability, it is sufficient to evaluate its dynamical 
Lie algebra. For example, in the case of typical quan-
tum computers as currently conceived, the corre-
sponding dynamical Lie algebra contains all skew-
Hermitian matrices, which means that the quantum 
system can be completely controlled.

Regarding general quantum systems, however, 
there are many possible dynamical Lie algebras. This 

is why it has been difficult to give answers to even the 
above basic question in indirect quantum control. 
However, our recent study [2] has shown that, when 
operation is done by indirect quantum control, the 
dynamical Lie algebra must possess a Jordan alge-
bra*3. It is well known that a Jordan algebra is much 
less diverse than a dynamical Lie algebra. Using this 
fact, we fully classified the dynamical Lie algebra 
that can be identified in the case of indirect quantum 
control and found that indirect quantum control has 
properties that make it a useful means of implement-
ing quantum information processing.

According to the obtained classification of a 
dynamical Lie algebra, its structure deeply depends 
on the dimension*4 of the quantum system (system S) 
that can be directly manipulated. When the dimen-
sion of system S is three or more, the dynamical Lie 
algebra always contains arbitrary skew-Hermitian 
matrices, which act on the space that can be affected 
by manipulating system S. In other words, if the 
dimension of system S is three or more, a quantum 
system behind system S, which may be a part of system 

Fig. 2.   Noise ingress.
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*1 Dynamical Lie algebra: A set of elements that are closed with re-
spect to the commutator and form a linear space. In other words, 
this is a set that satisfies the condition that AB-BA, xA, and A+B 
are also in this set, where A and B are elements of the set and x is 
a real number.

*2 Skew-Hermitian matrix: A matrix that makes itself negatively 
signed by complex conjugation plus transposition.

*3 Jordan algebra: A set of elements that are closed with respect to 
the anti-commutator and form a linear space. In other words, this 
is a set that satisfies the condition that AB+BA, xA, and A+B are 
also in this set, where A and B are elements of the set and x is a 
real number.

*4 Dimension: The radix in standard information processing. For 
example, a quantum system consisting of three qubits is an eight-
dimensional space.
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E, can be completely controlled. This means that 
indirect quantum control is a universally sufficient 
means of implementing quantum information pro-
cessing.

4.   Summary

By studying indirect quantum control mathemati-
cally, we can see that it is promising as a means of 
achieving quantum information processing. Though 
this will not directly enable us to construct large-scale 
quantum computers with sufficiently low noise 
tomorrow, we theoretically proved that indirect quan-
tum control, which has not been used before, is a 
promising means to overcome serious problems in 
constructing large-scale quantum computers. This is 
a significant step forward in itself. 

By further developing the theories that explain the 
properties of dynamical Lie algebras identified in the 
case of indirect quantum control [2], we will be able 
to evaluate the execution time of control or plan pro-
cedures that implement desired controls. This will 
further significantly contribute to the construction of 
quantum computers.
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1.   What does it mean to measure difficulty?

Taking, for example, a child who is just learning to 
read, one can imagine how a parent might select a 
picture book for the child to read on his or her own 
but end up reading the book to the child who simply 
finds it too difficult. Additionally, one can imagine 
how English text that may have been a struggle for a 
Japanese student to read in the first year of junior high 
school seems very simple when he/she is a college 
student. Given the same text, whether it feels difficult 
or easy depends on the amount of knowledge the 
reader has.

If recommendations can be made for picture books, 
novels, textbooks, or even such books in English that 
are perfectly readable or readable with a little effort, 
it should be possible to increase the reader’s knowl-
edge without difficulty. However, determining per-
fectly readable or readable with a little effort is not a 
trivial task. This is because both a person’s amount of 
knowledge and text readability must be appropriately 
estimated.

2.   Measuring a person’s vocabulary size

One type of knowledge that a person needs is 

vocabulary. At NTT Communication Science Labo-
ratories, researchers have been surveying and esti-
mating the vocabulary size of people in various age 
groups for over 20 years. 

In a survey targeting infants, their vocabulary is not 
that large, so it is not impossible to investigate all 
words that can be understood and spoken. We, NTT 
Communication Science Laboratories, constructed 
the Child Vocabulary Development Database (CVD) 
by collecting data on when infants learn and speak 
what types of words from over 1500 parent-infant 
pairs.

It is difficult to survey all the words a person knows 
from elementary school onward. In this case, the 
approach adopted for estimating vocabulary size is to 
ask a person whether he or she knows certain pre-
sented words. The more words that are presented, the 
more accurate the estimation becomes, but vocabu-
lary size can still be estimated with only several 
dozen words.

A key point of this estimation method is hypothe-
sizing how many words a person knows when 
answering that he or she knows a certain word. For 
example, given the words “salty” and “tidal gauge,” 
there would probably be less people who know “tidal 
gauge.” The assumption can therefore be made that a 

Measuring Textual Difficulty—
Estimating Text Readability and a 
Person’s Vocabulary Size
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person who knows the words “tidal gauge” has a 
larger vocabulary than a person who only knows 
“salty.” Given that a person is knowledgeable of 
“tidal gauge,” how many words can we assume that 
person knows? The basis for such an assumption is 
word familiarity.

3.   Word-familiarity database

The quantification of the degree of word recogni-
tion through rating experiments is called word famil-
iarity. A word assigned a large number corresponds 
to a word that many people are familiar with, and a 
word assigned a small number corresponds to a word 
that many people are unfamiliar with. 

We have been constructing fundamental language 
resources, such as a word-familiarity database, for 
over 20 years. The Heisei edition of such a database 
(Heisei is the name of the previous Japanese era from 
Jan. 8, 1989 to Apr. 30, 2019) consisting of about 
77,000 entries was released in 1999 as part of the 
NTT Database Series “Lexical Properties of Japa-
nese.” This series of databases has been widely used 
as a basic reference in such fields as psychology, 
language education, and speech and language thera-
py. However, over 20 years have passed since the 
initial surveys, which opened up the possibility that 
word familiarity has changed with the times. There is 
also the problem that new words (such as “Internet” 
and “convenience store”) are not included.

In the face of these issues, we re-examined the rel-
evance of words appearing in the Heisei edition, took 
up the inclusion of new words, and constructed the 
largest word-familiarity database consisting of about 

163,000 entries as the Reiwa edition (Reiwa is the 
name of the current Japanese era that began on May 
1, 2019) [1]. We also investigated changes in the 
word-familiarity database from the Heisei edition and 
found that a strong correlation exists between the two 
editions with no major change in familiarity for many 
words after more than 20 years. However, some 
words did in fact undergo significant change in famil-
iarity, and we clarified what types of words under-
went such change (Fig. 1).

4.   Estimating vocabulary size using 
word familiarity

To estimate vocabulary size using word familiarity, 
we set up questions by sampling words from high to 
low degrees of familiarity (Fig. 2). Specifically, given 
a word for which a participant’s answer is “Yes, I 
know this word,” we assume that that participant 
knows all words with a degree of familiarity higher 
than that of that word and estimate vocabulary size 
accordingly. For example, if a participant’s knowl-
edge extends up to “salty,” we assume the vocabulary 
size to be about 1500 words, but if extending up to 
“tidal gauge,” we assume a vocabulary size of about 
139,000 words. We consider, however, that variation 
likely exists as to what is known near the boundaries 
between known and unknown words. We therefore 
apply a logistic regression curve to the participant’s 
answers and take the vocabulary size for which the 
probability of knowing is exactly 50% as the estima-
tion result (Fig. 3).

