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Aggressively fostering innovation with execution 
and implementation in mind

—Mr. Funabashi, please accept our congratulations 
on assuming the office of Senior Executive Vice 
President. To begin with, please tell us about your 
goals in this new position.

I would like to aggressively foster innovation with-
out being bound by the past. And what I mean by 
“innovation” is to create an atmosphere that results in 
people feeling, “Something has changed here—this is 
great!” with respect to all sorts of company endeavors 
such as processes, technology development, employ-
ee conduct, and customer relations.  

I myself oversee technology, operations of sales 
and service, and information security. As for technol-
ogy and operations, I feel that I can maximize the 
know-how I built up as head of Customer Services in 
making these areas of the company even better.

Information security, meanwhile, is a field that has 
a broad and deep range of applications, as you know. 
I would like to approach this field from a new per-
spective.

Finally, as a basic stance, I will continue to ask 
myself whether our customers are truly happy with 
our services, whether they are satisfied with the level 
of quality that we are offering, and whether there are 
any areas that we need to improve in our services.

—What does the past way of doing things mean to 
you? And what do you think needs to change going 
forward?

In the corporate world, having ideal objectives in 
expanding business does not guarantee that those 
objectives can be met given the limited amount of 
resources and the various conditions. I mean, in the 
past, we might have blamed a negative outcome on 
the external circumstances.

In services to date, I feel that there is still much 
room for improvement and enhancement. What I 
would like to do is to pool the knowledge and wisdom 
of all our employees to make improvements and to 
move forward, even if only by a little, by having the 
resolve to execute and implement various ideas.

No doubt you have heard the word “DevOps” 
before. As a portmanteau word of “development” and 
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“operations,” it refers to an increasingly popular tech-
nique that aims to produce products and services with 
a high degree of perfection in a relatively short period 
of time through collaboration between development 
and operations personnel. I believe that unless we 
adopt this kind of style that can efficiently drive a 
project forward while leveraging the strong points of 
all departments involved, we will not be able to sur-
vive in this era of relentless change. I strongly feel the 
need for making changes to the status quo.

Five pillars of Vision �0�5 

—Based on the stance you just described, what spe-
cific forms of operation are you aiming for?

ICT and the telecommunications business are being 
forced into severely competitive conditions while 
amazing advances in technology continue to take 
place. I don’t think a company can survive in such an 
environment unless it keeps the competition in mind 
and continuously reaches out to its customers.

Our financial results for the fiscal year �0�3, which 
ended March 3�, �0�4, revealed an increase in con-
solidated revenues for the first time in six years and a 
record consolidated operating profit for three con-
secutive years. In fiscal year �0�4, we want to see this 
increase in consolidated revenues continue and to 
maintain the profit level of fiscal year �0�3. 

With these objectives in mind, we announced our 
new corporate vision called “Vision �0�5.” To achieve 
this vision, we will promote our Global Cloud Vision 
(GCV) and work to provide our customers with low-
cost, quickly constructed, and customer-tailored ICT 
environments, centered on the cloud. Specifically, we 
will promote services that strengthen the link between 
the network and the cloud in the form of a “carrier 
cloud.” We will foster the evolution of services that 
use virtualization technology, including network vir-
tualization techniques such as software-defined net-
working (SDN) and network functions virtualization 
(NFV), and we will enhance our efforts in automating 
operations. Our work here in achieving Vision �0�5 
will be based on five main pillars.

1.   Operations
The first pillar is operations. Here, I would like to 

highlight integrated management that focuses on 
enhancing not just service quality—the obvious fea-
ture of a provided service—but also on operations 
quality that cannot be seen. In the end, the customer 
will set the standards that we must target. Naturally, 

we want to provide services that bring satisfaction to 
our customers. To this end, we will work to create 
services that meet and beat the level of quality that 
they expect by automating all sorts of operations to 
raise system efficiency and by incorporating new 
technologies such as machine learning.

2.   Security
The  second  p i l l a r  i s  secur i ty.  At  NTT 

Communications, we make use of the Security 
Information and Event Management (SIEM) engine, 
one of the latest research and development (R&D) 
achievements to come out of NTT laboratories in 
order to provide managed security services and inte-
grated risk management services under the WideAngle 
service brand. Going forward, we plan to expand the 
scope of applications of these technologies and ser-
vices and to include the know-how obtained from 
daily operations with the aim of providing even better 
services for our customers.

Security, by the way, is not just a matter of technol-
ogy—educating personnel is also a very important 
element. The development of security engineers is 
essential, I believe, for the entire NTT Group and not 
just NTT Communications.

3.   Big data
The third pillar is big data. In this area, I would like 

to provide products and services that cannot be imi-
tated by our competitors and that can expand our 
revenues. I intend to do this by using not only the 
management, sales, and systems information we have 
as a service provider but also real-time information 
on user experiences. In this way, I think that we can 
quickly provide information and environments  
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tailored to customer needs and desires.
For example, functions that customers are finding 

difficult to use can be identified from error informa-
tion generated during customer operations or from 
comments received via Twitter or other social net-
working services by using the “050 Plus” service 
provided by NTT Communications. Whenever cus-
tomers feel that something is strange, we check the 
network and its facilities as well as the state of the 
functions that are being talked about, and we make 
revisions to those functions as needed. In this way, we 
have been able to provide our customers with services 
that are even easier to use. Skillfully absorbing peo-
ple’s feelings such as, “Something is strange here” 
can lead to interesting developments!

4.   Virtualization technology
The fourth pillar is virtualization technology. We 

will promote network virtualization through SDN 
and NFV to enable customers to rapidly scale-up or 
scale-down their networks and to reduce costs while 
maximizing the efficiency of resource usage within 
the company. We will also expand the cloud, which is 
a hardware virtualization technology, so that an entire 
datacenter can be operated at high efficiency. 

5.   Datacenters
Finally, the fifth pillar is datacenters. Today, the 

cloud is expanding at a dramatic pace throughout the 

world. When contemplating the construction of a 
datacenter in Japan, it must be kept in mind that this 
is a country with high land costs and electricity rates 
as well as a high occurrence of earthquakes. We must 
therefore give serious thought as to how to provide 
stable services at low cost under these conditions.

Against this background, we are working diligently 
to develop an optimal strategy to provide our custom-
ers with even better datacenter services. This involves 
not only datacenter projects within Japan but also 
possible mergers and acquisitions with overseas 
enterprises who are already developing high-quality, 
low-cost datacenter businesses in locations with low 
environmental risk. 

Taking a “rugby-like” stance—passing the ball, and 
moving forward at all times

—I see how all standards originate with the customer. 
It is necessary to change the mindset from the view-
point of the provider to the viewpoint of the customer, 
isn’t it?

We must radically change our way of thinking not 
only in terms of viewpoint but in terms of awareness 
too. The results of this shift in thinking will depend 
on whether we think of it as something difficult to 
achieve or something that is enjoyable to pursue. I 
would like everyone to think of it as a very enjoyable 
pursuit. Moreover, so that all of us can enjoy our work 
on a day-in and day-out basis, I would like everyone 
to have both a feeling of “We can do it!” and “We can 
learn from failure.” 

As you know, NTT Communications has a rugby 
team called the “Shining Arcs” that compete in the 
Top League, a corporate rugby league in Japan. There 
is also a rugby team called the “NTT Hibiya 
Sunshiners” whose members include players who 
have retired from the Shining Arcs. I routinely attend 
matches to offer my support, and once, when I was 
watching a match, it suddenly occurred to me that this 
stance that I would like us to adopt is much like the 
game of rugby. A common expression in rugby is 
“One for all, all for one.” Each and every player is 
facing forward, yet each has fellow players to the side 
or behind who are fighting for the same objective, 
that is, victory. In short, all members are working 
together and helping each other out by passing the 
ball toward a common goal.
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—Are specific measures being taken to get all 
employees to aim for a common goal?

After entering the company and getting accustomed 
to work, there is a time when every employee sud-
denly realizes that he or she cannot do anything 
alone. When we are young, there are perhaps some 
situations in which we can accomplish something on 
our own, but doing work as a team provides the expe-
rience of sharing a sense of achievement with all team 
members regardless of good or bad results.

To cultivate this mindset, efforts have been made 
over the years to reform the “corporate culture.” 
These include schemes for getting people on the same 
hierarchical level—for example, department manag-
ers, section managers, and project managers—to 
share some time together and get to know each other, 
such as by talking about recent happenings over a 
meal. The idea here is to break down walls to prevent 
“big company disease” from setting in, in which 
neighboring teams don’t know what the other is 
doing. There have also been occasions in which 
employees have been brought together at training 
camps away from the office to exchange ideas and 
share feelings about work. It can take a while for 
people to reveal their inner selves and thoughts at 
such gatherings, but the end result is effective. 
However, not all staff members move in the same 
direction at the same time, and such differences also 
need to be accepted. I believe that adopting this team 
mindset in one’s work is extremely important. 

Putting yourself in the customer’s shoes: it’s not just 
results that count, it’s the process too!

—What does it mean to give customers a sense of 
ease, or a feeling of security?

In short, it means putting yourself in the customer’s 
shoes. For example, if a person went to a clinic 
because of stomach pain, and the doctor abruptly 
said, “Why did you leave this until it got this bad?” I 
don’t think that person would go to that clinic again. 
Obviously, if that person knew that something was 
wrong from the start, his or her condition would never 
have gotten to that point. However, if the doctor were 
to approach the patient’s problem with a caring atti-
tude by saying something like, “What’s the matter? 
Let’s take a look!” instead of obsessing on what or 
who to blame, I think the patient’s degree of satisfac-
tion would surely turn out to be different. Even if 
there is no guarantee that the patient’s condition can 

be completely cured, having a caring attitude can 
generate a very positive impression on the patient.

Similarly, in our work, when a customer is faced 
with a problem or difficulty, it is vital that we stand in 
the customer’s corner with a caring attitude. 

—Mr. Funabashi, can you say a few words to our 
researchers?

It’s a matter of course that the standard approach at 
NTT laboratories is to create R&D solutions for prob-
lems of immediate concern. From here on, however, I 
would like to see NTT researchers adopt a more 
medium- and long-term approach and work to devel-
op cutting-edge technologies that can compete on the 
world stage like the SIEM engine that I mentioned 
earlier, as well as dream-inspiring technologies that 
only the NTT Group can provide.

—And finally, can you leave a message for all NTT 
Communications employees?

The strength behind NTT Communications is its 
great number of outstanding employees. There are 
about 7000 employees in Japan, all of whom are of 
serious mind and very dedicated to their work. Being 
of serious mind with regards to work means always 
being truthful and apologizing sincerely when you 
make a mistake.

We have been in an era in which everything is cre-
ated within the company or group starting from zero. 
I feel that this approach, however, makes it difficult to 
keep up with fast-moving developments in today’s 
world. There are already many convenient and easy-
to-use tools that are readily available from outside the 
company. Going forward, we must be able to skill-
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fully use these tools in service development. We must 
continuously strive to make improvements without 
losing hope. If we stick to this approach, we will be 
able to rise to an even higher level of excellence and 
come out a winner! Let’s continue to pass the ball and 
work as a team with all our might without fear of 
failure. I have great faith in all of you!

Interviewee profile
 Career highlights
Tetsuya Funabashi joined Nippon Telegraph 

and Telephone Public Corporation in �98�. At 
NTT Communications, he has served as General 
Manager of Ubiquitous Services, General 
Manager of Financial Innovation Systems, 
General Manager of Customer Services, and 
Senior Vice President, General Manager of 
Customer Services. He has been serving as Senior 
Executive Vice President since June �0�4.
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1.   Introduction

It is 23 years since the establishment of NTT Com-
munication Science Laboratories (NTT CS Labs), 
and �4 years since the start of basic research under a 
new system after the reorganization of NTT. During 
this period, a definite framework was formed at NTT 
CS Labs, and technologies born out of our basic 
research have gradually made their way out into the 
world. I believe that we have now reached a major 
turning point on our way towards the next phase. This 
series of Feature Articles introduces the technical 
details and future prospects of seven research achieve-
ments presented at the NTT CS Labs Open House 
20�4 exhibition. I will start by discussing the nature 
and role of basic research in research and develop-
ment (R&D), the way in which basic research leads 
to innovation, and our strategy for promoting innova-
tion.

2.   Invisible innovation in information 
technology

Innovations in information technology occupy 
quite a special position compared with innovations in 
mechanical technologies such as the steam engine or 
letterpress printing. Information specialists complain 
that even though people talk about innovations for 
certain products and services, and even though infor-
mation technology is used in these products and ser-
vices, the importance of information technology is 

not being conveyed to people in general. That is, 
information technology cannot be seen in the innova-
tion. Even if we use Google’s search engine or an 
Apple iPhone every day, we cannot necessarily tell 
precisely what sort of information technology lies at 
the core of products and services such as these. So 
what sort of role does information technology play 
behind innovations such as the Nobel prize-winning 
work on iPS (induced pluripotent stem) cells or the 
Hatsune Miku singing software that is creating a stir 
in the music industry? Most people probably have no 
idea. This is because by the time new scientific dis-
coveries have been incorporated into products and 
services that affect our everyday lives, they are no 
longer visible from the outside.

Furthermore, even though major technological 
innovations occur every few years in each field of 
information technology, these innovations are not 
immediately reflected in products or services. Even 
among people that work in information technology, 
these technical innovations are only noticed by spe-
cialists in related fields. These are the invisible inno-
vations that I am referring to. 

For example, in recent years, speech recognition 
technology has been put to use in a wide range of 
practical services, such as a system that records tran-
scripts of debates in the House of Representatives. 
One of the things that made this system possible was 
the introduction of speech recognition using a 
weighted finite state transducer (WFST) in 2003, 
which enabled the implementation of speech  

The Evolution of Basic Research
Eisaku Maeda

Abstract
Basic research gives rise to innovation through new discoveries and inventions, and this can lead to 

changes in the structure of industry and our lifestyles. However, it is also true that such success stories 
are rare, and basic research carries a high degree of risk. This article analyzes the historical evolution of 
technologies born from the activities of NTT Communication Science Laboratories and clarifies the 
future strategy for the promotion of basic research and some issues that should be addressed based on 
previous cases.
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recognition with a huge vocabulary of 2 million 
words [�]. It goes without saying that grasping this 
sort of hidden innovation as quickly as possible is the 
key to success in R&D, the development of new ser-
vices, and the creation of new markets.

3.   The cultivation and evolution of fruitful  
technologies

So when are hidden innovations produced in basic 
research, and how do we go about creating more of 
them? I have designed an illustration to show the 
workings of basic research (Fig. 1). The seeds of new 
research arrive as small flashes of inspiration, for 
example, the discovery of a new problem, or a new 
way of looking at a simple concept. If they are kept 
watered, some of these seeds will germinate and grow 
after a while, and given fertilizer and sunlight, they 
will blossom into research papers and patents. With a 
bit of luck, they will eventually bear fruit that is ripe 
for harvesting. Phase � of this process—from sowing 
the seeds to cultivating the plants and harvesting the 
fruit—forms the core of basic research and is the 
most important phase. Even plants that produce fine 
blossoms are sometimes of no value. There is also no 
guarantee that fine fruit will be produced by plants 
given plenty of water and fertilizer. While storing a 
range of different fruits, we obtain new seeds from 
these fruits, and once again, these are sown to pro-
mote the evolution of even more technologies.

The mission and value of basic research lies in tack-

ling difficult problems without worrying about the 
risks. It is therefore usually impossible even for 
experts to predict when these problems will be solved. 
This is the biggest issue in Phase �. One of the recent 
cases at NTT CS Labs is the invention of Buru-Navi3, 
which is a device that uses human sensory character-
istics to create a tugging sensation. After we invented 
Buru-Navi1 in 2004, we thought it would be difficult 
to miniaturize this device while maintaining the same 
tugging effect [2]. The solution to this issue suddenly 
came in 20�4, when we discovered that it is possible 
to make a device 20 times smaller than the Buru-
Navi1 without impairing its tugging effect. This new 
device is introduced in the article “Buru-Navi3 Gives 
You a Feeling of Being Pulled” [3].

4.   Fruit provides people with nourishment

In the same way that fruit provides nourishment 
only when eaten, the fruits of research have value 
only when they are used as technologies. The basic 
research achievements of NTT CS Labs are finding 
their way into technologies that are put to practical 
use in the real world. Some representative examples 
are listed in Table 1. By analyzing these examples, 
we can see that it can often take �0 years or more for 
seeds to grow to fruition, and that a lot of time is also 
needed to make this fruit available for consumption 
(Phase 2). Once a technology has been perfected, it 
will not be used unless it meets the needs of the cur-
rent age. In most cases, it is difficult to predict when 

Fig. 1.   The road from “basic research” to services.
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the age of a technology will arrive, which is the main 
issue in Phase 2. Until such time, a technology must 
be maintained and protected in a technology pool, 
and a system must be established for bringing the 
technology out into the world as soon as its time has 
come.

The following paragraphs describe some specific 
examples of technologies listed in the table.

(�) Robust media search (RMS) began in �993 with 
research into image search techniques that can quick-
ly find an image fragment in a larger image (as in the 
“Where’s Wally?” picture books). This technology 
was developed to include music search and video 
search functions, and in around 2008 it came to play 
a major role in the identification of uploaded video 
content and the protection of music copyright in 
broadcasting [4]. Today, it is still evolving to allow 
searching for specific instances of a specific object in 
video images, as discussed in the article “Instance 
Search Technology for Finding Specific Objects in 
Movies” [5].

(2) WFST-based speech recognition is a technology 
that was given a major boost by the introduction of 

WFST as mentioned above, but the introduction of a 
deep-learning technique has led to a new wave of 
development [�]. Also, the basic principles of (3) 
reverberation control technology (REVTRINA) were 
figured out about five years ago, and this technology 
is now being introduced into a wide variety of profes-
sional and consumer devices. This technology is 
introduced in the article “Enhancing Speech Quality 
and Music Experience with Reverberation Control 
Technology” [6].

(4) Question answering technology is a basic ele-
ment of NTT DOCOMO’s Shabette Concier service, 
and it grew out of SAIQA (System for Advanced 
Question Answering) that NTT CS Labs started 
researching back in 200� [7, 8]. At the 2003 NTT CS 
Labs Open House exhibition, we connected it to a 
speech recognition system with a vocabulary of 2 
million words to produce a speech-based question 
answering demonstration. However, it took �0 years 
for this technology to find its way into the real world. 
The fruits of this research in question answering tech-
nology led to further advances with the introduction 
of statistical machine learning methods into natural 

Table 1.   Examples of NTT CS Labs’ achievements.

Start of
research Representative results of basic research Contributions to actual services

(1) Robust media search
[RMS] 1993

1995: Fast image search
1998: Fast time-series (audio/video) search
2004: Extremely robust media search with 

respect to severe noise and distortions
2013: Instance search

2004: Name-that-tune service via mobile 
phones

2007: Music copyright clearance for 
broadcasters

2008: Identification of known audio/video 
content embedded in media files in the 
Internet

2010: Second screen using smartphones

(2) WFST-based speech
recognition 2000

2004: Extremely large vocabulary 
(2 million words) recognition decoder

2010: Unified acoustic-language model 
learning

2011: Minute-taking system for House of 
Representatives

(3)
Reverberation

control
[REVTRINA]

2003
2005: Development of basic principles
2009: Surround technology based on 

reverberation control

2009: Pro reverberation control software
2012: Consumer surround speakers
2013: Pro surround equipment

(4) Question answering 2001 2003: Japanese Q&A system SAIQA
2009: NAZEQA, capable of answering “Why?” 2012: Shabette Concier (talking concierge)

(5) Statistical
machine translation 2003

2009: Dependency parsing with semi-supervised 
learning

2010: Pre-ordering by head finalization

2011: Outperformed rule-based translation
2013: JAPIO starts Chinese patent translation 

service

(6) Material perception
information science 1998

2007: Proposal of a new theory of material
perception (Published in Nature)

2012: Finding of a novel object after-effect

2010: Inauguration of Scientific Research on 
Innovative Areas “Shitsukan (material 
perception)”

(7)
Pseudo-Attraction

Force
[Buru-Navi]

2003
2004: Development of pseudo-attraction force 

haptic compass (Buru-Navi1) 
2014: Miniaturization (Buru-Navi3)

—

JAPIO: Japan Patent Information Organization
SAIQA: System for Advanced Question Answering
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language processing, which has progressed rapidly 
since the turn of the century. This introduction of 
statistical machine learning technology has also 
played a large role in the paradigm shift whereby (5) 
statistical machine translation is replacing conven-
tional rule-based machine translation [9]. 

(6) Material perception information science came 
to the fore in 20�0 as a new field of technical research 
promoted by the Ministry of Education, Culture, 
Sports, Science and Technology, and academic activ-
ity in this field is expanding rapidly. This came about 
through a joint study by NTT CS Labs and MIT 
(Massachusetts Institute of Technology) that started 
in 2000. Since the results of this study were published 
in Nature in 2007 [�0], the research has been extend-
ed to include the other senses as well as sight [��]. 
More information can be found in the article “Recog-
nizing Liquid from Image Motion and Image Defor-
mation” [�2]. This material perception information 
science and (7) Buru-Navi can be described as the 
fruits of research that are still waiting for their age to 
arrive.

A lot of work is also being done on technologies 
that are not yet complete. These technologies are 
introduced in the articles “Reading the Implicit Mind 
from the Body” [�3], “Quantum Computing Beyond 
Integer Factorization—Exploring the Potential of 
Quantum Search” [�4], and “Capturing Sound by 
Light: Towards Massive Channel Audio Sensing via 
LEDs and Video Cameras” [�5].

5.   Evolution of basic research

The pursuit of basic research will never be a special 
endeavor that takes place far away from the ordinary 
world. If we are to take on the challenges of the real 
world, we must be a part of it. John Pierce, the former 
executive director of Bell Laboratories, once said 
that, based on his own experience, “Ideas and plans 
are essential for innovation, but the time has to be 
right [�6].” After leaving Bell, Pierce also became 
well known as one of the academic pioneers in com-
puter music, but he is also known among speech rec-
ognition researchers as the person that pulled the plug 
on research on speech recognition at Bell Laborato-
ries in the �970s. In an article for the Acoustical 
Society of America, he wrote, “General-purpose 
speech recognition seems far away. Special-purpose 
speech recognition is severely limited. It would seem 
appropriate for people to ask themselves why they are 
working in the field and what they can expect to 
accomplish [�7].” This had a large influence on 

research in the area of speech recognition in the US. 
This example shows that even a highly experienced 
research manager can sometimes make bad judg-
ments, and it highlights the difficulties of basic 
research administration. In fact, at that time, the 
speech research at Bell Laboratories had been 
assigned to visiting researchers from overseas, 
including Dr. Fumitada Itakura, whose work at the 
time led to results in the field of line spectrum pairs 
(LSP). In 20�4, LSP was confirmed as a milestone by 
IEEE (Institute of Electrical and Electronics Engi-
neers), and you can read more about this pioneering 
research in the article “LSP (Line Spectrum Pair): 
Essential Technology for High-compression Speech 
Coding” [�8].

In the 2�st century, the information environment 
that surrounds us in our daily lives is changing rap-
idly, and speed has become an essential requirement 
for entry into the market, corresponding to Phases 2 
and 3 in Fig. � [�9]. Even in basic research, the choice 
of issues to study changes over time, and researchers 
need to contribute to the commercialization of their 
results with a sense of speed that matches the speed 
of the age. While NTT aims to create new markets 
through co-innovation with other industries, the value 
of basic research and the expectations of the fruit of 
this research are likely to grow in the future. Every 
one of the results from basic research is a valuable 
seed of innovation and is just waiting for its age to 
arrive. It is therefore necessary to always be on the 
lookout for hidden technologies with the potential to 
lead to new innovation, wherever it may be, and to put 
them to use as fast as we can. They will serve us well 
in the competition in R&D and in the creation of new 
services.

References

[�] Y. Kubo, A. Ogawa, T. Hori, and A. Nakamura, “Speech Recognition 
Based on Unified Model of Acoustic and Language Aspects of 
Speech,” NTT Technical Review, Vol. ��, No. �2, 20�3.

 https://www.ntt-review.jp/archive/ntttechnical.php?contents=ntr20�3
�2fa4.html

[2] T. Amemiya, H. Ando, and H. Ho, “Nonverbal Communication via a 
Five-senses Interface.” NTT Technical Journal, Vol. �9, No. 6, pp. 
35–37, 2007 (in Japanese).

[3] T. Amemiya, S. Takamuku, S. Ito, and H. Gomi, “Buru-Navi3 Gives 
You a Feeling of Being Pulled,” NTT Technical Review, Vol. �2, No. 
��, 20�4.

 https://www.ntt-review.jp/archive/ntttechnical.php?contents=ntr20�4
��fa4.html

[4] K. Kashino, R. Mukai, K. Otsuka, H. Nagano, T. Izumitani, A. 
Kimura, T. Kurozumi, and J. Yamato, “Fast Media Search,” NTT 
Technical Journal, Vol .�9, No. 6, pp. 29–32, 2007 (in Japanese).

[5] M. Murata, H. Nagano, R. Mukai, K. Hiramatsu, and K. Kashino, 
“Instance Search Technology for Finding Specific Objects in Mov-
ies,” NTT Technical Review, Vol. �2, No. ��, 20�4.

https://www.ntt-review.jp/archive/ntttechnical.php?contents=ntr201312fa4.html
https://www.ntt-review.jp/archive/ntttechnical.php?contents=ntr201411fa4.html


5 NTT Technical Review

Feature Articles

 https://www.ntt-review.jp/archive/ntttechnical.php?contents=ntr20�4
��fa2.html

[6] K. Kinoshita, “Enhancing Speech Quality and Music Experience with 
Reverberation Control Technology,” NTT Technical Review, Vol. �2, 
No. ��, 20�4.

 https://www.ntt-review.jp/archive/ntttechnical.php?contents=ntr20�4
��fa3.html

[7] E. Maeda, H. Isozaki, Y. Sasaki, H. Kazawa, T. Hirao, and J. Suzuki, 
“Question Answering System: SAIQA—A “Learned Computer” that 
answers any questions,” NTT R&D, Vol. 52, No. 2, pp. �22–�33, 2003 
(in Japanese). 

[8] R. Higashinaka, K. Sadamitsu, K. Saito, and N. Kobayashi, “Question 
Answering Technology for Pinpointing Answers to a Wide Range of 
Questions,” NTT Technical Review, Vol. ��, No. 7, 20�3.

 https://www.ntt-review.jp/archive/ntttechnical.php?contents=ntr20�3
07fa4.html

[9] M. Nagata, K. Sudoh, J. Suzuki, Y. Akiba, T. Hirao, and H. Tsukada, 
“Recent Innovations in NTT’s Statistical Machine Translation,” NTT 
Technical Review, Vol. ��, No. �2, 20�3.

 https://www.ntt-review.jp/archive/ntttechnical.php?contents=ntr20�3
�2fa2.html

[�0] I. Motoyoshi, S. Nishida, L. Sharan, and E. Adelson, “Image Statistics 
and the Perception of Surface Qualities,” Nature, Vol. 447, No. 7�4�, 
pp. 206–209, 2007.

[��] J. Watanabe, “Communication Research Focused on Tactile Quality 
and Reality,” NTT Technical Review, Vol. 9, No. ��, 20��.

 https://www.ntt-review.jp/archive/ntttechnical.php?contents=ntr20��
��fa6.html

[�2] T. Kawabe, M. Sawayama, K. Maruya, and S. Nishida, “Recognizing 
Liquid from Image Motion and Image Deformation,” NTT Technical 
Review, Vol. �2, No. ��, 20�4.

 https://www.ntt-review.jp/archive/ntttechnical.php?contents=ntr20�4
��fa5.html

[�3] M. Kashino, M. Yoneya, H.-I. Liao, and S. Furukawa, “Reading the 
Implicit Mind from the Body” NTT Technical Review, Vol. �2, No. 
��, 20�4.

 https://www.ntt-review.jp/archive/ntttechnical.php?contents=ntr20�4
��fa6.html

[�4] S. Tani, “Quantum Computing Beyond Integer Factorization—
Exploring the Potential of Quantum Search,” NTT Technical Review, 
Vol. �2, No. ��, 20�4.

 https://www.ntt-review.jp/archive/ntttechnical.php?contents=ntr20�4
��fa7.html

[�5] G. P. Nava, Y. Shiraki, H. D. Nguyen, Y. Kamamoto, T. G. Sato, N. 
Harada, and T. Moriya, “Capturing Sound by Light: Towards Massive 
Channel Audio Sensing via LEDs and Video Cameras,” NTT Techni-
cal Review, Vol. �2, No. ��, 20�4.

 https://www.ntt-review.jp/archive/ntttechnical.php?contents=ntr20�4
��fa8.html

[�6] J. Gertner, “The Idea Factory: Bell Labs and the Great Age of Ameri-
can Innovation,” Penguin Press, March 20�2.

[�7] J. R. Pierce, “Whither Speech Recognition?,” The Journal of the 
Acoustical Society of America, Vol. 46, No. 4B, pp. �049–�05�, 
�969.

[�8] T. Moriya, “LSP (Line Spectrum Pair): Essential Technology for 
High-compression Speech Coding,” NTT Technical Review, Vol. �2, 
No. ��, 20�4.

 https://www.ntt-review.jp/archive/ntttechnical.php?contents=ntr20�4
��in�.html

[�9] F. Vogelstein, “Dogfight: How Apple and Google Went to War and 
Started a Revolution,” Sarah Crichton Books, November 20�3.

Eisaku Maeda
Director, NTT Communication Science Labo-

ratories.
He received the B.E. and M.E. in biological 

science and the Ph.D. in mathematical engineer-
ing from the University of Tokyo in �984, �986, 
and �993, respectively. He joined NTT in �986. 
He was a guest researcher at the University of 
Cambridge, UK, in �996–�997. His research 
interests are statistical machine learning, intelli-
gence integration, and bioinformatics. He is a 
senior member of IEEE and a fellow of IEICE 
(Institute of Electronics, Information and Com-
munication Engineers of Japan), and a member 
of IPSJ (Information Processing Society of 
Japan).

https://www.ntt-review.jp/archive/ntttechnical.php?contents=ntr201411fa2.html
https://www.ntt-review.jp/archive/ntttechnical.php?contents=ntr201411fa3.html
https://www.ntt-review.jp/archive/ntttechnical.php?contents=ntr201307fa4.html
https://www.ntt-review.jp/archive/ntttechnical.php?contents=ntr201312fa2.html
https://www.ntt-review.jp/archive/ntttechnical.php?contents=ntr201111fa6.html
https://www.ntt-review.jp/archive/ntttechnical.php?contents=ntr201411fa5.html
https://www.ntt-review.jp/archive/ntttechnical.php?contents=ntr201411fa6.html
https://www.ntt-review.jp/archive/ntttechnical.php?contents=ntr201411fa7.html
https://www.ntt-review.jp/archive/ntttechnical.php?contents=ntr201411fa8.html
https://www.ntt-review.jp/archive/ntttechnical.php?contents=ntr201411in1.html


� NTT Technical Review

1.   Introduction

1.1   Instance search task
Our research group has been conducting research 

on multimedia search technology for music, images, 
and video since the �990s. Initially, we focused on 
identifying the same multimedia content, that is, on 
finding the same signal as the input signal. We 
believed that such technology would contribute to 
establishing the fundamentals for future media pro-
cessing technology, in the same way that term (word) 
identification techniques have done in natural lan-
guage processing. Our identification technology, 
called robust media search (RMS), enables the exact 
specification of multimedia content with high speed 
and high accuracy.

The research objective of our RMS team was to find 
the same signal as the input signal. Our BAM (binary 
area matching) and DAL (divide and locate) methods 
made this possible even if signals were corrupted 
with significant noise and distortion. This technical 
feature is known as robustness. With this innovative 
high-speed processing technique, RMS is now driv-
ing many services such as music search on mobile 
phones, music rights management for broadcasting 

and Internet distribution, World Wide Web (WWW) 
content identification, and content audience surveys. 
The upcoming instance search technology has enor-
mous potential to advance RMS as a way to solve 
challenging real-world problems.

After completing the RMS product development, 
we focused next on not only finding the same signal, 
but also finding the same object in multimedia con-
tent. For example, the aforementioned instance search 
technology is aimed at searching for the same object 
such as a person, logo, or place, as the input instance 
in movies that have a different background and 
appearance (Fig. 1). It is expected that such search 
technology will become a powerful tool for organiz-
ing large-scale image and video data and for retriev-
ing various kinds of information using real-world 
image queries. It is further expected that the instance 
search will realize automatic annotation of a specific 
person to any scene in video archives and that the 
information retrieval will be achieved by simply tak-
ing photos of unknown objects in, for example, a 
town or city. The potential of instance search is not 
limited to these kinds of applications. For example, it 
may contribute to the establishment of a multimedia 
dictionary. Such a dictionary would enable more 

Instance Search Technology for 
Finding Specific Objects in Movies
Masaya Murata, Hidehisa Nagano, Ryo Mukai, 
Kaoru Hiramatsu, and Kunio Kashino

Abstract
Successful retrieval of multimedia such as images or videos often involves utilizing their textual meta-

data. However, adding such metadata information to all multimedia of interest is far beyond our capabil-
ity. We are therefore pursuing an effective and efficient content-based search methodology based solely 
on the multimedia content itself. Our research group has been actively advancing multimedia identifica-
tion technologies for more than �5 years, and our latest search method makes it possible to search for 
and find specific objects in many kinds of movies. A specific object, person, or place, is called an 
instance, and the retrieval of an object is called an instance search. In this article, we overview our 
instance search methodology. 

Keywords: video retrieval, instance search, robust media search
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detailed semantic analyses of multimedia content.

1.2   Technical aspects of instance search
To find a specific object with a different appearance 

on a different background, we use local feature data 
extracted from a query image and a video keyframe. 
RMS takes a similar approach such as using local 
features of signals, but it is based on the fact that 
between the same signals, similar local features tend 
to occur at the same position in the spatiotemporal 
space. However, in cases where an object’s appear-
ance and background might differ, such consistency 
is not generally expected, which makes the instance 
search task very challenging. Our method tackles this 
problem by precisely matching local features extract-
ed from a query image and a video keyframe in order 
to differentiate the same object from similar ones. We 
also consider the discriminative power of local fea-
tures and assign larger weights to features that con-
tribute to successful instance searching. In short, 
accurate matching of a highly discriminative local 
feature is the key to carrying out the instance search 
task.

2.   Keypoint based search methodology

Our proposed instance search methodology is illus-
trated in Fig. 2 [�]. We first detect characteristic key-
points from query images and video keyframes. 

These keypoints are respectively called query key-
points and video keypoints. We then describe each 
keypoint using a high-dimensional vector. We cur-
rently employ the Harris-Laplace detector for the 
keypoint extraction, and we use the scale-invariant 
feature transform (SIFT) and color SIFT for the fea-
ture vector description. Then we find the video key-
point closest to each query keypoint with the criterion 
that the cosine similarity value between the two vec-
tors is greater than 0.9. The keypoint matching results 
enable us to count how many times a query keypoint 
occurs in a video. This number is called a keypoint 
frequency, and by taking all of the frequencies into 
account, we can determine whether the query instance 
appears in the video.

However, as mentioned in the previous section, 
there are two kinds of query keypoints: those with 
high discriminative power and those with low dis-
criminative power, and we also consider these proper-
ties for ranking videos stored in the database.

Such kinds of discriminative power were originally 
proposed as inverse document frequency (IDF) in the 
text retrieval field, and the state-of-the-art ranking 
method called BM�5 theoretically validates the use 
of the IDF weight for ranking documents of interest. 
The IDF weight quantifies the discriminative power 
of a keyword term in a document; the value is smaller 
when the term tends to occur in many kinds of docu-
ments. However, for the video retrieval task, we 

Fig. 1.   Example sets of query images.