With this method, the vocabulary size of a partici-
pant can be easily estimated by simply having the 

Fig. 1.   Change in word familiarity: from Heisei to Reiwa.
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participant check a small number of sampled words. 
In addition, since there are words that theoretically 
have the same degree of familiarity, any of those 
words may be posed as a question, which means that 
changing presented words is easy and tests with a 
certain amount of variation can be prepared. Of 
course, the more words a participant is asked to 
check, the greater the estimation accuracy.

The upper limit of vocabulary size that can be esti-
mated with this method depends on the size of the 
word-familiarity database, but construction of the 
Reiwa edition of the word-familiarity database sig-
nificantly raised the upper limit of the vocabulary size 

that can be estimated, thereby enhancing the versatil-
ity of the test. 

5.   Large-scale survey of vocabulary size

There has essentially been no large-scale vocabu-
lary-size surveys targeting children and students, but 
we used the method described above to carry out a 
vocabulary-size survey of 4600 individuals including 
more than 2800 public-school students from elemen-
tary school to high school.

The results revealed that vocabulary size increased 
rapidly for elementary-school students (6–7 to 11–12 

Fig. 2.   Histogram of word familiarity: sampling words form high to low degrees of familiarity.
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years old) and junior-high students (12–13 to 14–15 
years old) and increased for adults along with age 
(Fig. 4). These results also indicate large variation in 
vocabulary size even among same-year students, so 
such survey results should be useful in identifying 
students in need of assistance [2].

We also analyzed the relationship between word 
familiarity and vocabulary acquisition (percentage of 
individuals knowing that word) for various school 
years and age groups, as shown in Fig. 5. This figure 
shows the percentage of individuals answering “Yes, 
I know this word” for words of various degrees of 
familiarity (acquisition ratio) for various school years 
and age groups. These results indicate that the per-
centage of individuals answering in the affirmative 

tends to increase for higher degrees of familiarity for 
any school year or age group and that this trend 
becomes especially clear with age. However, com-
pared with adults, there is much individual difference 
and variation regarding knowing or not knowing 
among elementary-school students and junior-high 
students, even for words that have a relatively high 
degree of familiarity. Based on this analysis, it should 
be possible to use word familiarity as a clue in iden-
tifying vocabulary that children and students should 
prioritize from then on or vocabulary that should be 
acquired. 

We also released a vocabulary-size estimation test 
based on word familiarity  (Reiwa edition) on the web 
for use by the general public in conjunction with NTT 

Fig. 4.   Estimated results for each grade/age.
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Communication Science Laboratories Open House 
(released on June 4, 2020, http://www.kecl.ntt.co.jp/
icl/lirg/resources/goitokusei/). About ten days after 
its release, more than 30,000 individuals have taken 
the test. We encourage everyone to give it a try.

6.   Measuring the difficulty of text

We now introduce a method for estimating text 
readability. We began this research by estimating the 
readability of a picture book. It was thought that com-
bining this method with research on child vocabulary 
development conducted at NTT Communication Sci-
ence Laboratories might contribute to clarifying and 
supporting vocabulary development. 

Text readability is influenced by both the difficulty 
of the vocabulary used and the difficulty of sentence 
structure. In the case of picture books, this requires an 
accurate analysis of hiragana (characters that repre-
sent sounds in written Japanese). For example, the 
readability of the hiragana characters “とうさん” 
(pronounced tousan) varies greatly depending on 
whether they correspond to “父さん” (also pro-
nounced tousan but meaning “father”) or “倒産” 
(likewise pronounced tousan but meaning “bank-
ruptcy”), where “父” and “倒産” are kanji (Chinese) 
characters. To improve the accuracy of such hiragana 
analysis, we used features that reflect the difficulty of 
the vocabulary used but referring, for example, to the 
CVD, and features that reflect the difficulty of sen-
tence structure such as sentence length. We were able 
to estimate text readability with a level of accuracy as 
high as 87.8% in terms of classifying picture books 
into target readership, namely, the four age groups of 
0–2, 3, 4, and 5 [3]. However, even if a certain picture 
book is described as “recommended for children 3 
years of age,” for example, it may in fact be appropri-
ate for 3-year olds closer to 2 years of age or 3-year 
olds closer to 4 years of age. In short, estimating the 
target age at a year before or after the stated recom-
mended age should not present much of a problem. If 
we therefore consider that such approximate estima-
tions are acceptable, the level of accuracy that we 
achieved would in fact be 96.7%. It can therefore be 
said that the proposed method is robust and highly 
reliable in estimating text readability with practically 
no instances of greatly mistaking the target age. This 
method is currently being used to search for picture 
books suitable for children of various ages as part of 
NTT’s Pitarie picture book search system [4].

Much research on estimating text readability is 
focused on evaluating whether the school year tar-

geted by individual textbooks can be estimated. With 
this in mind, we also applied this method to estimat-
ing the target year of textbooks and found that it has 
a high level of accuracy above 98% for nine catego-
ries from the first year of elementary school to the 
third year of junior high school. This result indicates 
that our method for improving the accuracy of esti-
mating the readability of picture books is also useful 
in estimating the readability of text for elementary 
and higher students.

7.   NTT corpus of picture books and 
children’s books

Estimating the text readability described above uses 
digitized picture-book-text data (corpus). However, 
no picture book corpus existed, so we had to begin 
our research by constructing such a corpus. This part 
of our research was the most arduous and time con-
suming. The pictures in picture books often include 
characters, which makes character recognition by 
optical character recognition infeasible. In the end, 
most text had to be entered manually. This painstak-
ing work paid off in the form of an NTT picture book 
corpus consisting of more than 6000 volumes of pic-
ture books in Japanese and more than 2500 volumes 
of picture books in English, a corpus of unprecedent-
ed size. There are plans to expand this corpus even 
further.

We are also actively engaged in many new research 
projects using this picture-book corpus and children’s 
books such as investigating the relationship between 
picture books and child vocabulary and emotional 
development.

8.   Future developments

Estimating a person’s vocabulary size and text 
readability have up to now been conducted indepen-
dently. However, combining the two should make it 
possible to recommend text that is perfectly readable 
or readable with a little effort for any individual while 
periodically checking that person’s vocabulary size. 
In fact, we are also researching the estimation of Eng-
lish vocabulary size and English text readability and 
beginning an initiative to recommend picture books 
in English appropriate to a person’s vocabulary level 
for use in English language education at Japanese 
schools (Fig. 6) [5].