Instance image Mask image Set of query images

U.S. Capitol building (object instance, top panels), Stephen Colbert (person instance, 
center panels), Stonehenge (place instance, bottom panels). These examples are actual
query images evaluated at an international workshop called TRECVID (see body of article
for more details). At TRECVID, mask images showing the instance regions within the query
images are also provided; the white regions indicate where the instance appears within the
query images. 
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found that the conventional IDF could not sufficiently 
lower the weights of lowly discriminative keypoints. 
The main reason for this is the inconsistency between 
the assumptions behind the IDF formulation and the 
actual properties/features of the images used for 
instance search.

Therefore, we proposed a new keypoint weight that 
is suitable for the instance search task [�]. We call it 
exponential IDF, and it is designed to become suffi-
ciently small when the keypoint shows a tendency to 
be a lowly discriminative feature. The BM�5 using 
exponential IDF realizes accurate matching of highly 
discriminative local features and results in a high 
accuracy instance search. More accurate retrieval can 
generally be achieved by emphasizing keypoints 
extracted from the specified instance region in the 
mask image (as in Fig. �), if the mask image is avail-
able. The videos in the database are ranked in 
decreasing order according to the BM�5 scores with 
exponential IDF and shown to the search user as the 
instance search result.

The effect of exponential IDF is shown in Fig. 3. 
The uppermost panels correspond to the query and 
mask images, and the lower left and right search 
results are those obtained by using the standard IDF 
and exponential IDF. As seen in the figure, the stan-
dard IDF resulted in misdetection caused by the sky, 
sand, and trees in the query images, but the proposed 
method successfully suppressed such contributions 
from the lowly discriminative keypoints.  

3.   System and evaluation

An example of how our instance search system 
works is shown in Fig. 4. The user (top left) takes a 
photo of an object for a search using a tablet device. 
Here, the instance is the NTT logo on a white helmet. 
The user also specifies the region of interest within 
the query image (top right). Touching the search but-
ton initiates the instance search, and the video rank-
ing results are provided on the right side of the tablet 
device (bottom left). A video showing the NTT logo 
can be previewed by tapping the thumbnail image on 
the video result rankings. If the video contains textual 
metadata information, the user can be directed to an 
outside information source such as the WWW and 
achieve the information retrieval by simply taking a 
photo.

The instance search task is attracting attention from 
video retrieval researchers, and it is indeed one of the 
important tasks at the TRECVID (TREC (Text 
Retrieval Conference) Video Retrieval Evaluation) 
workshop organized by the U.S. National Institute of 
Standards and Technology. Instance examples shown 
in Figs. � and � are the actual queries used in the pre-
vious TRECVID instance search tasks. At the 
TRECVID workshop held in �0��, our approach 
recorded the highest-level instance search accuracy 
among the �� teams participating from all over the 
world [�]. This success is mainly because of our key-
point weighting technique described in section �.

Fig. 2.   Overview of instance search method.

Instance images

Keypoint
matching

Ranking score of
the video

Calculation of relevance
probability of video to
query images

Video database

Mask images

Both direct keypoint matching between instance and video keyframe images
and keypoint importance degree estimated by exponential IDF contribute to the
successful instance search results. 

Employing keypoint importance
degrees estimated by the
exponential IDFs

Emphasizing the
instance keypoints

Instance search results

Query keypoints

Video keypoints

Stephen Colbert
1. Video ID 113
2. Video ID 65

10. Video ID 9
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4.   Future directions

We introduced our approach for an instance search 

task and focused in particular on the newly devised 
keypoint weighting method. We will continue to 
investigate the instance search task from various 

Fig. 3.   Comparison of instance search results.

Instance: U.S. Capitol building

BM25 using IDF BM25 using exponential IDF

IDF often fails to estimate appropriate importance degrees of query keypoints, resulting in high
rankings for incorrect videos (outlined in red).  

Fig. 4.   Developing a demo system.

(Top left) Taking a photo of the NTT logo on a white helmet. (Top right) Specifying the instance region
within the query image; the video search results are shown on the right side of the tablet screen. 
(Bottom left) Viewing the top ranked video search result by tapping it. (Bottom right) The NTT logo 
appears in the video shown on the left part of the screen.
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viewpoints and dedicate ourselves to establishing 
robust media search technology.
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1.   Introduction

Speech signals captured in a room generally con-
tain reverberation, which degrades speech intelligi-
bility and automatic speech recognition (ASR) per-
formance. Reverberation is considered harmful for 
speech-oriented communication, but it is essential for 
the music listening experience. For the purpose of 
recovering intelligible speech, improving ASR per-
formance, and enriching the music listening experi-
ence, considerable research has been undertaken to 
develop a blind*� signal processing technology that 
separates and controls reverberation contained in 
such audio signals (Fig. 1).

2.   Innovative audio signal processing  
technology: Reverberation control technology

2.1.   History of research
Research on reverberation control technology, 

especially audio dereverberation technology, has a 
long history going back to the �980s. However, 
despite the efforts of numerous researchers, it has 
remained a challenging problem, in contrast to the 
success achieved with noise reduction techniques. We 
tried many different approaches, most of which were 
just partly successful, before finally developing an 
efficient reverberation control technology for the first 
time in history. Our approach is an extension of a 
mathematical technique called linear prediction [�].

Feature Articles: New Developments in Communication Science

*� The term “blind’’ refers to the fact that neither the true reverbera-
tion characteristics nor source (clean) signals are known in ad-
vance.

Enhancing Speech Quality and Music 
Experience with Reverberation 
Control Technology
Keisuke Kinoshita

Abstract
Speech signals recorded with a distant microphone inevitably contain reverberation, which degrades 

speech intelligibility and automatic speech recognition performance. Even though reverberation is con-
sidered harmful for speech-oriented communication, it is essential for the music listening experience. 
For instance, when an orchestra plays music in a concert hall, the generated sound is enriched by the 
hall’s reverberation, and it reaches the audience as an enhanced and more beautiful sound. In this article, 
we introduce a novel reverberation control technology that can be used to enhance speech and music 
experiences. We also describe how it is utilized in actual markets and how we expect it to open up new 
vistas for audio signal processing.

Keywords: speech, music, reverberation

Fig. 1.   Effect of reverberation control technology.
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2.2.    Key principle of our reverberation control 
technology

To achieve high-quality reverberation control, it is 
essential to develop a technique to accurately esti-
mate the amount of reverberation contained in a tar-
get audio signal. A key principle of reverberation that 
we employ in our method is summarized in Fig. 2. A 
situation in which a speaker utters the letters “a” and 
“i” in an anechoic chamber is illustrated in Fig. �(a). 
As can be seen from the figure, in this situation, there 
is no similarity (more specifically, correlation) 
between signals that are separated in time. This is 
because the original audio signal such as that for 
speech or music generally changes in time. In con-
trast, a situation in which the same sounds are gener-
ated in an echoic chamber is illustrated in Fig. �(b). 
Unlike in Fig. �(a), the signals that are separated in 
time do possess correlation, since reverberation 
stretches the preceding sound “a’’ in time and lays it 
over the subsequent sound “i.” These physical fea-
tures of reverberation make it possible to accurately 
separate audio signals into reverberation and direct 
signals, assuming that the components that correlate 
well with the past signals are reverberation, and the 
components that do not are direct signals [�]. After 
the separation, we can control the volume of each 
component separately at our disposal to generate an 
appropriate output signal for different purposes.

3.   Application of reverberation control  
technology to different market areas

Up until now, the proposed reverberation control 

technology has been applied to the following market 
areas and demonstrated its efficacy.

3.1.   Recovery of intelligible speech
 When making movies and television programs, 

many scenes have to be filmed and recorded in vari-
ous environments including noisy and reverberant 
places. Quite naturally, the recorded signal often ends 
up containing too much reverberation. Dereverbera-
tion technology to deal with such situations has been 
in demand for decades by professional audio-post-
production*� engineers. Our technology has been 
developed into commercial software for postproduc-
tion work and is now widely used in production stu-
dios all over the world.

Reverberation problems are also relevant in com-
munication services such as teleconferencing sys-
tems. Our technology has been extended to real-time 
processing and will soon be employed in next-gen-
eration teleconferencing systems to help people com-
municate over networks with better speech quality.

Reverberation is known to be harmful not only for 
communication between people, but also for that 
between people and robots. Our dereverberation tech-
nology has been shown to improve the ASR perfor-
mance by utilizing it as a preprocessing mechanism 
for the ASR system. In a speech recognition competi-
tion held in May �0�4, we achieved the best score 

Fig. 2.   Difference in temporal characteristics between non-reverberant signal and reverberant signal.

Time Time

a i

Time Time

Some similarity between two points separated in time

a i

Recorded waveform Characteristics of recorded signal

Recorded waveform Characteristics of recorded signal

a, i

(a) Anechoic environment

No similarity between two points separated in time

(b) Reverberant environment

a, i

*� Audio-postproduction is the general term that refers to all stages 
of production that occur after the actual recording. It involves, for 
example, sound design, sound editing, audio mixing, and the ad-
dition of special effects.



� NTT Technical Review

Feature Articles

among submissions from �0+ research institutes by 
employing the dereverberation technique and a state-
of-the-art ASR system [�].

3.2.   Enrichment of music listening experience
The proposed technique can also be used as a tech-

nique to extract reverberation, i.e., three-dimensional 
(�D) spatial information, from a stereo (i.e., �-chan-
nel (ch)) music signal, and convert the �ch signal to a 
surround (e.g., 5.�ch) sound signal [�]. When we are 
listening to music from a seat in the audience of an 
actual concert hall, our ears receive two different 
types of signals from different angles. Considering 
the positional relationship between the band on the 
stage and the audience seat, we can expect to receive 
a direct signal from the front and reverberation from 
our surroundings, as shown in Fig. 3. By receiving 
these signals in such a manner, we can enjoy a �D 
spatial feeling in a concert hall and a feeling of being 
enveloped. 

However, once music is stored in the �ch compact 
disc (CD) format, direct signals and reverberations 
are mixed, and consequently, we lose the �D/front-
rear information, which makes it difficult to repro-
duce an acoustic field similar to the original record-
ing environment (i.e., audience seat in concert hall). 
We can utilize our technique to reproduce faithful 
surround sound from the �ch music signal. Specifi-
cally, we can utilize it to separate the �ch music sig-
nals into direct signals and reverberation, and then 
play them back separately from the appropriate 
speakers of a 5.�ch surround sound playback system, 
as depicted in Fig. 4. This technique has so far been 
used for remastering some famous old live albums 
and has earned a good reputation based on the results. 
It was also employed as a function of home audio 
systems that were launched as consumer products.

4.   Summary and future direction

Reverberation is an acoustic effect that becomes 
more and more remarkable as the distance between a 
microphone and a sound source increases. Reverbera-
tion control technology is an interesting process that 
can manipulate the perceived distance after the 
sounds are recorded. If the accuracy of reverberation 
control is improved in the future, it can open up new 
vistas of audio signal processing technologies. For 
instance, we may be able to use a phone or ASR sys-
tem from a distance without explicitly being aware of 
the locations of the actual devices/microphones. The 
music listening experience will be greatly enhanced 
if we can regenerate an acoustic environment that is 
completely faithful to a concert hall where the origi-
nal recordings were made.

Fig. 3.   Sound reaching the audience.

Reverberation

Wall of a concert hall

Direct sound

Fig. 4.    Surround sound playback based on reverberation 
control.

Direct signal

Reverberation

CD

L R

Reverberation
control
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1.   Introduction

What if a compass (or compass application in a 
mobile phone) actually pulled your hand in a certain 
direction instead of just showing the direction? The 
concept of force stimulation can be likened to the 
example of a parent leading a child by the hand, and 
it has the potential to be more intuitive and expressive 
than cutaneous stimulation, which refers to stimula-
tion of nerves via skin contact. Unfortunately, the 
conventional force display systems are not suitable 
for mobile devices since the generation of low-fre-
quency force requires a fixed mechanical ground, 
which mobile devices lack. Some mobile torque feed-
back devices that do not require grounding have also 
been proposed, but they produce neither a constant 
nor translational force; that is, they can generate only 
short-term rotational force.

We have been researching a way to create a force 
sensation in mobile devices and have developed a 
force display device called Buru-Navi, which gener-
ates a sensation of being pulled or pushed by exploit-
ing the characteristics of human perception [�, 2]. 
Our objective is not to create a physical tugging force, 
but to create an illusory sensation of being pulled or 

pushed. We can do this by placing some kind of mass 
into a box and moving the mass back and forth with 
different acceleration patterns for the two directions. 
This asymmetric motion generates a brief and strong 
force in a desired direction (e.g., forward) and a 
weaker one over a longer period of time in the reverse 
direction (e.g., backward). Note, however, that the 
average magnitudes of the two forces are identical. 
Since the magnitude of the longer and weaker force is 
much smaller than the other force, people who hold 
the box feel as if they are being pulled in the desired 
direction rather than feeling only a discrete vibrating 
sensation that is common in conventional mobile 
devices today. 

2.   Miniaturization of force device

Over the past several years, we have been refining 
a method to create a sensory illusion of being pulled 
and have developed various prototypes to create such 
a sensation [3, 4]. Our previous prototypes were able 
to create a clear force illusion, but they were based on 
mechanical linkages, so they were generally too large 
and heavy to embed in mobile equipment. Thus, we 
have selected a linearly vibrating actuator*�, which 

Buru-Navi3 Gives You a Feeling of 
Being Pulled
Tomohiro Amemiya, Shinya Takamuku, Sho Ito, 
and Hiroaki Gomi

Abstract
We have been investigating a way to create a sensation of being pulled even when there is no actual 

physical pulling. We have found through our studies of the characteristics of human force perception that 
asymmetric oscillation can create this sensation. Prototype devices to achieve this have been developed, 
although some early prototypes were as bulky as the receiver of a conventional fixed-line phone and were 
therefore not suitable for mobile use. We have recently succeeded in creating a thumb-sized prototype 
device containing a linear actuator that can effectively provide a pulling sensation. We achieved this by 
focusing on the high tactile acuity of human fingers. This article introduces the innovative prototype and 
its possible applications.
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does not require any mechanism to convert from rota-
tional motion to translational motion, and used it in a 
thumb-sized prototype (Figs. 1 and 2). However, 
generally speaking, the power-to-weight of the actua-
tor drastically decreases as the size of the actuator 
decreases, leading to an insufficient force illusion.

Accordingly, we have redesigned and optimized an 
asymmetric oscillation pattern by working to achieve 
the best combination of the amplitude of the small 
actuator and the sensitivity of the human fingerpad. 
Specifically, we have used a higher frequency range 
than that used before; the motion patterns of the 
actuator for forward and backward directions are 
shown in Fig. 3. 

There are four tactile mechanoreceptors in the 
human fingerpad; of these, the Pacinian corpuscle is 
most sensitive to high temporal frequency vibrations 
(�00–300 Hz) in the normal direction [5], but seems 
to have nearly the same sensitivity in sliding direc-
tions tangential to the skin [6, 7]. In contrast, SA� and 
RA� fibers, whose signals come mainly from Merkel 
and Meissner corpuscles, respectively, are sensitive 
to lower frequency (< �00 Hz) vibrations, and some 
of them can clearly code—or in other words, detect—
the sliding or tangential force direction [6]. Thus, 

Fig. 1.   Comparison of Buru-Navi3 devices.
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Fig. 2.   Timeline of Buru-Navi prototypes.
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*� Actuator: A type of motor that moves or controls a mechanism or 
system
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asymmetrically oscillating stimuli that contain the 
frequency components that stimulate these receptors 
will induce a clearer force sensation of being pulled. 
As a result, we have succeeded in creating a sensation 
of being pulled with a thumb-sized force display, and 
the sensation is just as clear and strong as it was with 
our previous prototypes.

3.   Comparison of clarity of force illusion

It is of no value to us if the effect of force illusion 
decreases when the size and weight of the device are 
decreased. To determine an effective profile of asym-
metric acceleration to induce a clear force sensation, 
we conducted an experiment to compare the clarity of 
perceived force sensation between actuators and 
asymmetric driving patterns of an input signal in 
order to find the best combination of these for a min-
iaturized force display.

We selected two kinds of linear actuators; each 
actuator was covered with a cylinder that was 40 mm 
in diameter and �7 mm thick and made of ABS (acry-
lonitrile butadiene styrene) resin. A piece of sand-
paper (#�000 grit) was pasted on its surface to control 
the surface roughness. Two driving patterns of 40 Hz 
(pulse alternation 7:�8 ms) and �25 Hz (pulse alterna-
tion 2:6 ms) were used as optimal inputs to each 
actuator, which gave us four stimulus conditions (two 

actuators × two driving patterns). In the experiment, 
each participant was asked which stimulus condition 
gave a stronger sensation of being pulled/pushed 
between two of the four conditions. Each participant 
made six paired comparisons*2.

All participants reported that they felt a strong force 
sensation of being pulled/pushed with a specific con-
dition. There were no significant differences between 
the tendencies of the participants’ evaluations (χ2(40) 
= 25.5, p = 0.96, not significant). Although a paired 
comparison provides ordinal data, the data can be 
converted into an interval scale by using the order 
statistics (Thurstone’s method). The values of the 
clarity of the force sensation in the interval scale are 
shown in Fig. 4. In this scale, the four conditions 
were ordered along a continuum to represent the 
degree of difference of the clarity of perceived force. 
The figure shows that an acceleration pattern created 
by the combination of a specific actuator (actuator B) 
and a specific driving pattern was highly likely to be 
judged to create a clear force sensation. This suggests 
that a clear force sensation can be created if we select 
the appropriate asymmetric acceleration pattern of 
oscillation.

       

Fig. 3.   Motion patterns of asymmetric oscillation.

0.4

0.2

0

0 0.040.02 0.06 0.08 0.1

Time (sec)

0 0.040.02 0.06 0.08 0.1

Time (sec)

Forward direction

Backward direction

P
os

iti
on

 (
m

m
)

0.4

0.2

0

−0.2

−0.4

−0.2

−0.4

−0.6

P
os

iti
on

 (
m

m
)

*2 Pairwise comparison: Any process of comparing objects in pairs 
to judge which of each has a greater amount of some quantitative 
property



Vol. 12 No. 11 Nov. 2014 4

Feature Articles

4.   Applications

Applications using Buru-Navi3 include a pedestri-
an navigation system and a new haptic experience in 
gaming. At NTT Communication Science Laborato-
ries Open House 20�4, we presented an angling game 
application and a virtual dog walking application. In 
the angling game, users can feel a virtual fish nib-
bling and pulling the hook. A fishing line with a small 
weight at its tip was attached to Buru-Navi3 (Fig. 5(a)). 
When the weight approaches the mouth of the virtual 
fish, the fish bites it. When the fish is caught, Buru-
Navi3 generates the sensation of the fish pulling the 
hook. Many participants seemed to enjoy the novel 

sensation produced by the device, and some reported 
to be “addicted” to it. In the dog walking application 
(Fig. 5(b)), the participants felt as if a virtual dog that 
walks around was pulling on the leash. We used the 
2-DoF*3 version of Buru-Navi3 in combination with 
a motion tracking system. The amplitude and direc-
tion of the force sensation were altered dynamically 
according to the positions of the user’s hand and the 
virtual dog. 

In addition, we recently presented a pedestrian 
navigation system at the ACM SIGGRAPH*4 20�4 

Fig. 4.   Results of paired comparison.
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Fig. 5.   Applications of Buru-Navi3.

(a) Angling game (b) Dog walking application

The user felt a sensation of
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when catching a virtual fish.
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in the direction of
the leash.
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*3 Degree of freedom (DoF): The number of independent parame-
ters that define the state of a mechanical system
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Emerging Technologies conference [8]. We have 
implemented a tracking system based on fiducial 
markers since marker-based tracking provides repeat-
able, robust, and reliable performance. We hung some 
polystyrene boards containing original printed fidu-
cial markers on the ceiling. Users held a web camera 
so it was facing the ceiling and thus able to capture 
the markers. The user’s position and orientation were 
estimated from each marker’s unique ID and its dis-
torted form in the captured image. A photo of the 
pedestrian navigation system using Buru-Navi3 is 
shown in Fig. 6.

It is worth mentioning that in the former study, we 
conducted an experiment to examine whether Buru-
Navi2, the previous prototype, allowed people with 
visual impairments to walk safely along a predefined 
route at their usual walking pace without any previ-
ous training. We found that by delivering simple 
navigational information, Buru-Navi2 enabled more 
than 90% of participants with visual impairment to 
walk along a predefined route through a maze with-
out any prior training [4]. This finding implies that 
the 2-DoF version of Buru-Navi3 will also be capable 
of leading people along a route—even people who 
might ordinarily have difficulty finding their way—
just as well as Buru-Navi2 did since the fundamentals 
underlying these systems are essentially identical.

5.   Conclusion and future work

Buru-Navi3 is the result of our efforts to investigate 

the mechanism underlying human perception and 
motion. In the development process, we have over-
come issues such as a trade-off between miniaturiza-
tion of the device and the effect of illusory sensations. 
Miniaturized devices are advantageous in that they 
can be used with mobile and wearable appliances. 
Such technology will open the door to providing rich 
haptic experiences in mobile applications, which is a 
relatively new field.

The characteristics of human perception have been 
considered deeply in developing conventional video 
and audio systems. In the future, various kinds of 
sensory information—not only for perception but 
also for action—will be considered in order to devel-
op sophisticated interactive systems. Thus, we will 
continue to focus not only on understanding the 
mechanisms of sensorimotor processing in the brain, 
but also on finding prerequisites for developing inter-
active and natural user-friendly interfaces. 
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1.   Introduction

Humans can easily recognize an object such as a 
chair, a desk, or a book; we call this object recogni-
tion. In addition, we are also fairly proficient at rec-
ognizing materials such as metal, wool, plastic, and 
glass (material recognition). The visual mechanism 
of object recognition was clarified in the field of 
visual science over a decade ago. Meanwhile, the 
mechanism for material recognition had been virtu-
ally ignored [�]. Researchers working in various sci-
entific areas such as psychophysics, computer graph-
ics, and computer vision have recently started inves-
tigating how humans (or machines) recognize materi-
als [2].

Still, most of the research that has been done has 
explored how human observers recognize static mate-
rials whose shape does not change over time. Very 
little research has focused on how human observers 
are able to recognize nonrigid materials such as rub-
ber that easily deform, or how the visual system can 
recognize liquids and their viscosity. Here we focused 
on liquids and sought to clarify the underlying mech-
anism of liquid recognition. In this article, we first 
describe our scientific investigations of how humans 
recognize liquid. Then we describe image presenta-
tion techniques that can alter the impression of mate-
rials through the manipulation of several characteris-
tics of image motion and image deformation, which 

strongly affect the recognition of liquid.

2.   Recognition of liquid viscosity from  
image motion speed

We can easily discriminate a low-viscosity liquid 
such as water from a high-viscosity liquid such as 
honey. How can the visual system recognize a liquid’s 
viscosity? In everyday life, it is easy for us to recog-
nize the viscosity of liquids in still images. However, 
it may also be intuitively known that a low-viscosity 
liquid flows more quickly and smoothly than a high-
viscosity liquid. We investigated how image motion 
generated by a flowing liquid contributed to the rec-
ognition of liquid viscosity [3]. 

We first created computer-rendered movies that 
simulated various scenes containing the flows of 
opaque liquids with different viscosities (Fig. 1). 
Next, we calculated the optical flow fields of liquid 
flows to quantify to what extent each pixel in the 
simulation movies moved between frames. On the 
basis of the calculated optical flow fields, we moved 
low-pass white noise within each of the �5 × �5 
matrices of noise patches (noise motion movies). The 
noise motion movies lacked the static form informa-
tion contained in the original movies. Thus, by using 
the noise motion movies, we were able to investigate 
how image motion information affected the recogni-
tion of a liquid’s viscosity. We asked observers to 
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Recognizing Liquid from Image 
Motion and Image Deformation
Takahiro Kawabe, Masataka Sawayama,  
Kazushi Maruya, and Shin’ya Nishida

Abstract
Our research confirms that the human visual system recognizes a liquid and its viscosity on the basis 

of image motion and image deformation. This scientific understanding enables us to alter the impression 
of materials in movies and prints by manipulating several characteristics of image motion and image 
deformation.
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view the noise motion movies and rate the viscosity. 
Surprisingly, despite the fact that the noise motion 
movies contained no static form information, the 
observers were able to judge the viscosity with rea-
sonably high accuracy. The results indicate that 
human observers can recognize a liquid’s viscosity 
solely from image motion. Moreover, we also found 
that artificially increasing or decreasing image 
motion speed, respectively decreased or increased the 
rated viscosity values. This indicates the possibility 
that the visual system uses image motion speed to 
judge liquid viscosity.

3.   Recognition of liquidness from  
smooth image motion flow

However, not all liquids that move slowly are 
always perceived to be highly viscous. Thus, an addi-
tional constraint is clearly necessary in order to rec-
ognize viscosity on the basis of image motion speed. 
In general, a liquid flows smoothly. Thus, we sug-
gested that the additional constraint might be the 
smoothness of image motion flow. To investigate this 
idea, we scrambled the positions of the patches in the 
noise-motion movies to produce a more discrete, or 
discontinuous, image motion flow (Fig. 2), and we 
found that the spatial scramble of patches strongly 
reduced the impression of liquidness. Importantly, it 
became difficult to rate the viscosity under the sce-
nario with a discontinuous image motion flow. We 
further investigated the image statistics that could 
characterize the smoothness of the image motion 
flow (and liquidness impression) and found that the 
discrete Laplacians (Laplace operators, i.e., the sum 
of the second derivatives of image motion vectors) 

were negatively correlated with the rated impressions 
of liquidness. These results indicate that the visual 
system can use image motion speed to recognize liq-
uid viscosity only when the image motion flow is 
spatially smooth and, resultantly, when observers 
interpret the image motion flow as liquid. 

4.   Recognition of a transparent liquid from 
image deformation

We have thus far summarized our investigations of 
how humans see an opaque liquid and its viscosity. 
However, many liquids such as water, honey, and oil 
are transparent. When light hits the surface of a trans-
parent liquid, some portions of the light are reflected 
at the surface of the liquid (Fig. 3) and produce 

Fig. 1.    (a) Computer-rendered movies simulate the flow of an opaque liquid. (b) Optical flow fields of the liquid flow were 
calculated. (c) Band-pass white noise within each patch in noise motion stimuli was moved based on the optical flow 
fields. Human observers view the noise motion stimuli and can recognize the flow of liquid from image motion 
only.

(a) Simulation movies (b) Optical flow fields (c) Noise motion stimuli

Recognition of liquid flow
from noise motion

Fig. 2.    Smooth and discrete image motion flows create 
respectively strong and weak impressions of liquid 
flow.

Smooth image motion flow

Strong impression of liquid flow

Discrete image motion flow

Weak impression of liquid flow
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highlights in the resulting image. Other portions of 
the light penetrate the body of the liquid, are reflected 
at the underlying surface, and are refracted at the 
liquid’s surface. The refraction tends to cause image 
deformation of the scene underneath the liquid, and 
the pattern of image deformation depends critically 
on the three-dimensional structure of the liquid’s sur-
face. 

We reported in Kawabe, Maruya, & Nishida (20�3) 
that the visual system uses image deformation to see 
a transparent liquid [4]. We simulated the flow of a 
transparent liquid that generated the refraction-based 
dynamic image deformation of an underlying scene. 
In rendering, we removed reflection components at 
the surface of a transparent liquid to investigate the 
pure effect of dynamic image deformation on the 
recognition of a transparent liquid. We asked observ-
ers to view simulation movies and rate their impres-
sion of a transparent liquid. The observers were able 
to recognize a transparent liquid from dynamic image 
deformation even when the liquid lacked the reflec-
tion components. In further studies, we found that 
human observers often reported the presence of a 
transparent liquid when dynamic image deformation 
contained high-amplitude spectra in specific bands of 
the image deformation’s spatiotemporal frequency. 
These results indicate that human observers recog-
nize a transparent liquid from dynamic image defor-
mation due to refraction.

5.   Altering the impression of liquid materials in 
movies and printed materials

We recently succeeded in extending the obtained 
scientific knowledge to information presentation 
techniques that can alter the impression of liquids in 

movies and prints. For example, our finding that 
image motion speed can alter the recognition of liq-
uid viscosity led to the idea that manipulating the 
amplitude spectra of the spatiotemporal frequency 
can alter the impression of liquid viscosity. Specifi-
cally, when we reduced the amplitude spectra of a 
high temporal frequency in a movie containing a thin 
liquid, the perceived viscosity of the liquid increased. 
In another example, we demonstrated that when 
dynamic image deformation was added to an online 
movie captured with a camera, the viewers were able 
to get the impression that a scene captured by the 
camera was behind the flow of a transparent liquid.

Recently, we developed a new light projection tech-
nique that was inspired by our understanding of how 
people see transparent liquids (Fig. 4). When we see 
a transparent liquid, we simultaneously perceive both 
an underlying static scene and a transparent layer. 
Thus, the brain possibly has two sets of representa-
tions, one corresponding to the static scene and the 
other to the dynamic liquid layer. However, what 
image features are causing these representations? 
Here, we tentatively hypothesize that the static scene 
representation is obtained from the direct current 
(DC) components of the temporal frequency, while 
the representation of the dynamic liquid layer comes 
from residual motion components. When we pro-
jected residual motion components onto the printed 
version of the DC components of the temporal fre-
quency, we found that the printed DC components 
were perceptually deformed. Moreover, when the DC 
and residual motion components were obtained from 
the same movies of a liquid flow, the light projection 
of the residual motion components onto the printed 
DC components added the impression of a liquid 
flow to the printed DC components. With this light 

Fig. 3.    (a) Light reflection and refraction at the surface of a transparent liquid. (b) Left: original image of an underlying 
scene. Right: deformation of the left image due to refraction at the surface of a transparent liquid.
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projection technique, it is possible to add the impres-
sion of a liquid flow to a floor, a wall, or paper. 

6.   Concluding remarks

We investigated how the brain works when a person 
sees materials. We plan to accumulate further scien-
tific knowledge about what happens in the brain when 
we see various materials and explore the development 
of other novel and useful information presentation 
techniques that can communicate realistic and vivid 
material impressions.
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1.   Introduction

In daily life, people often infer other people’s feel-
ings and intentions to some extent—even if they are 
not expressed explicitly by language or gesture—by 
taking the appearance of the person and the situation 
into account. This ability, often referred to as mind 
reading, is an essential characteristic that supports 
smooth communication among people. A majority of 
current information and communication technology 
(ICT) devices, on the other hand, do not function 
without receiving explicit commands, which are 
entered using predetermined methods such as typing, 
pressing buttons, using one’s voice, and making spe-
cific gestures. If ICT devices had a mind-reading 
ability, the relationship between such devices and 
users would be more flexible and natural. Ultimately, 
users would not be aware of the existence of ICT 
devices. In other words, mind-reading technology 
would make ICT devices transparent to users.

2.   Reading the mind from the body

Mind-reading technology has been a topic of exten-
sive research in recent years. In fact, remarkable 
progress has been made in brain-computer interfaces 

(BCIs), which decode a person’s brain activity to 
identify the content of the person’s consciousness, 
such as a category of a perceived object, or a button 
to be pressed among multiple alternatives. Our 
approach, however, is essentially different from BCI 
in two aspects.

The first difference concerns the method of mea-
surement. In BCI, brain activity is measured using 
such technologies as electroencephalograph or func-
tional magnetic resonance imaging, whereas in our 
mind reading approach, we measure physiological 
changes on the body surface, including eye move-
ments, pupil diameter changes, heart rate variations, 
and involuntary body movements. These signals can 
be measured with relatively simple devices such as a 
camera or surface electrodes. In contrast, BCI 
requires large-scale specialized measurement equip-
ment. At present, measurement of body surface sig-
nals is not completely unconstrained, meaning that 
the movement of the person being measured is some-
what restricted. However, it will be even less con-
strained and more transparent in the near future, 
when sophisticated wearable sensors are developed.

The second difference concerns the decoding tar-
get. BCI tries to categorize the content of conscious-
ness, such as types of perceived visual objects (e.g., a 
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Recent studies in cognitive science have repeatedly demonstrated that human behavior, decision mak-
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face vs. a house) and a button to be pressed (e.g., left 
or right). The system learns the statistical correspon-
dence between the categories and brain activity pat-
terns in advance. Based on the learning, it judges 
which category the observed pattern belongs to. 
However, it should be noted that consciousness is 
only a fraction of the whole mind. Recent findings in 
the field of cognitive science repeatedly demonstrated 
that human behavior, decision making, and emotion 
depend not only on conscious deliberation, but they 
also depend heavily on the implicit mind, that is, 
automatic, fast, involuntary mental processes that 
even the person herself/himself is not aware of  
(Fig. 1) [�]. This implicit mind is the target of our 
mind reading. 

Many experimental studies have shown strong 
interactions between the implicit mind and the body. 
In a sense, they are inseparable, like two sides of a 
coin. Such a tight relationship reflects the complex 
loops of the brain, body, and environment (Fig. 2). If 
some event happens in the environment, the states of 
one’s body such as the autonomic, endocrinal, and 
musculoskeletal systems change so that the person 
can react to the event appropriately. The information 
about the event is also sent to the cerebral cortex, 
where the event is recognized through complicated 
information processing. These changes in body states 
start prior to, and thus deeply affect, the processing in 
the cerebral cortex. This is why people often lose 
control of their mind and body, no matter how well 

Fig. 1.   Illustration depicting implicit and explicit minds.
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they understand what to do. For example, if they had 
to make a speech in front of some eminent people, 
they might inadvertently make some uncharacteristic 
mistakes due to extreme nervousness.

Moreover, in interpersonal communication, uncon-
scious body movements of partners interact with one 
another, creating a kind of resonance. The resonance, 
in addition to explicit language and gesture, may pro-
vide the basis for understanding and sharing emo-
tions (Fig. �). An experiment we conducted recently 
demonstrated that the unconscious synchronization 
of footsteps between two people who had met for the 
first time and were walking side by side for several 
minutes enhanced the positive impressions that they 
had of each other. The mind is, in one aspect, a 
dynamic phenomenon that emerges through the inter-
action mediated by bodies. Thus, measuring the body 
surface instead of the brain not only has practical 
merit, but is also essential in mind reading. The next 
section introduces an example of our experiments.

3.   Reading the familiarity and preference  
for music from the eyes

3.1   Measuring microsaccades 
As the saying goes, “The eyes are more eloquent 

than the mouth.” In the context of mind-reading tech-
nology, gaze direction has been used extensively as 
an index of visual attention or interest. However, 
what is reflected in the eyes is not limited to mental 
states directed to or evoked by visual objects. We are 
studying how to decode mental states such as salien-
cy, familiarity, and preference for sounds based on the 
information obtained from eyes, namely, a kind of 
eye movement called a microsaccade as well as 
changes in pupil diameter. In the experiment, the 
measurement is conducted using a high-precision eye 
camera (sampling rate = �000 Hz, spatial resolution 
< 0.0�°), installed in a downward frontal position to 
the participant, whose head movement is restricted by 
a chin rest (Fig. 3). Although technical problems 
remain to be solved before we can achieve complete-
ly unconstrained measurement in the real world, it 
has been shown that the eyes can provide more 
diverse information than previously thought. 

Microsaccades are small, rapid, involuntary eye 
movements that typically occur once every second or 
two during a visual fixation task (Fig. 4(a)). We have 
revealed a previously unexplored relationship 
between auditory salience and features of microsac-
cades by introducing a novel model of eye-position 
control [�]. In short, the presentation of a salient (i.e., 

unusual or prominent, and therefore easily notice-
able) sound among a series of less salient sounds 
induced a temporal decrease in the damping factor of 
microsaccades, which is an indicator of the accuracy 
in position control, and a temporal increase in the 
natural frequency of microsaccades, which is an indi-
cator of the speed of position control (Fig. 4(b)).