Going forward, we aim to provide child-rearing and 
educational support in both Japanese and English for 
every person from elementary through high school as 

http://www.kecl.ntt.co.jp/icl/lirg/resources/goitokusei/
http://www.kecl.ntt.co.jp/icl/lirg/resources/goitokusei/
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well as adults while collecting evidence on its effec-
tiveness. 
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Information on the picture books shown in Fig. 6
Top row (from left):
B. Martin Jr (author), L. Ehlert (illustrator), “Ten Little Caterpillars,” Beach 
Lane Books, 2011.
D. DeLuise (author), C. Santoro (illustrator), “Charlie the Caterpillar,” 
Aladdin, 1990.
L. Vaccaro Seeger (author and illustrator), “First the Egg,” Roaring Brook 
Press, 2007.
J. Dean, “Pete the Cat and the Cool Caterpillar,” Series: I Can Read! 1, 
HarperCollins, 2018.
E. Carle (author and illustrator), “The Very Hungry Caterpillar,” Philomel 
Books, 1969.
L. Smith (author and illustrator), “There Is a Tribe of Kids,” Two Hoots, 
2018.
A. Grée, (author and illustrator), “Nature,” Button Books, 2012.
Bottom row (from left):
E. Carle (author and illustrator), “Draw Me a Star,” Philomel Books, 1992.
R. O. Bruel (author), Nick Bruel (illustrator), “Bob and Otto,” Roaring 
Brook Press, 2007.
L. Child (author), “But I Am an Alligator,” Series: Charlie and Lola, Grosset 
& Dunlap, 2008.
J. O’Connor (author), R. Preiss Glasser (illustrator), C. Bracken (illustra-
tor), “Fancy Nancy Halloween...or Bust!,” Series: Fancy Nancy, Harper 
Festival, 2009.
J. Jolivet (author and illustrator), “Zoo Ology,” Roaring Brook Press, 2002.
L. Lionni (author and illustrator), “The Alphabet Tree,” Alfred A. Knopf, 
1968.
I. Haas (author and illustrator), “A Summertime Song,” Margaret K. 
McElderry Books, 1997.

Fig. 6.   Content recommendation suitable for vocabulary size.

*Information on the picture books shown here is given after the reference section.
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1.   Introduction

Japan’s social infrastructure was intensively con-
structed during the period of high economic growth 
in the 1960s and 70s, and as many of these structures 
are now aging, the cost of maintenance is increasing. 
The number of skilled maintenance personnel is also 
decreasing yearly due to the decline in the working-
age population stemming from Japan’s declining 
birthrate and aging population. These factors are 
poised to make the maintenance of social infrastruc-
ture quite difficult in the future. To solve this social 
problem, it is necessary to develop technologies to 
maintain infrastructure facilities safely and economi-
cally.

Concrete poles are key components of the infra-
structure facilities that support telecommunication 
services in Japan. NTT owns about 7 million concrete 
poles throughout the country, and they are a familiar 
infrastructure in our daily lives. If an accident such as 
breakage of a concrete pole due to deterioration 
occurs, serious damage may result, so all concrete 
poles are meticulously maintained. The maintenance 

of concrete poles is currently very expensive, so a 
safer and more economical maintenance technology 
for concrete poles is required.

A concrete pole is a hollow reinforced concrete 
structure with a tensile strength guaranteed with the 
reinforcing steel bars in the concrete. Prestressed 
concrete, where compressive stress is applied by rein-
forcing steel bars to which tensile stress has been 
applied in advance, is used for concrete poles to sup-
press cracking. Although these reinforcing steel bars 
rarely deteriorate under normal operating conditions, 
the combination of various adverse conditions may 
lead to hydrogen embrittlement. 

Hydrogen embrittlement is a phenomenon in which 
hydrogen penetrates a metal and reduces its strength 
under tensile stress, leading to cracking and fracture. 
The phenomenon known as “delayed fracture” occurs 
when hydrogen penetrates a metal under constant 
load and causes fracture to occur after a certain peri-
od. It is difficult to predict hydrogen embrittlement of 
reinforcing steel bars in concrete poles because the 
mechanism underlying it is not yet fully understood. 
Therefore, we have been investigating methods of 
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predicting such hydrogen embrittlement to enable 
safer and more economical maintenance. This article 
presents an overview of the technology for such pre-
diction.

2.   Prediction of hydrogen embrittlement

Hydrogen embrittlement of reinforcing steel bars in 
concrete poles occurs when hydrogen is generated by 
corrosion of the bars and penetrates them with exces-
sive tensile stress. Since concrete is usually an alka-
line environment, corrosion of the bars does not occur 
in most cases. However, when concrete poles are 
deflected by excessive load, the concrete cracks and 
becomes neutralized, then the bars corrode. This 
deflection also applies excessive tensile stress to 
some of the reinforcing steel bars. The risk of hydro-
gen embrittlement increases when hydrogen is gener-
ated due to the corrosion of reinforcing steel bars with 
excessive tensile stress. 

The occurrence of hydrogen embrittlement is deter-
mined by the tensile stress on and hydrogen content 
and temperature of the reinforcing steel bars. We can 
estimate the magnitude of the tensile stress on the 
bars by measuring the amount of deformation of the 
concrete pole, and the temperature can be determined 
from meteorological data. If the hydrogen content in 
a reinforcing steel bar is known, it should be possible 
to predict the hydrogen embrittlement of that bar 
from the deformation data of the concrete pole and 
meteorological data. In this study, we predicted the 
hydrogen embrittlement of reinforcing steel bars in 
concrete poles by deriving the relational expressions 
of the fracture probability and time to fracture 

obtained from an accelerated test. We can use these 
values in place of those in the actual environment. 

2.1   Accelerated test of hydrogen embrittlement
Hydrogen embrittlement of reinforcing steel bars is 

expected to take ten years or more to occur in an 
actual environment. Since this length of time is 
impractical for an actual experiment, we conducted 
an accelerated test to generate hydrogen embrittle-
ment fractures in a shorter time by increasing the 
hydrogen content in the reinforcing steel bars (Fig. 1). 
We then evaluated the relationship between hydrogen 
embrittlement and each variable.

The accelerated test was carried out by applying a 
predetermined tensile stress to a reinforcing steel bar 
using a tensile testing machine and charging hydro-
gen into the reinforcing steel bar. The bar was 
immersed in a test solution using a test cell, and the 
hydrogen was charged using a cathode charging 
method in which hydrogen was generated by elec-
trolysis through the current flow. We used a test solu-
tion of 1 mol/L NaHCO3 with a predetermined 
amount of NH4SCN, which increased the amount of 
hydrogen penetration. The hydrogen content in the 
reinforcing steel bar was controlled by the amount of 
NH4SCN added. The temperature was controlled by 
circulating water at a predetermined temperature in 
the outer layer of the test cell.

2.2   Prediction of fracture probability
Hydrogen embrittlement of reinforcing steel bars 

may or may not occur under the same environmental 
conditions, so we express whether a reinforcing steel 
bar will fracture in the future as the fracture probability. 

Fig. 1.    Fracture of reinforcing steel bar from accelerated test of hydrogen embrittlement: (a) immediately before and (b) 
immediately after fracture.

(a) (b)
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The fracture probability increases when both the ten-
sile stress applied to a bar and the hydrogen content 
in the bar increase. The fracture probability becomes 
almost zero when the tensile stress and hydrogen 
content are low enough. In addition, we assume that 
the fracture probability is affected by temperature 
since the mechanical properties of reinforcing steel 
bars and the diffusion behavior of hydrogen change 
as temperature changes.