3.2   Studying pupillary responses
One more thing we focus on is pupillary responses. 

The primary function of the pupils is to control the 
amount of light entering the retina, just as the dia-
phragm of a camera does. However, pupil diameter is 
also modulated by emotional arousal and cognitive 
functions such as attention, memory, preference, and 
decision making (Fig. 5(a)). This is because pupil 
diameter is controlled by the balance of sympathetic 
and parasympathetic nervous systems, and reflects, to 
some extent, the level of neurotransmitters that con-
trol cognitive processing in the brain. We have dem-
onstrated that pupil dilation, as well as microsac-
cades, can be used as a physiological marker for cer-
tain aspects of auditory salience [�]. Temporary pupil 
dilation occurs when a salient sound is presented 
among a series of less salient sounds (Fig. 5(b)). Such 
pupil dilation responses depend on various factors 
including acoustic properties, context, and presenta-
tion probability, but not critically on voluntary atten-
tion to sounds.

We applied these basic findings in some attempts to 
estimate a listener’s familiarity and preference for a 
tune based on the features of microsaccades and 
pupillary responses while listening to the tune. In 

Fig. 3.    Experimental setup to decode familiarity and 
preference for music from the eyes. Eye movements 
and pupillary responses of participant while she 
listens to a tune are measured using an eye 
camera.
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addition to the physiological signals obtained from 
the eyes, we also analyzed the acoustic/musical prop-
erties of the tune. For example, we have developed a 
novel surprise index, which represents the extent of 
unpredictability of the musical data at a given moment 
in a tune, given the data up to that point. We consider 
this index useful because a typical tune consists of 
regularity (predictability) and deviation from it 
(unpredictability or surprise), and the balance 
between the two seems to be one of the critical factors 
that contribute to familiarity and attractiveness of the 
tune.

At NTT Communication Science Laboratories 
Open House �0��, we conducted a demonstration in 
which each participant listened to one of �5 tunes 
from various music genres including classical, rock, 
and jazz for 90 seconds. The participant’s familiarity 
and preference ratings for the tune were then esti-
mated based on �� features of microsaccades and 
pupillary responses, together with several features of 
the tune including surprise. Prior to the demonstra-
tion, the decoding system had learned the mapping 
between those features and subjective ratings (7-point 

scale each) of familiarity and preference for �� par-
ticipants. In the demonstration, the differences 
between the actual and estimated ratings were � or 
smaller in more than 80% of the trials for nearly �00 
participants. (Note that this was only an informal 
demonstration and not a rigorous test.) The demon-
stration was designed to estimate subjective (that is, 
not implicit) ratings, but could be extended to implic-
it mind (or behavior), once objective behavioral data 
are available, such as which tune each participant 
decided to buy and when and how many times the 
tune was played back.

4.   Future directions

In addition to the work described in this article, we 
are conducting diverse lines of research concerning 
the responses of the brain and autonomic nervous 
systems, hormone secretion, and body movements. In 
one such project, we developed a method to measure 
the concentration of oxytocin (a hormone considered 
to promote trust and attachment to others) in human 
saliva with the highest accuracy to date (in 

Fig. 4.    (a) Example of microsaccade measurement. Microsaccades are indicated by red lines. (b) Time evolution of 
microsaccade parameters (natural frequency and damping factor) in response to oddball (rare and thus salient) and 
standard (common and not salient) sounds. The horizontal axis represents time from onset of sound. Each sound 
was 50 ms in duration.
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collaboration with Prof. Suguru Kawato of the Uni-
versity of Tokyo). This has enabled us to identify a 
physiological mechanism underlying relaxation 
induced by music listening. Listening to music with a 
slow tempo promotes the secretion of oxytocin, 
which activates the parasympathetic nervous system, 
resulting in relaxation [�]. Analysis of hormone con-
centration is not fast enough for direct use in ICT 
devices. However, when the relationship between 
physiological signals that are quickly measurable and 
the relevant hormone concentration is revealed by 

laboratory experiments, the knowledge will be bene-
ficial for mind reading. In evaluating the quality of 
video or audio, for example, it would be possible to 
capture the differences in quality of experience that 
are not apparent in subjective ratings.

As wearable sensor technology advances, mind 
reading will be applied more widely. It is especially 
attractive in sport-related areas. For example, mea-
surement of heart rate, respiration rate, and muscle 
potential at various parts of the body using sensors 
woven into underwear would make it possible to 
report mental and physical states of players during a 
game, or to develop effective training methods that 
combine monitoring and sensory feedback.

The study of reading the implicit mind has just 
begun. For the moment, basic research is necessary to 
understand the mechanisms of the complex loops of 
mind and body. Needless to say, careful consideration 
should be given to ethical issues such as privacy and 
safety.
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1.   Introduction

Significant progress in computer technology has 
been made since Alan M. Turing, a British mathema-
tician, invented the mathematical model of comput-
ers. State-of-the-art computers still follow Turing’s 
model in principle. The term classical computers 
refers to all current computers and their possible 
extensions, which are based on Turing’s model, and 
classical computation/algorithms refers to the com-
putation/algorithms performed on classical comput-
ers. 

Quantum computers are novel computing devices 
that make effective use of quantum-mechanical phe-
nomena, so their mechanism is quite different from 
Turing’s model (Table 1). It is therefore expected that 
quantum computers, which are being extensively 
studied all over the world, will be able to solve a vari-
ety of problems significantly faster than the intolera-
bly long time it takes to solve them on classical com-
puters. To solve problems on quantum computers, we 
need to write a series of explicit operations to be per-
formed on the hardware of quantum computers, as in 
the case of current computers. Such a series of opera-
tions is called a quantum algorithm. The computation 
time on quantum computers heavily depends on the 

quantum algorithms, just as the computation time of 
current computers depends on the classical algo-
rithms. It is therefore necessary to research and 
develop fast quantum algorithms as well as scalable 
and robust hardware for quantum computers.

2.   Fast quantum algorithms developed by Shor 
and Grover

The most famous quantum algorithm is arguably 
the one developed by Peter W. Shor in �994 [�] that 
factors integers exponentially faster than any known 
classical algorithm. The integer factoring problem is 
a basic mathematical problem that is very difficult in 
the sense that a long history of research on this prob-
lem has not yet succeeded in finding a fast classical 
algorithm. In fact, the security of the RSA (Rivest-
Shamir-Adelman) cryptosystem, used in practice on 
the Internet for secure data transmission, is based on 
the hardness of this problem. Shor’s discovery thus 
has the potential to affect a great number of people, 
even those outside academic communities, since it 
implies that quantum computers would be capable of 
breaking the cryptosystem. This is obviously an 
unhappy scenario.

Extensions of Shor’s algorithm can solve hidden 
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subgroup problems extremely quickly. In the research 
field of quantum algorithms, subsequent studies 
extended Shor’s algorithm to a collection of more 
general mathematical problems. Although these 
extensions are highly important in a theoretical sense, 
they seem to have little relation to the problems that 
are familiar to people outside the theory field, and it 
would thus be unlikely that those people would 
appreciate the extended algorithms.

The quantum search algorithm (quantum search in 
short), developed by Lov K. Grover [�] in �996, is 
also very well known. This algorithm solves the prob-
lem of finding a desired piece of data from among N 
pieces of data. Classical computers clearly need 
roughly N accesses to the data in the worst case, even 
if we allow a small error probability. However, the 
quantum search can find a desired piece of data with 
high probability only with approximately N  
accesses. Although this cannot achieve the exponen-
tial speedups over classical algorithms, in contrast to 
the case of factoring integers, the quantum search can 
still yield a significant speedup whenever N is very 
large. 

One of the advantages in considering the search 
problem is that the definition of the problem is so 
simple that it can often emerge as a subproblem of 
various other problems that we want to solve. In other 
words, the algorithms for the problem potentially 
have wide applicability. One can imagine the follow-
ing straightforward scenario; if one finds a search 
problem as a subproblem of some other problem, 
then one can solve the search problem significantly 
faster with the quantum search, which may imply a 
fast algorithm for the whole problem. In many cases, 
however, it is not an easy task to carve a search prob-
lem out of the original problem; even if one succeeds 
in doing so, it may be necessary to adapt the algo-
rithm appropriately, often in a non-trivial way. This is 
why the search problem and its generalizations are 
still major topics in quantum computing research 
(Fig. 1).

3.   Quantum bits and superposition

The unit of information on quantum computers is 
called a quantum bit, or a qubit. A qubit represents 
any superposition of 0 and �, including 0 or � as a 
special case (Fig. 2). Similarly, two qubits represent 
any superposition of 00, 0�, �0, and ��. Moreover, n 
qubits represent any superposition of �n bit-strings: 
0…0 through �…�. The superposition is called the 
quantum state over the qubits. In terms of linear alge-
bra, we can describe it as follows: Consider a two-
dimensional complex Euclidean space with two 
orthogonal basis vectors, 

→
0 and 

→
�, of unit length, and 

identify 
→
0 and 

→
� with “0’’ and “�,’’ respectively. Then, 

a superposition of 0 and � means simply a linear com-
bination of the unit vectors a

→
0 + b

→
�, where a,b are 

complex numbers such that |a|� + |b|� = �. Similarly, 
a superposition over n qubits is a linear combination 
of �n orthogonal vectors of unit length. Since qubits 
are identified with vectors, the operations over qubits 
should be mappings over vectors. More concretely, 
the operations must be unitary operators*� or orthogo-
nal projectors, which are linear transformations over 
complex vectors. In particular, applying a set of 
orthogonal projectors summed to the identity is called 
measurement, which produces a classical outcome 
and a quantum state. To get a classical value as the 
output of a quantum algorithm, we thus need to take 
measurements over a quantum state generated by the 
algorithm.

4.   The search problem and quantum algorithms

To solve a problem such as the search problem that 
depends on N input data X�, …, XN, we need to access 
the input data. Formally, we can think of this as fol-
lows: 

*� A unitary operator is a linear operator that maps a vector to an-
other such that it does not change the inner product of any two 
vectors. Intuitively, the operator does not change the angles be-
tween any two vectors and the length of any vector.

Table 1.   Comparison between classical and quantum computers.

Classical computers Quantum computers

Unit of information Bit Quantum bit (qubit)

Mathematical expression of information Logical values (True/False) Complex vectors

Elementary operations Logical operations
(AND, OR, NOT)

Linear operators
(unitary operators)

Model of computation Turing machine, logic circuits Quantum Turing machine, quantum circuit
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We receive Xk by making a query with the index k. We 
call such a query a classical query. On quantum com-
puters, the index associated with a query is expressed 
with qubits, and thus a query, in this case called a 
quantum query, will be a superposition of classical 
queries over all indices k ranging from � to N; accord-
ingly, the answer to the quantum query will be the 
corresponding superposition of all Xk, where k ranges 
from � to N. With the ability to make quantum que-
ries, the quantum search may be stated as follows (we 
assume for simplicity that each piece of input data is 
either 0 or �, but this is not essential to the quantum 
search).

Theorem (Quantum Search) Given N input data X�, 
…, XN ∈ {0,�}, there exists a quantum algorithm that 
finds an index i with Xi = � with high probability by 

making approximately N  data accesses (i.e., quan-
tum queries).

To estimate the total number of steps required to 
solve a problem, it is necessary to count the number 
of steps taken to process the input data obtained via 
queries, as well as the number of accesses to the input 
data. However, we will focus only on the number of 
accesses to the input data, since it is a dominant factor 
in the search problem and the other problems dealt 
with in this article.

As an application of the theorem, let us consider the 
problem of testing the planarity of a given graph.

Example 1: Graph planarity testing
We say that a graph is planar if the graph can be 

drawn without crossing any pair of edges on a two-

Fig. 2.   Qubits and superposition.
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sin θ
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Fig. 1.   Quantum algorithms.
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dimensional plane (Fig. 3). It is well known that a lot 
of graph-theoretic problems that are hard for general 
graphs can be solved efficiently on planar graphs. 
Testing the planarity of graphs is hence one of the 
particularly important problems in testing graph 
properties. Let us define our problem more formally. 
We assume that graph G is an undirected graph*� 
consisting of n vertices. The input data are given as 
the information consisting of whether an edge exists 
between each pair of vertices, more concretely, the 
set of Xij defined as follows; For each i = �, …, n and 
j = �, …, n with i < j, define Xij = � if there is an edge 
between (i, j), and Xij = 0 otherwise (that is, Xij is the 
(i, j)-element of the adjacency matrix*� of G). The 
problem is determining with high probability if the 
graph represented by these �

� n(n − �) pieces of data, 
Xij, is planar. The key tool for carving out a search 
problem is a very old theorem discovered by Euler in 
the �8th century.

Theorem: If a graph with n vertices is planar, then 

the graph has at most �n − 6 edges.

With this theorem, we divide the problem into the 
following subproblems (Fig. 4).
(�)  Identify �n − 5 edges from among the �

� n(n − �) 
candidates of edges (in particular, this means 
identifying all edges, if the graph has at most  
�n − 6 edges).

(�)  If Step (�) identifies exactly �n − 5 edges, the 
graph is not planar according to Euler’s theorem, 
since �n − 5 > �n − 6.

(�)  If Step (�) identifies at most �n − 6 edges, all 
edges have been identified; then, without further 
queries, determine whether the graph is planar 
with a known algorithm.

Note that only Step (�) makes queries. With a little 

Fig. 4.   Quantum algorithm for testing planarity of a graph.

Input data

Yes/No

Quantum algorithm

Search for (3n–5) edges
Success

(3) 

Not planar

Planar
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Fail: at most, only 3n–6
edges are found
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(2) 

Apply a known algorithm 
to the 3n–6 edges.
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*� An undirected graph is a graph whose edges have no directions.
*� For a graph with n vertices, the adjacency matrix A of the graph 

is an n-by-n matrix such that each element A[i,j] represents the 
existence of an edge between the vertices i and j.

Fig. 3.   Planarity of a graph.

The property that the graph can be drawn on a 2D plane without crossing edges.
Example: (A) is not planar. (B) is obtained from (A) by removing an edge. Since
(B) can be drawn as in the rightmost figure, (B) is planar.

(B) planar(A) non-planar
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more thought, it is possible to see that Step (�) can be 
realized by solving �n − 5 times the problem of 
searching for an edge. We can hence speed up Step 
(�) with the quantum search (plus some modifica-
tions). Consequently, we can prove that roughly n�.5 
quantum queries are sufficient to test the planarity of 
a graph on quantum computers, while nearly n� clas-
sical queries are required on classical computers [�]. 
We should emphasize that the key to carving out a 
search problem is the effective use of a theorem in the 
field of graph theory. There are many other important 
properties for which quantum speedups can be 
achieved, examples of which include testing graph 
connectivity*4 and determining the existence of Ham-
iltonian paths*5.

5.   A generalization of quantum search

Let us sample a piece of input data at random on a 
classical computer. In other words, we choose a piece 
of data from among X�, … XN uniformly at random 
and access it. If there is exactly one desired piece of 
data among the N input data, the probability that a 
randomly chosen piece is the desired one is only �/N. 
In fact, very roughly speaking, what the quantum 
search does is to iterate this random sampling in 
superposition N  times. Note that amplifying the 
success probability �/N of the random sampling 
nearly to one requires roughly N times on classical 
computers. In this sense, we would say that the quan-
tum search amplifies the success probability nearly to 
one with substantially fewer iterations. This view-
point can be stated more generally as follows.

Theorem (Quantum Amplitude Amplification [4]) 
Consider a classical algorithm that solves a problem 
with probability p by accessing input data c times. 
Then, it is possible to construct a quantum algorithm 
that solves the problem with a probability close to one 
by accessing input data roughly c/ p  times. More-
over, if the exact value of p is known, it is possible to 
amplify the probability to one.

In the case of random sampling for the search prob-
lem, the parameters will be c = �, p = �/N. The result-
ing quantum algorithm thus accesses the input data 
(roughly) c/ p  = N  times. This means that a spe-
cial case of the theorem is Grover’s algorithm. Intui-
tively, the theorem says that roughly �/ p  iterations 
of the base classical algorithm in superposition can 
amplify the success probability p nearly to one. A 
similar idea can be applied to even distributed algo-

rithms on a quantum network*6 consisting of multiple 
quantum computers. 

Example 2: The leader election problem 
The leader election problem is a fundamental prob-

lem in the distributed computing field in that it often 
appears as a subproblem of various distributed com-
puting problems. The goal of the problem is to elect a 
unique leader from among all nodes in a network 
(Fig. 5). The problem is seemingly easy, but in the 
most general case where each node does not neces-
sarily have a unique identifier, it is mathematically 
proved that the problem cannot be solved within any 
bounded time with probability one by using classical 
computation and communication (i.e., sending/
receiving bits through communication channels). In 
contrast, we proved that, if quantum communication 
and computation can be used, the problem can be 
solved within a certain bounded time with probability 
one [5]. This means that classical distributed comput-
ing and its quantum counterpart are qualitatively dif-
ferent. The first proof of our result did not use the 
quantum amplitude amplification, but an idea of 
another proof that employs the quantum amplitude 
amplification is given as follows. 

First consider the following simple classical algo-
rithm: (�) Every node flips a coin; (�) the algorithm 
succeeds only when there is exactly one node that 
sees heads, in which case, the node will be elected as 
a leader. We can easily see that the success probabil-
ity of this algorithm is p = n/�n , where n is the num-
ber of nodes. Since we know the exact value of the 
success probability, we can construct a quantum algo-
rithm that amplifies the success probability to one by 
repeating the coin flipping roughly �/ p  = 2n/n  
times together with the quantum amplitude amplifi-
cation. In fact, a much more sophisticated version of 
this idea flips coins roughly n times. 

*4 The connectivity of a graph is the property that, for any two ver-
tices of the graph, there exists a path, i.e., a sequence of edges, 
from one vertex to another.

*5 A Hamilton path of a graph is a sequence of edges of the graph, 
such that the sequence visits every vertex exactly once.

*6 A quantum network consists of multiple quantum computers and 
quantum communication links between them. Quantum commu-
nication is the communication of qubits, which has already been 
achieved for practical use—for example, QKD (quantum key dis-
tribution)—by transmitting photons in a quantum state through 
optical fibers. 
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6.   Conclusion

The development of quantum computation theory 
has progressed significantly in the last two decades. 
Recent research on quantum algorithms shows rich 
connections with classical computer science; state-
of-the-art quantum search algorithms stem from (the 
quantum version of) random walk*7 or semidefinite 
programming*8, which are major technical tools in 
classical computer science. These connections will 
make it possible to make progress in both quantum 
and classical computer science in a collaborative way. 
Moreover, it is obviously important to study how to 
transform the high-level description of a quantum 
algorithm into a low-level description, i.e., a quantum 
circuit. A lot of fundamental techniques for this trans-
formation have been intensively studied as well (e.g., 
[6]). Nevertheless, there are still a lot of fundamental 
problems to be solved before we can gain a deeper 
understanding of the potential power of quantum 
computing. To solve these problems and acquire new 
knowledge, we need to develop more novel tech-
niques by making the best use of various ideas in 
related fields such as mathematics, physics, and clas-
sical computer science.

References

[�] P. W. Shor, “Algorithms for Quantum Computation: Discrete Loga-
rithms and Factoring,” Proc. of �5th Annual IEEE Symposium on 
Foundations of Computer Science, pp. ��4–��4, Santa Fe, NM , USA, 
November �994.

[�] L. K. Grover, “A Fast Quantum Mechanical Algorithm for Database 
Search,” Proc. of �8th Annual ACM Symposium on Theory of Com-
puting, pp. ���–��9, Philadelphia, PA, USA, May �996.

[�] A. Ambainis, K. Iwama, M. Nakanishi, H. Nishimura, R. Raymond, 
S. Tani, and S. Yamashita, “Quantum Query Complexity of Boolean 
Functions with Small On-sets,” Proc. of �9th International Sympo-
sium on Algorithms and Computation, Vol. 5�69 of Lecture Notes in 
Computer Science, pp. 907–9�8, Springer, �008.

[4] G. Brassard, P. Høyer, M. Mosca, and A. Tapp, “Quantum Amplitude 
Amplification and Estimation,” Quantum Computation and Informa-
tion, Vol. �05 of Contemporary Mathematics, pp. 5�–74. American 
Mathematical Society, �00�.

[5] S. Tani, H. Kobayashi, and K. Matsumoto, “Exact Quantum Algo-
rithms for the Leader Election Problem,” ACM Transactions on Com-
putation Theory, Vol. 4, No. �, Article �, �0��.

[6] Y. Takahashi and S. Tani, “Collapse of the Hierarchy of Constant-
Depth Exact Quantum Circuits,” Proc. of �8th IEEE Conference on 
Computational Complexity, pp. �68–�78, Stanford, CA, USA, June 
�0��.

*7 Random walk on a graph is a stochastic process such that a parti-
cle continues to move one vertex to one of its neighbors chosen 
at random. It is a major technical tool for building efficient prob-
abilistic algorithms.

*8 A semidefinite program (SDP) is a mathematical program that is 
described with positive-semidefinite matrices. There are efficient 
general algorithms that approximately solve SDPs.

Fig. 5.   Quantum algorithm for electing a leader.

Quantum computation and communication    

Classical computation and communication    Cannot solve LE within any bounded time with probability one §.

Elect a unique leader.

Leader

§ Without the assumption that every party has a unique identifier.

Quantum algorithm

Classical algorithm

Success prob.

* A fundamental distributed computing problem that emerges as a subproblem of various distributed
computing problems. 

time

Leader election problem (LE)*
The goal is for all nodes in a network to collaborate in electing a unique leader from
among the nodes.

1

0

Can solve LE within a certain bounded time with probability one.



7 NTT Technical Review

Feature Articles

Seiichiro Tani
Distinguished Scientist, Media Information 

Laboratory, NTT Communication Science Labo-
ratories.

He received the B.E. in information science 
from Kyoto University in �99�, and the M.S. and 
Ph.D. in computer science from the University of 
Tokyo in �995 and �006, respectively. He joined 
NTT in �995 and studied algorithms for LSI test-
ing, multi-point communication, and distributed 
computing problems. He is currently working on 
algorithmic theory and complexity of quantum 
computing. From �004 to �009, he was also a 
researcher of the ERATO Quantum Computation 
and Information Project of Japan Science and 
Technology Agency (JST). From �0�0 to �0��, 
he was a visiting researcher at the Institute for 
Quantum Computing, University of Waterloo, 
Ontario, Canada. He received the �000 IEICE 
ISS Best Paper Award. He is a member of IEICE 
(Institute of Electronics, Information and Com-
munication Engineers), IPSJ (Information Pro-
cessing Society of Japan), IEEE (Institute of 
Electrical and Electronics Engineers), and ACM 
(Association for Computing Machinery).



� NTT Technical Review

1.   Introduction

Imagine the TV broadcast of a live event taking 
place in a noisy, wide open environment. At the user 
end, it is often desired to have not only high quality 
image reproduction but also highly realistic sound 
that gives a clear impression of the event [�]. This can 
be achieved by the use of microphone arrays. Accord-
ing to the theory of sensor array signal processing [2], 
it is possible to listen to a particular sound from a 
desired location, and also to suppress the noise from 
the surroundings, by properly aligning and mixing 
the audio signals recorded by a microphone array. 
The theory also indicates that large microphone 
arrays produce remarkable sound enhancement. 
Examples have been demonstrated with arrays of �00 
microphones [3]. However, to accurately record a 
three-dimensional sound field at a rate of up to 4 kHz 
and impinging from every direction on a 2-m2 wall of 
a room, an array of about 2500 microphones would 

be needed. Moreover, if the space under consider-
ation is larger, for example a concert hall, tens of 
thousands of microphones might be necessary. 
Unfortunately, typical wired microphones and audio 
recording hardware have limitations in terms of com-
plexity and cost of deployment when the objective is 
large scalability. Furthermore, the use of multiple 
wireless microphones is constrained by radio fre-
quency (RF) bandwidth issues. 

To overcome these difficulties, we developed a pro-
totype that allows the simultaneous capture of multi-
channel audio signals from a large number of micro-
phones (currently up to �20). In contrast with existing 
RF wireless audio interfaces, the proposed system 
relies on free-space optical transmission of digital 
signals. Such technology allows the parallel transmis-
sion of multiple data channels, each with full band-
width capacity regardless of the number of channels 
transmitted.

Capturing Sound by Light:
Towards Massive Channel Audio 
Sensing via LEDs and Video Cameras
Gabriel Pablo Nava, Yoshifumi Shiraki, 
Hoang Duy Nguyen, Yutaka Kamamoto, Takashi G. Sato, 
Noboru Harada, and Takehiro Moriya

Abstract
We envision the future of sound sensing as large acoustic sensor networks present in wide spaces 

providing highly accurate noise cancellation and ultra-realistic environmental sound recording. To 
achieve this, we developed a real-time system capable of recording the audio signals of large microphone 
arrays by exploiting the parallel-data transmission feature offered by free-space optical communication 
technology based on light-emitting diodes and a high speed camera. Typical audio capturing technolo-
gies face limitations in complexity, bandwidth, and the cost of deployment when aiming for large scal-
ability. In this article, we introduce a prototype that can be easily scaled up to �20 audio channels, which 
is the world’s first and largest real-time optical-wireless sound acquisition system to date.

Keywords: microphone array, free-space optical communication, beamforming
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2.   System description

Our system is composed of three main parts: �) an 
optical wireless acoustic sensor (OWAS), 2) a high 
speed camera, and 3) a parallel processing server. The 
overall architecture of the system is illustrated in  
Fig. 1.

2.1   OWAS device
An OWAS device is shown in Fig. 2. The micro-

phone picks up samples of the acoustic waves at a rate 
of �6 kHz and outputs a delta-sigma modulated digi-
tal stream. Then, a microcontroller converts that 
serial data into binary symbols of �6-bit pulse code 
modulation (PCM). The PCM symbols are used to 
light up an array of �6 light-emitting diodes (LEDs). 
An LED in the ON or OFF state means a binary � or 
0, respectively. Because the camera can observe sev-
eral OWASs simultaneously, the sound field can be 
sensed with a large array of OWASs such as the one 
shown in Fig. 3, where 200 OWAS devices have been 
arranged in a 5 × 40-node grid. With this array, our 
current experimental setup can acquire signals from 
�20 OWAS devices as allowed by the maximum 
image size of the camera. Each OWAS device is also 
equipped with an infrared photosensor that enables it 
to receive the master clock signal emitted by the pulse 
generator shown in Fig. 4. Therefore, the synchroni-
zation between the OWAS devices and the high speed 
camera is maintained through the master clock gen-
erator.

2.2   High speed camera
The imaging sensor of the high speed camera 

observes the optical signals from the OWAS and 
records them into intensity images at the rate of 
�6,000 frames per second (fps). An example of the 
actual images captured by the camera is shown in 
Fig. 5. To transfer the image data from the camera to 
the processing server, the camera is connected to a 
frame grabber card installed on the PCI (Peripheral 
Component Interconnect) bus of the server. Thus, the 
flow of the image data can be seen in Fig. 6. 

2.3   Parallel processing server
The server is equipped with dual CPU (central pro-

cessing unit) support and a standard general-purpose 
graphics processing unit (GPGPU), which provides 
enough massive parallel computing power to process 
�6,000 images and �20 audio channels within a  

Fig. 1.   Architecture of the multichannel audio acquisition system.
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real-time factor of 0.75. The process to decode the 
audio signals from the images starts with the detec-
tion of the LEDs on the images. Several image pro-
cessing algorithms have been proposed to accomplish 
this [4], and it was suggested that the optical trans-
mission channel can be modeled as a MIMO (multi-
ple input multiple output) port as shown in Fig. 7. 
With this model, the pixels of the images can be orga-
nized into clusters C by analyzing the spatiotemporal 
correlation of their intensity signals s across a block 
of captured frames, as shown in Fig. 8. Each cluster 
of pixels represents a detected LED on the images. 
Once the pixels for each LED have been identified, 
their intensity signals are optimally thresholded to 
convert them back to binary symbols (see Fig. 7). 
Finally, the binary data is decoded to obtain the 
originally transmitted audio signals from all the 

OWAS devices. 
These audio signals are further processed with 

digital filters and mixed down to produce a single 
output channel (see Fig. �). This multichannel signal 
processing, often known as beamforming [2], 
enhances the sound from the desired direction (with 
respect to the OWAS array), while the noise from 
other directions is reduced at the output audio signal. 
In other words, the OWAS array can be acoustically 
focused in any desired direction. In our preliminary 
experiments, we have been able to focus on the sound 
from targets placed as far as �0 m away from the 
OWAS array while suppressing the noise from the 
surroundings. An online demonstration video show-
ing the experimental setup is available [6]. Further-
more, we have also achieved the optical transmission 
of multichannel signals at a distance of 30 m from the 
receiver camera [5]. Our system also has large scal-
ability. Our numerical simulations indicated that our 
algorithms can receive and decode the optical signals 
of as many as �2,000 OWAS devices simultaneously 
within a single GPGPU card, therefore maintaining 
real-time processing, as can be seen in Fig. 9.

3.   Future work

The current limitation we face in expanding our 
prototype involves the high speed camera. The reso-
lution of existing commercial cameras must be con-
siderably reduced in order to achieve high-speed 
frame rates (tens of thousands of fps). Nevertheless, 
the accelerated advances in imaging sensor and paral-
lel computing technologies motivate us to carry out 
further development of our prototype. In the near 
future, we expect to build OWAS arrays over large 

Fig. 3.   Array of 200 acoustic sensors (5 × 40).

One OWAS device

Fig. 4.    Infrared transmitter for camera-sensor 
synchronization.

Infrared LEDs
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Fig. 5.   Images streamed from the high speed camera.
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spaces such as stadiums or concert halls, and we may 
achieve real-time position tracking of portable/wear-
able OWAS devices. Such progress will pave the way 
for novel applications and high quality services.
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1.   Introduction 

NTT FACILITIES was spun off from NTT in 
December �992 and celebrated its 2�st anniversary as 
an independent company at the end of 20�3. We have 
been proactively implementing design and mainte-
nance of power supply systems and building con-
struction projects for the NTT Group, while also 
expanding the provision of services to the open mar-
ket by making use of the technologies that have been 
continually improved over a long period, including 
when we were with the Nippon Telegraph and Tele-
phone Public Corporation and NTT. We have recently 
been providing integrated facility services based on 
consideration of the global environment in all phases 
from planning, through design and construction, to 
operation, with the slogan “Smart & Safety®.”

For example, in datacenter-related business opera-
tions, we have applied our know-how in the design, 
construction, and maintenance of large numbers of 
communication buildings; in fact, we have been 
involved in constructing 30% of the datacenters in 
Japan, covering 240,000 m2 of space. We have also 
simultaneously expanded our business operations 
that involve the maintenance of overseas datacen-
ters. 

We have also contributed to the mega-solar construc-
tion business in response to recent increases in the 
demand for renewable energy. Since the start of the 
Feed-in Tariff scheme in 20�2, we have constructed 
solar power generation systems totaling over 400 MW 
at 200 locations all over Japan, and we also own and 
run solar power generation plants at 50 locations that 
produce a total of �50 MW of power. 

From the start of its foundation, this company has 
had a research and development (R&D) structure, and 
we have honed our strengths in information and com-
munication technology (ICT), energy technology, 
and building technology to realize the “ICT × Energy 
× Building” fusion (Fig. 1). The mission of our R&D 
Headquarters is to create technology that differenti-
ates us from other companies and that serves as a 
source of our competitive strength. 

2.   Locations and organization of NTT  
FACILITIES R&D Headquarters

Up until now, our R&D facilities were based at 
three locations: the G.H.Y. Building (offices) in 
Toshima-ku, Tokyo, the NTT Musashino Research 
and Development Center (laboratories) in Musashino 
City, Tokyo, and the main NTT Ochiai Building 

Feature Articles: R&D Efforts at NTT FACILITIES

Approaches to Technological Fusion 
of “ICT × Energy × Building” and 
New R&D Bases
Tsuneo Uekusa, Kenji Yokoyama, and Yosuke Mino
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NTT FACILITIES has had a research and development (R&D) framework ever since it was estab-

lished, and we have honed our fusion technology by crossing information and communication technol-
ogy with energy technology and building technology. We give an overview in this article of our R&D 
activities and describe the opening of our new R&D base in July 20�4. We also explain our objectives in 
relocating our R&D Headquarters and our efforts underway toward fusing the above technologies at our 
new base. 
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(laboratories) in Toshima-ku, Tokyo. We have now 
created a two-base structure by constructing the NTT 
FACILITIES Shin-Ohashi Building in Koto-ku, 
Tokyo, which brings together the functions of the  
G.H.Y. Building and the NTT Ochiai Building. 

The Shin-Ohashi Building contains offices, labora-
tories for conducting tests on power supply systems 
aimed at datacenters, testing facilities for verifying 
our wide-area monitoring system, and shielded rooms 
for conducting tests related to electromagnetic com-
patibility (EMC), among other things. At the NTT 
Musashino Research and Development Center, we 
continue to make use of facilities such as a three-
dimensional (3D) vibration table used for replicating 
earthquakes and testing the earthquake-resistance of 
the structural components of buildings and ICT 
equipment, a simulated datacenter facility for con-
ducting full-size experiments on datacenter air condi-
tioning systems, artificial climate chambers capable 
of implementing tests on air conditioning units in 
environments ranging from –�0ºC to 50ºC regardless 
of the climate outside, and temperature-controlled 
rooms for performing accelerated life testing of stor-
age batteries over long periods. 

The R&D Headquarters consists of seven depart-
ments (Fig. 2). The R&D Strategy Division and the 
Intellectual Property Office are indirect departments, 
with the former being responsible for areas such as 
planning, general affairs, and financial matters of the 
headquarters, and the latter being responsible for 
intellectual property management and export control 
for the NTT FACILITIES Group. The remaining five 
departments are primarily involved in various R&D 
activities. We introduce here the fields and strengths 
of these five departments. 

2.1    Environment & Energy Systems Develop-
ment Division

This division is staffed by air conditioning engi-
neers and monitoring and control engineers, who 
mainly develop air conditioning units for ICT equip-
ment, integrated control technology for cold water-
use refrigerating systems, airflow control technology 
for datacenter rooms, and technology for the air con-
ditioning systems of datacenters. To date, a cumula-
tive total of more than 50,000 units of the FMACS®-
V series and FTASCL® series systems, which are 
packaged air conditioning units designed for datacen-
ters, have been delivered. These systems make it pos-
sible to achieve high energy efficiency throughout the 
year. NTT FACILITIES has been the first in the 
industry to develop and bring to market cold aisle 
containment technology, which is intended to save 
energy by inhibiting the mixing of supplied cold air 
and emitted warm air within the datacenter room.

2.2   Power Systems Development Division
The staff of this division consists of electrical 

power engineers whose area of expertise is primarily 
power feed technology that focuses on reliability. 
They develop technology related to power reception, 
power transformation, shutdown, DC/AC (direct cur-
rent/alternating current) conversion, power storage, 
and power distribution for ICT equipment. Their 
high-voltage direct current (HVDC) power supply 
system implements higher levels of reliability and 
power feed efficiency than ordinary AC power sys-
tems. Their bidirectional interruption-free switching 
technology is applied to equipment for supply-and-
demand management that freely switches electrical 

Fig. 1.   Technological fusion of “ICT × Energy × Building”.
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power from various sources, including power gener-
ated by solar power systems and power stored in bat-
teries. This division has also developed and marketed 
a large flame-retardant lithium-ion battery that is suit-
able for backup use. 

Additionally, they are working on R&D of design, 
construction, diagnosis, and maintenance technology 
for renewable energy systems such as solar power 
generation. They are engaged in the evaluation of 
solar power generation panels from various vendors, 
the development of design support tools for in-house 
use, and the development of malfunction and deterio-
ration diagnosis technology.

2.3    Risk Management Systems Development 
Division

The engineers in this division specialize in the areas 
of building structures and the development of coun-
termeasures against EMC problems and thunderstorm 
damage. 

The ICT buildings that form our social infrastruc-
ture are of course required to have sufficient earth-
quake resistance. However, as they are often con-
nected to steel towers, much effort has been put into 
the R&D of building structural engineering. This 
division’s unique earthquake observation network, 
3D vibration testing facilities, and structure simula-
tion program that was developed in-house provides 
an edge in the area of building structural engineer-
ing.