We used logistic regression analysis to quantita-
tively evaluate the relationship between the fracture 
probability and each variable. This type of analysis is 
typically conducted to evaluate the probability when 
the objective variable is binary (e.g., fracture or not 
fracture). We can determine how the fracture proba-
bility changes depending on each variable of hydro-
gen embrittlement by defining the fracture of a rein-
forcing steel bar from the accelerated test as 1 and the 
non-fracture as 0 then conducting logistic regression 
analysis.

The relationships between the fracture probability, 
tensile stress, and temperature at a certain hydrogen 
content on the surface of a reinforcing steel bar after 
repeated accelerated tests under various conditions 
are shown in Fig. 2. We can see that the fracture prob-
ability increased with increased tensile stress and 
decreased temperature, and the risk of hydrogen 
embrittlement increased at high tensile stress and low 
temperature. In the future, it should be possible to 
predict the fracture probability in an actual environ-
ment by substituting the values of each variable in the 
environment with the relational expression of the 
fracture probability obtained from the accelerated 
tests.

2.3   Prediction of time to fracture
When a reinforcing steel bar fractures due to hydro-

gen embrittlement, the time to fracture changes 
depending on the environmental conditions. It is clear 
that the time to fracture decreases with increasing 
tensile stress and hydrogen content, and that the time 
to fracture is affected by temperature as well as the 
fracture probability, but the interactions among the 
variables, including temperature, are not yet clear.

Regression analysis using a simple linear model 
cannot be used to effectively evaluate the relationship 
between the time to fracture and each variable 
because of the complex interactions among variables. 
Therefore, we evaluated this relationship by applying 
variable transformation analysis and maximum likeli-
hood estimation to the time-to-fracture data obtained 
from the accelerated test.

The relationships between the time to fracture, ten-
sile stress, and temperature at a certain hydrogen 
content on the surface of a reinforcing steel bar after 
repeated accelerated tests under various test condi-
tions are shown in Fig. 3. We can see that the time to 
fracture decreased with increased tensile stress and 
decreased temperature. This indicates that there is a 
risk of fracture in a short time at high tensile stress 
and low temperature. In the future, it should be pos-
sible to predict the time to fracture in an actual envi-
ronment by substituting the values of each variable in 
the environment with the relational expression of the 
time to fracture obtained from the accelerated tests.

2.4   Evaluation of prediction accuracy
To apply the relationship between the fracture prob-

ability and time to fracture to the maintenance of 

Fig. 2.   Relationships between fracture probability, tensile stress, and temperature.
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concrete poles, we need to know the prediction accu-
racy.

We evaluated the accuracy of the fracture probabil-
ity as determined from the percentage of correct pre-
dictions, defining the predicted fracture probability  
≥ 0.5 as fracture and < 0.5 as no fracture. The evalu-
ation results indicate that the prediction accuracy of 
the fracture probability was 0.87, which demonstrates 
that sufficient prediction accuracy was obtained.

Next, we checked the accuracy of the time to frac-
ture by examining the predicted vs. measured plot of 
the time to fracture. This plot is a graph in which the 
predicted value is plotted on the horizontal axis and 
the measured value on the vertical axis. The closer the 
plot is to the diagonal line, the better the prediction 
accuracy. The results are shown in Fig. 4, where the 
plots of the measured values represent the mean of 
the measured values and the error bars represent ± 
standard deviation. We can see that the plots were 
gathered around the diagonal line, which indicates 
that sufficient prediction accuracy was obtained. We 
also examined another quantitative measure of accu-
racy, the mean absolute percent error (MAPE), and 
found that the MAPE of the mean value of the time to 
fracture was 14%, which confirms that sufficient pre-
diction accuracy was obtained.

3.   Conclusion

To enable safer and more economical maintenance 
of concrete poles, we examined how to predict hydro-
gen embrittlement of reinforcing steel bars in con-
crete poles by means of accelerated tests to determine 
how tensile stress, hydrogen content on the surface of 

the bars, and temperature affect the fracture probabil-
ity and time to fracture. We derived the relational 
expression of the fracture probability and time to 
fracture of these reinforcing steel bars and found that 
sufficient prediction accuracy was obtained. In the 
future, it should be possible to predict the fracture 
probability and time to fracture in an actual environ-
ment by substituting the values of each variable in the 
environment with the relational expressions of the 
fracture probability and time to fracture obtained 
from the accelerated tests.

Fig. 3.   Relationships between time to fracture, tensile stress, and temperature.
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Fig. 4.    Predicted vs. measured plot of time to fracture 
(plots represent mean of measured values, and 
error bars represent ± standard deviation).
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1.   Introduction

During and immediately after large-scale disasters, 
such as earthquakes and typhoons, it becomes diffi-
cult to provide communication services due to dam-
age to communication buildings and cables. Commu-
nication services are vital infrastructures for modern 
society, so those damaged by a disaster must be 
quickly repaired.

The larger the scale and wider the area of a disaster, 
the more communication equipment will be dam-
aged. It is also necessary to quickly restore important 
communication services such as lines between gov-
ernment offices responsible for disaster recovery and 
lines used by many users. However, the networks of 
telecommunications carriers combine various com-
munication technologies to provide services nation-
wide, so damage to facilities in one area affects ser-
vices in other areas as well as other types of services. 
Therefore, it is difficult to quickly understand the 

total service impact caused by disasters. In such a 
situation, there is a demand for technology to enable 
quick understanding of the service impact caused by 
disaster-affected equipment and prioritize equipment 
to be restored from the vast amount of disaster-affect-
ed equipment.

2.   Overview

We have been researching and developing network 
resource management technology called Network 
Operation Injected Model (NOIM), which enables 
unified management of various networks [1]. NOIM 
manages network information in a versatile data for-
mat that does not depend on network type, such as 
network termination points and connectivity, and 
enables various networks to be managed centrally. It 
is possible to quickly understand the service impact 
caused by communication-equipment failure in a 
complicated carrier network that combines many 
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communication technologies.
In addition to the example of storing transport/Eth-

ernet/Internet protocol (IP) network information 
shown in Fig. 1, NOIM can store a wide range of 
network information such as leased lines and mobile 
networks and help in understanding the service 
impact during a disaster on those networks.

3.   Purpose of NOIM

NOIM adopts the entity specified in the informa-
tion framework called shared information/data model 
(SID) discussed in the TM Forum [2] and enables 
unified management of network information in a ver-
satile data format. We adopted three types of repre-
sentative entities among the SID’s logical resources. 
Termination point encapsulation (TPE), representing 
termination point of forwarding; network forwarding 
domain (NFD), representing the opportunity to con-
figure the potential for forwarding; and forwarding 
relationship encapsulation (FRE), representing all 
aspects of forwarding of information across a net-
work on NFD. Similarly, NOIM is expressed as a 
versatile entity with regard to physical resources such 
as communication devices: physical device (PD), 
optical fibers: physical link (PL), communication 
buildings: physical structure (PS), and cables: aggre-
gate section (AGS). Combining these versatile enti-
ties makes it possible to express the management 
information necessary for managing the multi-layer 
communication protocol (Fig. 2).

Furthermore, when retaining this versatile entity 
information, NOIM has a mechanism to externally 
define different information for each communication 
technology. Since the conventional resource manage-

ment technology that manages networks has a data-
base (DB) specialized for holding information to be 
managed for each target network, a management 
function needs to be added to add or change the man-
aged network. In NOIM, the management function is 
implemented as versatile logic that does not depend 
on the network type based on the versatile entity 
information, so there is no need to modify the man-
agement function when adding or changing the net-
work type.