After the Great East Japan Earthquake, there were 
reports of incidents involving the collapse of air con-
ditioning units suspended from the ceilings of office 
buildings in the Kanto region around Tokyo, which is 
some distance from the earthquake center, so the 
engineers in this division clarified the mechanism of 
the occurrence through replication experiments using 
3D vibration testing equipment. The expertise 
obtained was immediately reflected in building 
design. 

The building structural engineers are also develop-
ing inexpensive frames for solar panels that are easily 
constructed and highly durable. 

EMC and thunderstorm damage countermeasure 
technology that was primarily intended to protect 
ICT equipment is now not limited to ICT-related 
applications only; there is increasing demand for this 
technology in various fields such as those related to 
solar power generation and broadcasting. This divi-
sion provides a consulting service and also applies 
the knowledge gained to develop countermeasure 
hardware, design methods, and design tools.

2.4    Advanced FM (Facility Management) Sys-
tems Development Division

This division is made up of engineers specializing 
in the areas of architectural planning and mainte-
nance, facility management, and system develop-
ment. 

Because NTT FACILITIES has been responsible 
for the planning, design, and maintenance of the sub-
stantial number of buildings of the NTT Group, this 
division has accumulated a great deal of experience in 
fields such as overall design techniques, design and 
construction technology specializing in ICT infra-
structure buildings, environmentally friendly green 
building design technology, and office design tech-
nology that fosters high intellectual productivity. 

In addition, in FM practices today, it is necessary to 
collect information on all facilities owned by a com-
pany, make full use of ICT to perform quantitative 
analyses, and reflect the results in maintenance 
activities based on sound business judgment. For that 
reason, this division is developing technology and 
systems related to checking, measuring, information 
management, and analysis of buildings, and develop-
ing building management systems and entrance/exit 
management systems that effectively use ICT.

2.5    Total Operation Systems Development Divi-
sion

The engineers in this division handle the monitor-
ing and maintenance of ICT equipment and facilities, 
and also the development of related systems. The two 
bases in Japan perform round-the-clock monitoring 
of the 20,000 buildings and 200,000 units of ICT 
equipment of the NTT Group, and this division is in 
charge of developing facilities for these monitoring 
activities. Maintenance staff members are also sta-
tioned throughout Japan, and this division is also 
developing technology for supporting them. 

3.   Technological fusion of  
“ICT × Energy × Building” 

Up until now, this company has accumulated many 
kinds of technology from diverse fields and provided 
it in services and products to our customers. For 
example, datacenter construction requires techno-
logical elements of all five departments described 
above. 

However, the demands of customers have been ris-
ing recently, and there is also a need to reinforce our 
competitive strengths, so it has become necessary to 
apply a fusion of technology not only at the products 
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and services level, but also at the level of technology 
itself. We describe here an overview of the techno-
logical fusion areas introduced in these Feature Arti-
cles (Fig. 3).

3.1    Power supply technology and air conditioning 
technology for ICT [1]

There is a strong demand for energy conservation in 
ICT buildings, especially datacenters, because in 
addition to the energy consumed by the ICT equip-
ment itself, the power supply and air conditioning 
equipment also consume a significant amount of 
energy. 

In the past, we have sought out energy-conservation 
technology for power supplies and for air condition-
ing equipment. However, we are now conducting 
R&D on technology that not only increases the ener-
gy-conservation capability of both of these types of 
equipment, but also integrates and controls them to 
further conserve energy. We are proceeding with 
plans to provide our customers with this technology 
by incorporating it into DCIM (datacenter infrastruc-
ture management) tools, which are tools for manag-
ing assets in datacenters. 

3.2    Energy management technology for smart 
communities [2]

FITBEMS®, NTT FACILITIES’ building and 
energy management system (BEMS) product, applies 

cloud computing technology and is easy to introduce 
into even medium- and small-sized buildings due to 
its low initial cost. This is because FITBEMS does 
not require the installation of a server for collecting 
and analyzing data within the buildings. Collecting 
data in a cloud makes it possible to manage the data 
collection for a number of buildings and to compare 
the energy-conservation state of one building with 
that of a large number of other buildings to obtain a 
relative evaluation. This will become the basis for 
constructing a community energy management sys-
tem (CEMS).

3.3    Environmentally conscious building technol-
ogy [3]

One example of technological fusion in environ-
mentally friendly building technology is the building 
information management system (BIS) that our com-
pany has proposed. As of now, some companies have 
started using a dedicated system or BEMS to imple-
ment features such as fine control in area units over 
lighting and air conditioning within offices or to con-
trol the intensity of lighting in response to changes in 
outdoor lighting. However, our company’s BIS is 
targeted at not only conserving energy, but also 
improving security and increasing user friendliness 
by creating links to entrance/exit management sys-
tems and office automation hardware. For example, 
the system provides simple implementation of  

Fig. 3.   Elemental technologies and fusion areas.
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controls that enable the surrounding lighting and air 
conditioning to be switched on by logging into a per-
sonal computer (PC); it can also disable PC login if 
there is no record of entry into the room. When there 
are a number of such controls to be set up, simply 
connecting the individual systems can make the sys-
tem extremely complicated. This can be avoided by 
using BIS as the information distribution platform 
within the building.

3.4    Engineering for earthquake disaster preven-
tion based on observations, experiments, and 
analyses [4]

Immediately after the Great East Japan Earthquake, 
many owners of large buildings received a flood of 
enquiries from their tenants asking “Is this building 
safe?” Our Yure-Moni® building safety determination 
support system makes it possible to estimate the loca-
tion of damage in a building immediately after an 
earthquake and to display it on a screen. The system 
comprises multi-function sensor units in which 
micro-electro-mechanical systems (MEMS) sensors 
are installed on each floor. The MEMS sensors are 
smaller and lighter than previous types of micro-
movement sensors, so large numbers of sensors can 
be used comparatively inexpensively. We have deter-
mined the attributes of these sensors in detail through 
repeated testing on the 3D vibration table and have 
created systems that use these sensors. 

3.5    Application technology for buildings and 
facilities data [5]

We are subjecting the data we have collected 
through the monitoring of 200,000 units of ICT 
equipment and management of 20,000 buildings to 
multiple analyses and are using the knowledge we 
have obtained to streamline maintenance tasks and to 
create new businesses. 

In the maintenance management of buildings and 
equipment, there is a trend to move away from the 
older style of preventative maintenance to after-the-
fact maintenance in order to meet the demands for 
cost reductions, but our view is that in the future, we 
will move towards predictive maintenance that 
applies measurement technology and big data analy-
sis. 

4.   Opening of new R&D base 

We constructed the new NTT FACILITIES Shin-
Ohashi Building as a milestone representing 20 years 
since our foundation and opened our new R&D base 

in July 20�4. The steel-frame building has four floors 
above ground and one below (a reinforced concrete 
basement), providing a total floor area of approxi-
mately 4300 m2. (Fig. 4) 

The second and third floors contain offices, and the 
basement is where the laboratories are located, as 
shown in Fig. 5. There are a number of conference 
rooms on the west side of the fourth floor, with the 
space configured so that the layout can be converted 
using movable partitions. The largest conference 
room on this floor faces on to a terrace overlooking 
the Sumida River and can be used for presentations 
using a multi-screen setup or even for simple recep-
tions. There is a library on the east side of the fourth 
floor, where people can work and do research using 
books or stored documents, and there are also central 
work booths as well as individual desks. 

In addition to an entrance hall and waiting area in 
the lobby on the first floor, there is a dedicated space 
for collaborative work done between people within 
the company and with people from other companies, 
and a “MI-SE-RU Server Room” that visitors can 
actually visit as an example of an in-house server 
room that provides a full datacenter solution for this 
company.

The NTT FACILITIES Shin-Ohashi Building is a 
highly environmentally friendly building that we are 
proud to show off to everyone as an example of build-
ing office design that provides integrated facility 
services that consider the global environment. Note 
that at the end of 20�4, we expect to be awarded a 
Gold certification under the LEED (Leadership in 
Energy and Environmental Design) program in the 
New Construction category, which is intended for 
newly constructed buildings and issued by the US 
Green Building Council. 

We focused on three objectives in this project in the 
relocation of our facilities: Activate, Assemble, and 
Unlock (Fig. 6). 

Fig. 4.   NTT FACILITIES Shin-Ohashi Building.
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Fig. 5.   Floor map of NTT FACILITIES Shin-Ohashi Building.
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4.1   Activate
Because this new base is our own building, we have 

configured it to enable us to freely remodel it and 
incorporate different technologies. We activate the 
flexibility of having our own building as strengths 
and aim to improve service quality by having devel-
opers act as users to implement their own products 
within the building.

4.2   Assemble 
We have implemented a setup at our new base that 

stimulates communication between users. We stimu-
late innovation through technological fusion by pro-
moting interaction between engineers from different 
fields. We expect that this will enable us to generate 
new technologies that could not have been achieved 
before.

We have also set up an outside collaboration space 
that was designed on the premise that collaborative 
work should be encouraged between our employees 
and people from other companies in order to promote 
open innovation. We are attempting to develop inno-
vative services and technologies by gathering not just 
our own knowledge, but also the wisdom of the 
world. 

4.3   Unlock 
The NTT FACILITIES’ Shin-Ohashi Building 

incorporates a great deal of our in-house technology 
that we implement as users ourselves, and we would 
also like to show customers a living face in which we 
use our technology in practice. We intend to dissemi-
nate information more proactively than in the past 
and will also combine it with the open innovation 
described previously. 

5.   Future plans 

With the dismantling and privatization of national 
telecom carriers taking place around the world, for 
example, AT&T in the US and BT in the UK, there is 
currently no other company in the global marketplace 
that is continuing to research and develop technology 
centered on ICT infrastructure at a scale greater than 
ours. We have created a new R&D base and will work 
to promote the fusion of technology in various fields 
within and outside our company, and to stimulate 
R&D into services and technology that will please 
our customers around the world. 

“Smart & Safety,” “FMACS,” “FTASCL,” “FITBE-
MS,” and “Yure-Moni” are registered trademarks of 
NTT FACILITIES, INC.
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1.   Introduction

In recent years, information and communication 
technology (ICT) equipment has come to play a big-
ger role in our daily lives, as it supports our social and 
economic activities. Communication buildings and 
datacenters manage ICT equipment centrally, and as 
ICT equipment continues to permeate our society, the 
importance of these facilities as social infrastructure 
increases. The amount of power consumed is increas-
ing in parallel with the growing importance of these 
ICT buildings and facilities, and reducing power con-
sumption has therefore become an important issue.

Communication buildings that house ICT equip-
ment also contain power equipment that drives the 
ICT equipment and air conditioners that cool the ICT 
equipment. NTT FACILITIES has been contributing 
to reducing ICT power consumption for over 30 years 
by conducting research and development on power 
and air conditioning technology and producing prac-
tical results. Our efforts in developing such technol-
ogy have resulted in the stepwise development of 
technology from the equipment level, for example, 
highly efficient rectifiers and air conditioners, to the 
system level, including high voltage direct current 
(HVDC) power supply systems and task ambient air 
conditioning systems.

However, there are limits to achieving further 
reductions of the overall power consumption of ICT 
buildings through improved power and air condition-
ing technology alone. Therefore, as we develop tech-
nology for controlling power supplies and air condi-
tioning systems, we are also focusing on ways to 
include the ICT equipment in the control technology 
(Fig. 1).

Our work in this area has been received well by 
scientific associations in Japan and other countries 
and by various organizations outside the NTT Group, 
and it has received various awards.

In this article, we describe our power supply and air 
conditioning technology as well as our integrated 
control technology for ICT equipment, power sup-
plies, and air conditioning systems, which is designed 
to further reduce power consumption.

2.   Power supply technology

ICT equipment operates continuously—24 hours a 
day, 365 days a year—and the power it consumes is 
increasing. For these reasons, systems that supply 
power to the ICT equipment are required to have both 
high efficiency (low loss up to when the power is sup-
plied to the ICT equipment) and high reliability (no 
interruption of the power supplied to the ICT  

Power Supply Technology and Air 
Conditioning Technology for ICT
Yosuke Udagawa and Hidenori Matsuo

Abstract
To address the problem of reducing the power consumption of information and communication tech-

nology (ICT) buildings, NTT FACILITIES has been developing strategic technology for power and air 
conditioning systems from the equipment level such as highly efficient rectifiers and air conditioners, to 
the system level such as high voltage direct current power supply systems and task ambient air condition-
ing systems. Here, we introduce our power supply technology, air conditioning technology, and inte-
grated control technology for ICT equipment, power supplies, and air conditioning systems that have 
been developed as part of our efforts toward reducing power consumption.

Keywords: datacenter, power supply, air conditioning
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equipment). Since the days of the Nippon Telegraph 
and Telephone Public Corporation, NTT FACILI-
TIES has been working on equipment development, 
system design, and facilities maintenance technology 
in parallel with the evolution of network services.

In our past work, we have had success in reducing 
power consumption in ICT, but while the power con-
sumption of conventional switches and transmitters 
has been less than �.8 kW per rack, the most recent 
high-capacity routers and servers may consume as 
much as �5 kW per rack. There is thus a need to 
develop a way to supply power with both high reli-
ability and high efficiency.

3.   HVDC power supply systems

Datacenters conventionally supply alternating cur-
rent (AC) power to ICT equipment via an uninterrupt-
ible power supply (UPS). The UPS is connected to 
storage batteries to provide backup in the event of an 
interruption of the commercial power supply. The 
charging current for storage batteries is DC. AC 
power supply systems convert the AC power to DC 

and then convert the DC back to AC. It is then neces-
sary to again convert the AC to DC inside the ICT 
equipment. There is thus a total of four power conver-
sion steps in an AC power system, and power loss 
occurs at each step.

In the DC power system that we recommend as a 
solution to this problem, AC power is converted to 
DC and is then supplied directly to the ICT equip-
ment, thus reducing the power conversion to two 
steps. To achieve even higher efficiency, we are work-
ing toward changing the conventional DC power sup-
ply voltage of 48 V or so to a higher voltage of 380 V 
in an HVDC power supply system (Fig. 2). Doing so 
results in a current reduction of one-eighth for the 
same transmitted power and a reduction in wiring 
loss between the highly efficient rectifier and the ICT 
equipment. In parallel with that work, we have also 
been working on the development and standardiza-
tion of DC power sockets and plugs to maintain the 
safety and simplicity that are needed in the operation 
of ICT equipment.

Storage batteries are needed for a highly reliable 
power supply, and we have developed flame-retardant 

Fig. 1.   Efforts to improve power supply and air conditioning technology.
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lithium-ion batteries that are lighter and require up to 
60% less space than lead-acid storage batteries  
(Fig. 3). The lithium-ion batteries have a flame-retar-
dant additive in the electrolyte to prevent fire or rup-

ture in abnormal conditions for increased safety. 
Adopting the flame-retardant lithium-ion batteries 
can both save space in electrical rooms and conserve 
material resources used for base frame by reducing 

Fig. 2.   Comparison of power systems.
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the weight of the equipment.

4.   Air conditioning technology

ICT equipment generates a large amount of heat 
during operation, and consequently, it is cooled by 
special air conditioning systems. Generally, ICT 
equipment is cooled by placing air conditioning units 
along a wall and using the area below a raised floor as 
an air flow space for the cooling air. To cope with the 
higher heat density within the room that has come 
with the change from analog to digital ICT equipment 
and conversion to IP (Internet protocol), we devel-
oped special air conditioning technology for ICT 
equipment. Here, we describe the FMACS®-V (facil-
ities multiunit air conditioning system-5th generation) 
hybrid, which is an indirect outdoor air-cooled pack-
age air conditioner for ICT equipment. We also 
describe a task ambient air conditioning system.

The FMACS-V and other conventional mainstream 
air conditioning systems are air-cooled package-type 
air conditioners that can easily accommodate succes-
sive expansion of ICT equipment and can also be 
backed up by other air conditioning units when a fail-
ure occurs, thus providing high reliability (Fig. 4(a)). 
However, customer needs have been diversifying in 
recent years, and more large scale datacenters now 
demand cold water air conditioning systems, which 
can hold down the initial costs (Fig. 4(b)). To respond 
to the wider customer needs, we developed our Uni-
fied Cooling system to a practical level. Unified 

Cooling involves control of the overall system to 
achieve high efficiency in a cold water air condition-
ing system.

5.   FMACS-V hybrid 

ICT equipment generates a large amount of heat in 
normal operation, and to cool that equipment, con-
ventional air conditioning units use compressors 
throughout the year (Fig. 5(a)). The FMACS-V 
hybrid system, on the other hand, uses a coolant 
pump together with a compressor. During the winter 
and other times when the outdoor air temperature is 
low, air conditioning units perform cooling by using 
the coolant pump and the cold outdoor air with the 
indirect outdoor air cooling method (Fig. 5(b),(c)). 
The coolant pump can operate on about one-eighth 
the power needed by a compressor, so the energy sav-
ing is proportional to the coolant pump operating 
time. Thus, the effect in reducing power consumption 
is high in regions where the outdoor air temperature 
is low throughout the year. The annual power con-
sumption of the FMACS-V hybrid is up to 54% less 
than that of conventional air conditioning units in 
Sapporo and up to 42% less in Tokyo. Therefore, this 
system can contribute greatly to reducing the power 
consumption of air conditioning systems.

Fig. 4.   Air conditioning systems.
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6.   Task ambient air conditioning systems

A task ambient air conditioning system combines 
ambient air conditioning, in which wall-mounted air 
conditioning units cool the entire room, and task air 
conditioning, in which a local area is cooled. Because 
air conditioning systems for ICT equipment produce 
about 20 times as much cold air flow as office air 
conditioning systems, an effective way to reduce 
power consumption is to reduce the power needed to 
produce the air flow. Ambient air conditioning facili-
tates successive expansion through rearrangement of 
the ICT equipment and the perforated panels through 
which cold air is drawn up from the floor. However, 

the following problems make it difficult to reduce the 
power needed to move air (Fig. 6).