Figure 3 compares the conventional technology 
and NOIM. Consider the case of managing an IP net-
work and Ethernet network as an example. 

The conventional technology (Fig. 3(a)) has a DB 
specialized for an IP + Ethernet network and a man-
agement function specialized for those networks. If a 
transport network is added to the management target, 
it is necessary to change the DB or modify the man-
agement function so that the transport network can be 
managed.

In NOIM (Fig. 3(b)), even when a transport net-
work is added, the data of the transport network can 
be stored by externally defining their characteristics. 
The target network can be easily expanded. Similarly, 
regarding the management function, the logic is 
based on a versatile entity, and it is not necessary to 
change the function by adding the transport network.

4.   Technology for understanding service impact

With NOIM, we have developed a technology for 
quickly understanding the service impact caused by 
disasters. Using the versatile data format entity 
described above, the information of various commu-
nication networks constructed by telecommunications 

Fig. 1.   Overview of NOIM.
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carriers is stored in unified data (Fig. 4).
This technology accepts physical equipment (build-

ings and cables) damaged by a disaster as an input, 
searches for logical resource entities related to the 
damaged equipment, and outputs these entities. It is 

possible to understand the impact on the communica-
tion service that occurs due to propagation damage 
from the communication equipment. Figure 4 shows 
an image of searching for the impact of propagation 
from a physical resource entity to logical resource 

Fig. 2.   Data format of NOIM.
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entities, assuming that the communication cable is 
damaged. All physical/logical resource entities have 
information on the hierarchical relationship between 
layers and the end point of the transfer path, and it is 
possible to search for the impact across layers using 
this information.

This technology with NOIM does not depend on 
network type due to tracing the relationship between 
the entities (termination points, transfer paths, etc.) 
expressed in the versatile data format and their layers 
[3]. 

5.   Future plans

We will implement our technology for understand-

ing service impact during a large-scale disaster by 
using NOIM through commercial trials. We will also 
continue to research and develop technology that 
further enhances and improves the efficiency of 
disaster response operations.
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1.   Introduction

To enable users served by different telecommunica-
tion operators to talk with each other, the network of 
each operator needs to be interconnected with one 
another. With conventional voice over Internet proto-
col (VoIP) services, each telecommunication opera-
tor’s network is connected to the public switched 
telephone network (PSTN), and phone calls between 
VoIP users are provided through the PSTN. However, 
telecommunication operators in Japan and the Minis-
try of Internal Affairs and Communications are plan-
ning to change the via-PSTN interconnections to 
direct VoIP interconnections due to the inefficiency 
of IP-to-STM (Synchronous Transport Module) con-
versions and maintenance limits of some PSTN nodes 
(Fig. 1).

The conventional interconnection through the 
PSTN is achieved with the mature signaling protocol 
called Integrated Services Digital Network User Part 
(ISUP), but direct IP interconnection needs to be 
achieved with the Session Initiation Protocol (SIP), 
which is excessively complex for telephone services 
and has a wide variety of usage. NTT Network Ser-
vice Systems Laboratories has worked on developing 
new SIP common interface specifications to ensure 
interoperability of IP telephone networks through 

domestic and international standardization activities.

2.   Standards developing organizations for 
IP interconnection

Today, SIP is widely used as a protocol for VoIP 
session control (e.g., connecting and disconnecting 
communications with the other party). The basic 
specification of SIP is defined in Request for Com-
ment (RFC) 3261 developed by the Internet Engi-
neering Task Force (IETF), an organization that 
develops technical standards for the Internet. In addi-
tion to the basic specification of RFC 3261, many 
extensions to the basic SIP have also been developed. 
RFC 5411, which is a guide for understanding SIP-
related RFCs, indicates that there were over 100 
related RFCs even in 2009. Telecommunication 
operators need to select technical specifications 
among the numerous RFCs to be implemented for 
providing their VoIP services. To solve this problem, 
international standards developing organizations, 
such as the International Telecommunication Union - 
Telecommunication Standardization Sector (ITU-T) 
and the 3rd Generation Partnership Project (3GPP), 
have deliberated service requirements and the net-
work architecture for telecommunication operators to 
provide their services and published profiles of  
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signaling protocols as international standards. Cur-
rently, the IP Multimedia Subsystem (IMS) specified 
by 3GPP is the global standard for telecommunica-
tion operator networks using SIP.

3.   Latest trends in 3GPP standardization

3GPP was organized to promote the standardiza-
tion of 3rd-generation and later mobile communica-
tions and related technologies (e.g., 3G, 4G, 5G, 
IMS). The 3GPP specifications are implemented by 
mobile operators.

3GPP is now vigorously developing technical 
specifications related to 5G and studies the progress 
in units called Releases. The goal of Release 15 was 
developing the basic specification for 5G (Phase 1), 
that of Release 16 was the completion of the 5G 
specification (Phase 2), and that of Release 17 is 
additional enhancements related to 5G. The “5G” 
referred to here consists of the 5G radio network and 
5G core network (5GC), and the IMS nodes are inter-
connected with the 5GC. The IMS nodes are inter-
connected with the 4G core network using the Diam-
eter protocol, so achieving interconnection between 

the IMS nodes and 5GC using this protocol was the 
goal of Release 15. Achieving interconnection 
between the IMS nodes and 5GC using HTTP 
(Hypertext Transfer Protocol) was defined in Release 
16 to follow the latest technical trends (e.g., cloud 
computing). In Release 17, 3GPP is working on the 
use of 5GC specific features (e.g., network slicing 
and mobile edge computing) for IMS. As well as 5G 
enhancements, 3GPP is continuing to introduce new 
IMS supplementary services. For example, restricted 
local operator services that enable unauthenticated 
devices to be given a specific service and multi-
device and multi-identity services have been speci-
fied. We are proposing many contributions based on 
the analysis of the impact of these new features and 
specifications to incorporate them into existing 
national services and domestic standards with no 
negative effects.

4.   IP interconnection standardization trends

We have worked on standardization at 3GPP, IETF, 
and the Telecommunication Technology Committee 
(TTC) (Fig. 2), and the outputs are reflected in 

Fig. 1.   Architecture of interconnection for VoIP services.
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domestic standards for IP interconnection (e.g., TTC 
JJ-90.30) and global standards (e.g., 3GPP TS 
29.165) endorsed by the domestic ones (Fig. 3).

The interface of NTT’s Next Generation Network 
(NGN) was originally designed based on the NGN 
specifications of ITU-T. The domestic network-to-
network interface/user network interface (NNI/UNI) 
specifications of NGN (TTC JT-Q3401/JT-Q3402) 
were published based on ITU-T Q.3401/Q.3402 con-
sidering the national requirements and services in 
2007. 3GPP created a new NNI specification between 
IMS networks in 2008, which is known as Technical 
Specification (TS) 29.165. We expect that TS 29.165 
will become the basis of future domestic NNI speci-
fications for IP interconnection instead of ITU-T ones 
because the interconnection between fixed and 
mobile networks needs to be addressed. We began 
analyzing the differences between ITU-T specifica-
tion JT-Q3401 and 3GPP specification TS 29.165 and 
came to the conclusion that it would be feasible to 
make TS 29.165 compatible with JT-Q3401. We then 
began work in 2010 on incorporating all stipulations 
included in JT-Q3401 but not in TS 29.165 and that 
are not Japan-specific into TS 29.165.

We also proposed two work items to 3GPP as the 
rapporteur for clarifying the setting condition of the 
header fields/parameters on inter-IMS NNI (II-NNI) 

and option items facilitating the inter-operator agree-
ments on the interface, which were accomplished in 
2013. This means we completed the preparation for 
migration from JT-Q3401 to the new domestic II-
NNI standard based on TS 29.165 [1]. Moreover, we 
have successfully reflected the emergency call ser-
vice [2], which was a Japan-specific requirement, in 
3GPP documents, so making a specification of 
domestic emergency calls based on 3GPP standards 
also became feasible.

We are proposing contributions related to the feed-
back from the developments of session border con-
troller (SBC) or other IMS nodes for IP interconnec-
tion and commercial operations, e.g., addition of the 
II-NNI condition for new supplementary services, 
clarification of the methods of restoration detection 
on the SIP layer, correction in setting conditions of 
the SIP header fields used for inter-operator charging, 
and amendments of descriptions related to the han-
dling of calling party number in ISUP-SIP interwork-
ing. Restoration detection on the SIP layer is 
explained below as an example of our proposals.

Operators will set up gateway nodes called SBCs, 
which are equivalent to the interconnection border 
control function (IBCF) in the IMS architecture, at 
the point of interconnection of their IP telephone net-
works. In domestic standards, a method using the 

Fig. 2.   Standards developing organizations in which NTT participates.
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OPTIONS request is specified for detecting restora-
tion of SBCs on the SIP layer after detecting faults in 
the SBCs. With this method, an SBC detecting the 
fault of the opposite SBC sends OPTIONS requests 
periodically and detects the restoration by receiving a 
successful response from the peer. This method uses 
the OPTIONS request only in the inter-SBC hop; 
however, 3GPP specifications define only end-to-end 
procedures for the OPTIONS request. Because the 
restoration detection method in domestic standards is 
useful for reducing downtime and operational errors 
and is being used for private IP interconnection in 
some operators, we proposed that the inter-SBC 
method be allowed explicitly. The proposal was 
agreed, so the TTC standards could maintain consis-
tency with the 3GPP standards.

NTT has also contributed to the 3GPP Core Net-
work and Terminals (CT) Working Group (WG) 3, 
which considers interworking with external net-
works, as a vice chair since 2013. The activities have 
resulted in the increasing presence of NTT.

5.   Overview of NNI technical specifications 
in Japan

TTC has published JJ-90.30 as the common inter-
connection interface specification among IMS opera-
tor networks in Japan. This document specifies the 
II-NNI SIP signaling conditions based on 3GPP TS 
29.165. In addition to JJ-90.30, TTC has published 
JJ-90.31 as the common interconnection interface 
specification for carrier ENUM (E.164 number to 
uniform resource identifier mapping), JJ-90.32 as the 
common interconnection interface specification for 
SIP domain name resolution with domain name sys-
tems (Fig. 4), JJ-90.27 as the interconnection inter-
face specification for call transfer and diversion, and 
JJ-90.28 as the interconnection interface specifica-
tion for emergency calls. JJ-90.31 and JJ-90.32 are 
specified based on GSM Association IR.67, and 
JJ-90.27 and JJ-90.28 are based on 3GPP specifica-
tions.

6.   Future prospects

Since current TTC standards refer to 3GPP Release 

Fig. 3.   Relation between standard documents of IP interconnection.
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15, we are working on updating the reference to 
3GPP Release 16. The progress of 3GPP Release 16 
was delayed due to the impact of the COVID-19 pan-
demic but was finally completed and the specification 
was frozen in July 2020. We have examined all the 
changes in Release 16 and applied necessary updates 
to TTC standards including JJ-90.30. The revised 
TTC standards will be published in November 2020. 
Our work at 3GPP is reflected in domestic standards 
such as this process. Inter-operability testing (IOT) of 
IP interconnection between domestic operators based 
on the revised TTC standards is planned to start at the 
end of this year, and commercial IP interconnection 

will start in 2021. We will continue to clarify the 
specifications and make them more practical by tak-
ing into account the feedback from IOT.

References

[1] S. Sakaya, K. Arai, and S. Kanegae, “Standardization Efforts in IP 
Interconnect Specifications” NTT Technical Review, Vol. 12, No. 9, 
Sept. 2014.

 https://www.ntt-review.jp/archive/ntttechnical.php?contents= 
ntr201409gls.html

[2] M. Ogawa and T. Jocha, “Standardization Trends of the Emergency 
Call and Standardization Efforts for IP Interconnection,” NTT Techni-
cal Journal, Vol. 30, No. 2, pp. 57–61, Feb. 2018 (in Japanese).

 https://www.ntt.co.jp/journal/1802/files/JN20180257.pdf

Fig. 4.   Relation between domestic standard documents of IP interconnection.

CSCF: call session control function

DNS Query
(terminating SIP
domain name)

Terminating IMS network

IBCF#1

Originating
IMS network

ENUM Answer
(terminating SIP
domain name)

ENUM Query
(called party
number as
E.164 number)

INVITE

DNS Answer
(IP address of

terminating DNS
servers)

JJ-90.30
JJ-90.32

Carrier network for
telephone number

mapping

ENUM

JJ-90.31

IBCF#2

NNI
(SIP) NNI

(DNS)

NNI
(ENUM)

CSCF

IBCF

DNS

https://www.ntt-review.jp/archive/ntttechnical.php?contents=ntr201409gls.html
https://www.ntt.co.jp/journal/1802/files/JN20180257.pdf


Global Standardization Activities

58NTT Technical Review Vol. 18 No. 11 Nov. 2020

Haruka Eitoku
Researcher, NTT Network Service Systems 

Laboratories.
She received an M.S. in physics from Kyushu 

University, Fukuoka, in 2017. In the same year, 
she joined NTT Network Service Systems Labo-
ratories, where she researched interconnection 
between IMS networks. She has been contribut-
ing to standardization efforts in 3GPP CT WG1 
and CT WG3 since 2018. She is currently 
researching interconnection between IMS net-
works. 



NTT Technical Review 59Vol. 18 No. 11 Nov. 2020

1.   Overview 

NTT Communication Science Laboratories (CS 
Labs) aims to establish cutting-edge technologies that 
enable heartfelt communication between people and 
people and between people and computers. We are 
thus working on a fundamental theory that approach-
es the essence of being human and information sci-
ence, as well as on innovative technologies that will 
transform society. NTT CS Labs’ Open House is held 
annually with the aim of introducing the results of our 
basic research and innovative leading-edge research 
with many hands-on intuitive exhibits to those who 
are engaged in research, development, business, and 
education.

Open House 2020 was, however, held via our web-
site considering the recent situation against the 
spread of the novel coronavirus. The latest research 
results were published with recorded lecture videos 
on the Open House 2020 web page at noon on June 
4th when the event was originally planned to start [1]. 
The content attracted many views in a month not only 
from NTT Group employees but also from business-
es, universities, and research institutions. The event 
content is still available. 

This article summarizes the event’s research talks 
and exhibits.

2.   Keynote speech

Dr. Takeshi Yamada, vice president and head of 
NTT CS Labs, presented a speech entitled “I want to 
know more about you – Getting closer to humans 
with AI and brain science –,” in which he looked back 
upon the history of NTT and establishment of NTT 
CS Labs then introduced present and future cutting-
edge basic research and technologies (Photo 1).

Dr. Yamada pointed out the mission of NTT CS 
Labs to promote heartfelt communication between 
people and people or people and computers, by plac-
ing particular importance on pursuing artificial intel-
ligence (AI) technologies that “approach and exceed 
human abilities” and science research to “obtain a 
deep understanding of people” and “make heartfelt 
contact.” Regarding today’s situation in which physi-
cal contact and face-to-face communication are sig-
nificantly restricted, the talk pointed out that it has 
become even more important to identify the essence 
of emotional contact in heartfelt communication. The 
talk introduced NTT CS Labs’ recent AI technologies 
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from three perspectives of getting closer to humans 
with voice and acoustic processing, understanding 
humans with language, and heartfelt communication 
with empathy and happiness (shi-awase) then 
declared to continue pursuing the essence of commu-
nication and tackle new challenges boldly and persis-
tently.

3.   Research talks 

The following three research talks highlighted 
recent significant research results and high-profile 
research themes. Each talk introduced some of the 
latest research results and provided some background 
and an overview of the research.
(1)  “Communication with desired voice – Deep 

generative model opens the way to innovative 
speech transformation –,” by Dr. Kou Tanaka, 
Media Information Laboratory

Dr. Tanaka introduced many technologies that 
apply deep learning, which is a common concept in 
AI, to speech information processing and various 
speech-to-speech conversions with high quality. NTT 
CS Labs considers speech information as an impor-
tant tool for communication as well as the following 
four points as particularly important requirements for 
its conversion technology: 1) high quality, 2) learning 
from a small amount of data, 3) convertible in real 
time, and 4) covering various feature conversions 
such as voice characteristics, prosody, and accent. 
The research and development of such speech-to-
speech conversion technology targets real-world 

application such as assistance for those with vocal 
disabilities, conversion of speaking style including 
emotion, and conversion of pronunciation and accent 
in language learning (Photo 2).
(2)  “Towards understanding human skin sensations 

– How the brain integrates spatio-temporal 
information in touch –,” Dr. Scinob Kuroki, 
Human Information Science Laboratory

Dr. Kuroki explained information processing of 
human skin sensations. She introduced a psycho-
physical experiment in which a human is presented 
with a tactile stimulus and asked the timing and posi-
tion of the stimulus. A mysterious phenomenon 

Photo 2.   Research talk (Dr. Kou Tanaka).

Photo 1.   Keynote speech (Dr. Takeshi Yamada).

“I want to know more about you – Getting closer to humans with AI and brain science –”
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occurred in which the answers differed from the stimu-
lus given. The brain causes illusions by interpreting 
physical input stimuli, but by carefully unraveling 
such phenomena and illusions, she explored the 
mechanism by which the brain processes tactile 
information. She also introduced advanced approach-
es such as designing and generating tactile stimuli 
using a three-dimensional (3D) printer based on a 
method inspired by human visual information pro-
cessing systems and a new direction of haptic science 
(Photo 3).
(3)  “Which word is more difficult for you, ‘car’ or 

‘vehicle’? – Estimation of text readability and 
human vocabulary size –,” Dr. Sanae Fujita, 
Innovative Communication Laboratory

Dr. Fujita introduced studies of two estimation 
methods, text readability and human vocabulary-size 
estimation. The estimation of human vocabulary size 
is based on the word familiarity database that NTT 
CS Labs has been creating for over 20 years. The 
database has recently been updated with more than 
160,000 words and the Reiwa version of the vocabu-
lary-size estimation test was published and made 
available as a demonstration [2]. She also introduced 
efforts aimed at tailor-made education support such 
as recommending books suitable for individual learn-
ers by combining vocabulary-size estimation and 
text-difficulty estimation (Photo 4).

4.   Research exhibition

The Open House featured 31 exhibits displaying 
NTT CS Labs’ latest research results. We categorized 

them into four areas: Science of Machine Learning, 
Science of Communication and Computation, Sci-
ence of Media Information, and Science of Humans. 
Each exhibit prepared presentation slides with 
recorded explanation and published on the event web 
page (Photo 5). Several provided online demonstra-
tions or demo videos to make them closer to direct 
demonstrations. The following list, taken from the 
Open House website, summarizes the research exhib-
its in each category.

4.1   Science of Machine Learning
•	 People	of	the	WWW,	give	us	your	computation!

 – Generating datasets using people and informa-
tion of the WWW –

•	 Presenting	a	quick	solution	to	system	failures
 – Generating recovery-command sequences by 
neural networks –

•	 Refining	spatially	aggregated	data	from	cities
 – Multivariate Gaussian processes for spatially 
aggregated data –

•	 Fast	inference	of	accurate	anomaly	detector
 – Transfer anomaly detection for unseen 
datasets –

•	 Anomaly	detection	with	low	false-positive	rate
 – Semi-supervised learning for maximizing par-
tial AUC –

•	 Is	the	data	really	biased?
 – Testing combinatorial correlation by decision 
diagrams –

4.2    Science of Communication and Computation
•	 What	happens	if	every	player	rushes	selfishly

Photo 3.   Research talk (Dr. Scinob Kuroki). Photo 4.   Research talk (Dr. Sanae Fujita).
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 – Equilibrium computation of congestion 
games –

•	 	Handle	 a	 huge	 quantum	 world	 through	 a	 tiny	
window
 – Investigation of the ability of indirect quantum 
controls –

•	 	Tuning	 machine	 translation	 with	 small	 tuning	
data
	–	 Domain	 adaptation	with	 JParaCrawl,	 a	 large	
parallel corpus –

•	 Assessing	children’s	emotional	development
 – Investigating developmental changes via mul-
tiple cues –

•	 Creating	a	personalized	picture	book
 – Support for parent-child picture book interac-
tion –

•	 How	many	words	do	you	know?
 – Vocabulary-size test, Reiwa edition –

•	 Kyomachi	Seika	will	guide	you!

 – Training the role-playing AI with community 
cooperation –

•	 What	does	he/she	think	in	this	situation?
 – Sentiment text generation based on personality –

4.3   Science of Media Information
•	 	Can	you	guess	the	age	from	the	voice?

 – Deep speaker attribute estimation with speaker 
clustering –

•	 	More	 wireless	 microphones	 are	 available	 in	 a	
room
 – BRAVE: bit-error-robust low-delay audio and 
voice encoding –

•	 	Pay	attention	to	the	speaker	you	want	to	listen	to	
(II)
 – Neural selective hearing with audio-visual 
speaker clues –

•	 	Controlling	voice	expression	using	face	expres-
sion

Photo 5.   Exhibition web page.



Information

NTT Technical Review 63Vol. 18 No. 11 Nov. 2020

– Crossmodal voice expression control –
•	 Learning	to	search	like	humans

– Adaptive spotting for efficient object search –
•	 	Deep	 learning	 without	 data	 aggregation	 from	

nodes
 – Asynchronous consensus algorithm for ML 
(machine learning)  over  var ious  NWs 
(networks) –

•	 Cardiac	model	that	makes	it	heart
 – Gaussian process with physical laws for 3D 
cardiac modeling –

•	 Listening	carefully	to	your	heart	beat
 – Cardiohemodynamical analysis based on 
stethoscopic sounds –

4.4   Science of Humans
•	 	Make	 natural-looking	 illusions	 by	 perceptual	

model
 – Adaptive motion retargeting for illusion-based 
projection AR (augmented reality) –

•	 Tiny	eye	movements	reflect	cognitive	states
 – Relation of eye-movement dynamics with cog-
nition and pupil –

•	 Haptic	metameric	textures
 – Direct control of perceived texture of 3D 
printed stimuli –

•	 What	causes	emotional	change?
 – Monitoring emotion in experimental settings 
and daily life –

•	 Special	cognitive	abilities	of	e-sports	experts
	–	 Performance,	 physiological	 state,	 and	 brain	
activity –

•	 Realizing	harmony	in	rugby	scrum
 – Easy assessment of player coordination with 
wearable sensors –

•	 What	is	a	“straight”	ball?
	–	Physical	and	perceptual	attributes	of	a	pitched	
ball –

•	 Body	representation	for	quick	and	skillful	action
 – Uncertainty of hand-state estimate regulates 
stretch reflex –

•	 Unconscious	is	smarter	than	conscious
 – Environmental dependency in visuomotor 
responses –

5.   Special lecture

We	asked	Professor	Noriko	Osumi,	vice	president	
of Tohoku University, to give a special lecture entitled 
“A challenge to scientifically understand ‘individual-
ity.’” It is well known that people with autistic spec-
trum disorder sometimes make considerable achieve-
ments in fields such as art and scientific research. Her 
research group has regarded atypical development as 
individuality, and investigated the genetic and non-
genetic mechanisms underlying such atypicality 
using mice as model animals. In particular, she found 
that paternal aging affected the early development of 
vocal communication of pups and introduced cutting-
edge research topics of molecular mechanisms with 
changes in epigenome information. “Science of indi-
viduality” must be required in a diversity society. The 
lecture finished with providing a grand perspective 
from “ideal form of society” to “human evolution.” 

6.   Concluding remarks

Unlike last year, Open House 2020 was not held as 
an event at a physical venue but instead to present our 
latest results on a website. The lecture videos were 
viewed more than 10,000 times in June from various 
segments of users. Though it was difficult to have 
lively discussion, the long-term growth of visitors 
encourages us in further research activities. In clos-
ing, we would like to offer our sincere thanks to all 
the participants of this online event.
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Influence of Condensation Due to Temperature Difference 
on Corrosion Process of Exposed Reinforcement Struc-
ture

H. Kasahara, N. Fujimoto, and Y. Okamura
Journal of the Society of Materials Science (Zairyo), Vol. 69, No. 

7, pp. 539–546, July 2020.
The environment in a reinforced concrete communications man-

hole is always very humid, and the exposed steel bars can easily 
become corroded. However, since the depth below ground of these 
manholes is relatively shallow and the annual temperature change is 
modest compared to that for above-ground structures, it is assumed 
that the factors controlling the progress of steel bar corrosion are dif-
ferent than those for other structures. Moreover, manholes basically 
represent an isolated environment, and there are no additional sub-
stances such as sea salt present compared to the outside air. In this 
relatively static environment, it is thought that the amount of water 
vapor is the main cause of change in corrosion rate. Therefore, in this 
study, in order to clarify the supply mechanism of water that pro-
motes steel bar corrosion in manholes, the relationship among the 
actual manhole temperature, humidity, and the corrosion rate was 
investigated. The results show that in winter, the temperature of the 
manhole ceiling is lower than the dew point temperature, so conden-
sation occurs and steel bar corrosion progresses. Based on repeated 
temporal experiments, we found that the increase in condensation 
due to the difference between the dew point temperature and the 
temperature of the ceiling must be considered in order to explain the 
steel bar corrosion rate in manholes.

  

Luminance Distribution and Monocular Depth Perception 
by Smooth Motion Parallax in Visually Equivalent Light 
Field 3D Display Using Linear Blending Technology

R. Kamada, H. Mizushina, M. Date, S. Shimizu, and S. Suyama
IMID (International Meeting on Information Display) 2020 

DIGEST, Vol. 9, p. 1598, August 2020.
To obtain a realistic three-dimensional (3D) display with a high 

degree of realism without the need for 3D glasses, it is necessary to 
represent continuous motion parallax caused by changes in the view-
ing position. However, to present continuous motion parallax by 
using a multi-view display, a sufficiently narrow viewpoint interval 
and large amount of parallax image data are required. To solve this 
problem, the visually equivalent light field 3D (VELF3D) display 
with linear blending technology has been proposed. We estimated the 
precise luminance distribution of the VELF3D display and evaluated 
monocular depth perception by motion parallax.

  

Vocal-tract Spectrum Estimation Method Affects the 
Articulatory Compensation in Formant Transformed Audi-
tory Feedback

Y. Uezu, S. Hiroya, and T. Mochida
Acoustical Science and Technology, Vol. 41, No. 5, pp. 720–728, 

September 2020.
Auditory feedback has a crucial role in stably controlling speaking 
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and singing. Formant transformed auditory feedback (TAF) is used to 
investigate the relationship between perturbation to the formant fre-
quency and the compensatory response to clarify the mechanism of 
auditory-speech motor control. Although previous studies on formant 
TAF applied linear predictive coding (LPC) to estimate formant fre-
quencies, LPC estimates false formants for high-pitch voice. In this 
paper, we investigated how different vocal-tract spectrum-estimation 
methods in real-time formant TAFs affect the compensatory response 
of formant frequencies to perturbations. A phase-equalization-based 
autoregressive exogenous model (PEAR) is applied to the TAF sys-
tem as a formant estimation method that can estimate the formant 
frequency more accurately and robustly than LPC. Fifteen Japanese 
native speakers were asked to repeat the Japanese syllables /he/ or /
hi/ while receiving feedback sounds whose formants F1 and F2 were 
transformed. From the results for the /he/ condition, the F1 compen-
satory response for PEAR was significantly larger than that of LPC, 
and the compensation error in the F1–F2 plane for PEAR was less 
than that for LPC. Our results suggest that PEAR can increase both 
the accuracy of formant frequency estimation and the naturalness of 
the transformed speech sound.

  

Classification of Formant Estimation Methods in Trans-
formed Auditory Feedback Experiments Using Convolu-
tional Neural Networks

F. Taguchi1, S. Hiroya, Y. Uezu, and T. Mochida
Acoustical Science and Technology, Vol. 41, No. 5, pp. 800–803, 

September 2020.
We classified formant transformed auditory feedback experimental 

data directly comparing phase-equalization-based autoregressive 
exogenous model and linear predictive coding by using a convolu-
tional neural network. We found that the average identification rate 
was significantly high in the case of two-channel input of Utter (the 
speech signals from the microphone) and Trans (the transformed 
speech signals). This suggests that speech prediction is important in 
determining the naturalness of feedback speech.
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