6.1   Air conditioning unit placement
With ambient air conditioning, generation of high 

local heat requires that air be moved from wall-
mounted air conditioning units to distant ICT equip-
ment via a raised floor. A large amount of power is 
needed to drive the air movement.

6.2   Air conditioning air flow
With ambient air conditioning, cool air from the air 

conditioning units passes through the space beneath a 
raised floor and then through a perforated panel to 

Fig. 5.   Air conditioner operating conditions.

Conventional air conditioner

Outdoor
unit

Operates
(winter) Outdoor unit

Indoor unit 

Outside

Datacenter Datacenter

FMACS-V hybrid FMACS-V hybrid

Coolant pump

Indoor unit

Outside

P

Outdoor unit

Coolant pump

Outside

P

Operates
year-round

Stops (winter) Operates
(summer)

(a) Conventional air conditioner

Fan Fan

(b) FMACS-V hybrid (pump cycle) (c) FMACS-V hybrid (compression cycle)

Stops
(summer)

ICT
equipment

ICT
equipment

ICT
equipment

Fan

Indoor unit
Datacenter

Compressor Compressor Compressor

Fig. 6.   Problems with ambient air conditioning systems.

Perforated tiles Rack (ICT equipment) Problem of 
air conditioning airflow

Cold
aisle

Raised
floor

Problem of 
air conditioner

placement

< Problem 1>
Difficulty in
corresponding
to local heat
generation

Hot
aisle

Hot
aisle

Hot
aisle

Cold
aisle

Cold
aisle

Ambient air conditionersAmbient air conditioners

<Problem 3>
Cold air returns
directly to the
air conditioning
system.

<Problem 2>
Lack of cold air 
from air condi-
tioning system



Vol. 12 No. 11 Nov. 2014 6

Feature Articles

reach the front side of the ICT equipment. It then 
passes through the inside of the ICT equipment where 
it is heated and then returned to the air conditioning 
units. However, if insufficient cool air is supplied 
from the perforated panels in the cold aisle (the cor-
ridor from which cool air is supplied), the high-tem-
perature exhaust recirculates from the hot aisle (the 
air exhaust corridor for the ICT equipment) to the 
cold aisle, and the target temperature for the air drawn 
into the ICT equipment cannot be maintained. To 
maintain the ICT equipment air intake temperature, 
ambient air conditioners lower the temperature of the 
entire room to the set temperature. In that case, it is 
often not possible to deal with excessive air flow, 
resulting in inefficient operation. Also, some of the 
cool air from the air conditioning units is returned 
directly to the air conditioning units without cooling 
the ICT equipment, which is a further waste of power 
for the air flow.

6.3   Solutions to problems
A task ambient air conditioning system that can 

solve the two problems of ambient air conditioning 
systems (Fig. 6) is shown in Fig. 7. The task ambient 
system uses 30% less power than the ambient system. 
Specific solutions include those described below.

The problem of air conditioning unit placement is 
solved by using indoor air conditioning units that 
have the same form factor as the ICT equipment 
racks. This makes it possible to install FTASCL®-
RS/C (facilities task cooler rack-shaped/compressor 
type) task air conditioner units near the ICT equip-
ment that generates relatively high heat. Although 
wall-mounted air conditioning units must move a 

large volume of cool air a long distance through the 
raised floor space to deal with hot spots, the FTAS-
RL-RS/C unit takes air in from the back side of the air 
conditioning unit and expels it to the front side, so the 
air flow distance is shorter, and less power is used for 
air transport.

The problem of the air flow of air conditioning can 
be addressed by capping the cold aisle to physically 
prevent recirculation of hot exhaust air to the cold 
aisle. It is also possible to prevent the cool air from 
being returned directly to the air conditioning units. 
Solving the air flow problem with cold aisle contain-
ment means that power can be saved by reducing the 
power needed to produce the air flow and by optimiz-
ing the temperature settings.

7.   Unified Cooling

The main type of air conditioning systems used in 
datacenters has been the air-cooled package system, 
which comprises one indoor unit and one outdoor 
unit (Fig. 4(a)). In recent years, however, the diversi-
fication of customer needs has led to an increase in 
the use of cold water systems. Air conditioning sys-
tems that use cold water consist of a refrigerating 
system that produces the cold water, a water supply 
system for transporting the water, and an air condi-
tioning system for cooling the room with the trans-
ported cold water. Each of these systems comprises 
multiple units of equipment (Fig. 4(b)). Conventional 
cold water air conditioning systems use separate con-
trols for the refrigerating system, water supply sys-
tem, and air conditioning system (Fig. 8), and there is 
no overall energy-conserving operation of the  

Fig. 7.   Solving cooling problems with a task ambient air conditioning system.
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system. We therefore developed Unified Cooling 
(Fig. 8), which provides unified control of all three 
subsystems to achieve overall energy efficiency for 
the entire system. In maintaining the specified room 
environment, the Unified Cooling system adjusts the 
settings for the output temperature of the thermal 
system and the pressure of the water transport system. 
Integrating this control with Smart DASH®, which 
controls the air flow of the air conditioning system, 
makes it possible to reduce power consumption by up 
to 30%.

8.   Integrated control technology for ICT  
equipment, power supply, and  

air conditioning systems

In recent years, large variations have been observed 
in the amount of data processing done within certain 
time periods by datacenter ICT equipment. ICT 
equipment generally has high energy efficiency when 
operated under high-load conditions, but low-load 
operation occurs routinely. Also, the correlation 
between ICT equipment power consumption and the 
amount of data processing is not proportional; a con-
stant amount of power is being consumed even in 

standby states when no data processing is being done. 
Thus, power is being wasted when data is not being 
processed.

An efficient operating state can be maintained by 
shifting the processing to particular ICT equipment in 
time periods when the amount of data processing is 
low. Doing so makes it possible to turn off the power 
to ICT equipment that is in the standby state, thus 
reducing power consumption. Reducing the power 
consumption also reduces the sources of heat genera-
tion, so it may be possible to halt the operation of 
some air conditioning units. A sequence of controls 
of this kind (Fig. 9) is expected to reduce the total 
power consumption by the ICT equipment, the recti-
fier, and the air conditioning units by at least 50% 
compared to ordinary datacenter systems.

This work was conducted in collaboration with the 
NTT Energy and Environment Systems Laborato-
ries.

9.   Conclusion

In this article, we reviewed power supply and air 
conditioning technology. We also described the inte-
grated control technology we developed to control 

Fig. 8.   Depiction of Unified Cooling system.
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ICT equipment, power supplies, and air conditioning 
systems to further reduce ICT power consumption. 
We will continue working on technological develop-
ment of such systems so as to continue contributing 

to the reduction of power consumption in the future.

The FMACS-V hybrid and FTASCL-RS/C are being 
developed with the cooperation of Hitachi Appliances.

Fig. 9.   Integrated control technology for ICT equipment, power supply, and air conditioning systems.
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1.   Introduction

Since the Great East Japan Earthquake of 20��, 
extensive efforts have been made in Japan to save 
power in order to cope with the severe situation 
regarding the supply and demand of electricity. This 
situation not only hinders everyday life but also cor-
porate productivity and business activities, and there 
are concerns that it may even lower the quality of 
human life. The need for power-saving measures dur-
ing times of peak power consumption such as in the 
summer and winter seasons has consequently become 
an issue of concern throughout society.

A smart community is a social infrastructure that 
combines information and communication technolo-
gy (ICT) and various types of energy-related tech-
nologies to enable people to lead safe and comfort-
able lives while considering the needs of the global 
environment. Through the use of ICT, smart commu-
nities aim to provide a stable supply of power from 
solar power generation, wind power generation, and 
other renewable energy sources that fluctuate in out-
put. They also seek to optimally manage the demand 
generated by ordinary households and office build-
ings through the use of storage batteries and other 
measures. A smart community is a social system that 

can provide an adequate supply of energy without 
waste through the formation of a network of diverse 
energy-related devices and the visualization of the 
power generation and power consumption of those 
devices.

2.   Steps toward achieving smart communities

The concept of the smart community has spread 
throughout the world from developed to emerging 
nations, and a variety of technical proposals and stan-
dards have been formulated from diverse sectors in 
society including the government, public institutions, 
and private enterprises in each country. Against this 
background, NTT FACILITIES seeks to contribute to 
the creation of smart communities and a future soci-
ety that can provide a safe, comfortable, and environ-
mentally conscious supply of energy. The company 
plans to accomplish this by bringing together a wide 
range of technologies combining ICT, power, and 
construction that have been accumulated over many 
years at NTT from the early days of Nippon Tele-
graph and Telephone Public Corporation to the pres-
ent (Fig. 1).

The smart community forms a society that targets 
not only independent, scattered facilities such as  
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residences and buildings but also an entire area for 
the deployment of a smart system. Achieving a smart 
community takes several steps, as shown in Fig. 2.

The first step is to perform monitoring and control 
that can achieve energy savings and optimal opera-
tion for each building, system, and device. The next 

step is to interconnect those nodes via an Internet 
protocol (IP) network to perform remote monitoring 
and control and achieve optimal operation for each 
group of buildings and systems. The final step is to 
build a smart community that integrates the elements 
of the entire community.

Fig. 1.   Smart community approach at NTT FACILITIES. 
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3.   Elemental technologies of a smart community

A smart community consists of many elements 
including consumer premises such as homes and 
office buildings, consumer facilities such as various 
types of equipment (air conditioners, lighting, etc.) 
and electric vehicles (EVs), and energy-supply facili-
ties such as solar power generators and power gener-
ating stations. These elements need to be managed in 
an integrated manner. In the following, we introduce 
NTT FACILITIES’ approach to achieving a smart 
community.

3.1    Position of office buildings in a smart com-
munity

Consumer premises in a smart community must be 
connected to a network and be active in dispatching 
information to the outside while being appropriately 
controlled in accordance with requests from the sup-
ply side. Energy management systems such as the 
home energy management system (HEMS) and 
building and energy management system (BEMS) 
can provide the technology needed to meet these 
requirements. Among consumer premises, it is 
extremely important that office buildings in particular 
be controlled owing to the following features that set 
them apart from homes.

•  They are concentrated in urban areas with high 
individual energy consumption. 

•  They frequently include power/heat storage 
facilities and power generation equipment that 
can act as a buffer in controlling energy supply 
and demand such as in facility-capacity control.

•  They will have a major impact on society if their 
energy supply runs out.

Despite these features, it has not been very common 
in the past to connect office buildings to the outside 
world and to control their energy demands for the fol-
lowing reasons.

•  Information obtained from measurements can 
differ depending on the source, making it diffi-
cult for the supply side to identify and manage.

•  Energy consumption characteristics can be com-
plicated and nonlinear, making demand forecast-
ing difficult.

•  Information networks have had a closed format. 
Recently, however, it has become possible to make 

BEMSs compatible with IP networks and open-sys-
tem technologies. In this way, BEMSs will be able to 
contribute to the stabilization and optimization of 
energy supply and demand in buildings and in smart 
communities.

3.2    Cloud-based BEMS and automatic demand 
response (ADR)

The usual practice in the BEMS field was to sell 
maker-specific systems. As a consequence, the opera-
tion of these systems differed from building to build-
ing, and the systems themselves tended to be compli-
cated and expensive. The end result was that systems 
of this type came to be deployed only in buildings of 
a certain scale or larger. NTT FACILITIES took this 
into consideration and decided to focus its efforts on 
providing a low-cost, highly functional building man-
agement service that separates the BEMS server 
function and makes it available for common use. This 
scheme negates the need for one company to install 
all system equipment in each building as long as 
highly reliable network facilities exist. The total ser-
vice image of this system is shown in Fig. 3.

The deployment costs of this system are reduced, 
and advanced monitoring and control capabilities are 
provided because in each building, only the mini-
mally required amount of equipment for operating 
that building (such as switches, detectors, and sen-
sors) is installed, and the functions for monitoring 
and controlling the equipment (servers, centralized 
monitoring functions, etc.) are placed on the cloud for 
execution over an IP network. This is called a cloud-
based BEMS. The conversion of BEMS to a cloud-
based format has the following advantages in addi-
tion to reducing costs:

•  All information can be uniformly collected and 
managed, enabling advanced data analysis to be 
carried out.

•  BEMS applications and services can be easily 
updated or added.

•  Operations for each building are the same, mak-
ing building management more efficient.

Demand response (DR) is a technique for tempo-
rarily suppressing the demand for power during times 
of tight electric-power supply-and-demand condi-
tions; it is implemented by notifying consumers of 
changes in the price of electricity and offering them 
incentives for reducing power usage during peak peri-
ods designated by power companies or aggregators 
and shifting that use to other time periods. Efficient 
execution of DR requires prompt response to DR 
requests and reduction of the operations needed for 
DR execution. An effective mechanism for meeting 
these requirements is to provide an online connection 
between power-companies/aggregators and consum-
ers and to execute DR automatically.

In fiscal year 20��, NTT FACILITIES teamed up 
with ENNET Corporation to construct a system in 
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which our FITBEMS® was connected online to the 
ENNET system (Fig. 4) and to hold a field trial of 
automatic demand response (ADR) using an actual 
building. This field trial was conducted to evaluate 
the results of prior simulations that quantified the 
amount of power demand that could be reduced by 
applying ADR and any subsequent effects on the 
indoor environment. The results revealed that halting 
the operation of air conditioners and other facilities in 
response to �5 ADR requests made over a one-year 
period reduced the power demand by 207� kWh 
without affecting the indoor environment.

3.3   Composite renewable energy system
It is necessary to provide a stable power supply 

even during times of commercial power outage as a 
disaster prevention measure. Likewise, from the 
viewpoints of saving energy and preserving the envi-
ronment, there is a need for efficient energy-use tech-
niques that can make maximum use of the output 
from clean distributed generation including solar 
power generation. As a forerunner to such a system, 
composite renewable energy systems have been 
developed, such as the one shown in Fig. 5. During 
normal, everyday operation, a composite renewable 
energy system reduces or shifts peak power demand 
through prioritized use of distributed generation, and 

at the time of a commercial power outage, it shifts 
immediately to automatic operation mode to deal 
with a long-term power outage through the use of 
distributed generation and storage batteries. Accord-
ingly, if composite renewable energy systems are to 
be linked with xEMS* in the future, not only can they 
provide a stable and highly reliable power supply, but 
they also hold the possibility of becoming a key 
device in smart communities as a consumer-side 
facility that can coordinate energy supply and demand 
in a building or area. 

3.4   Mega-solar systems
The deployment of mega-solar systems has been 

expanding greatly in recent years, as they are an 
important source of power in smart communities. The 
collection of measurement data in a mega-solar sys-
tem is generally done with the aim of monitoring the 
system’s output, which fluctuates according to the 
weather, and checking the health of the system. In the 
future, we can expect mega-solar systems to be 
increasingly reflected in the regional coordination of 
energy supply and demand and used in predicting 
power-generation levels in the system planning stage.

Fig. 3.   Total service image of cloud-based BEMS.
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3.5   Cloud-based CEMS
The target of conventional energy management 

using ICT has been facility groups in specific areas 

such as BEMS in office-building areas, a mansion/
condominium energy management system (MEMS) 
in condominium areas, and HEMS in home areas. 

Fig. 4.   Configuration of automatic demand response system.
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However, to achieve comprehensive energy manage-
ment across an entire community, there will be a need 
for a community energy management system (CEMS) 
that can collect demand-related information across 
such EMSs on the consumer side and absorb informa-
tion from the power-grid and distributed-generation 
side.

A smart community aims to promote the introduc-
tion of renewable energy, improve energy conserva-
tion through effective use of local energy, and achieve 
urban development that is robust against disasters, so 
we can expect CEMS to play a centralized role in 
optimizing energy supply and demand across the 
entire community. Furthermore, a CEMS implement-
ed on the cloud provides a number of benefits; not 
only is it flexible to the addition or removal of power-
consuming and power-generating facilities within the 
target area, but it also enables high-speed and close 
information exchange with other cloud-based con-
sumer-side EMSs.

4.   Case study

NTT FACILITIES is currently involved in con-
structing a smart community in Kitakami City, Iwate 

Prefecture. The purpose of this project is twofold: (�) 
introduce distributed sources of renewable energy in 
stages to existing facilities owned by the local gov-
ernment in order to increase the ratio of renewable 
energy used to power those facilities, and (2) achieve 
urban development that is robust against disasters 
(Fig. 6).

Within this smart community, the CEMS will be 
used to control the charging/discharging of storage 
batteries according to supply-and-demand conditions 
in the target area through the use of supply-and-
demand management equipment. This approach will 
enable the provision of a high-quality, uninterruptible 
power supply. The CEMS will also be used to achieve 
load control via a BEMS. The development of this 
CEMS is now in progress and is scheduled to come 
online in fiscal year 20�5.

5.   Future activities

Integrated management of consumers and suppliers 
to achieve a safe and comfortable smart community is 
a pressing social problem. Looking to the future, we 
can expect the smart community to become an impor-
tant technology domain that Japan will be able to take 

Fig. 6.   CEMS in Kitakami City Smart Community Promotion Project.
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pride in as a global leader. NTT FACILITIES aims 
for early deployment of smart communities by coor-
dinating the advanced information technologies, 
energy management technologies, and facility man-
agement technologies developed to date by the NTT 
Group and by analyzing and visualizing various types 
of information to achieve appropriate system control. 
A transition is already taking place from the trial 
phase to the actual business phase.

In future research and development activities at 
NTT FACILITIES, we plan to incorporate more 
accurate forecasting techniques, develop supply-and-

demand management and control techniques as well 
as diverse applications based on those forecasting 
techniques, and expand the types of facilities and 
equipment that can be added or connected to the sys-
tem. We also plan to research and develop behavior-
recognition and behavior-prediction techniques tar-
geting community residents and building tenants 
using smart devices and sensor networks. NTT 
FACILITIES is committed to making ongoing contri-
butions to the construction and optimal operation of 
smart communities.
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1.   Introduction

It is commonly accepted that the architecture and 
construction industries can have an impact on the 
environment in diverse ways over the life cycle of a 
building, from the production of building materials to 
the actual construction, operation, maintenance/
repair, and eventual demolition. Most greenhouse 
gases that give rise to global warming originate in the 
emission of carbon dioxide (CO2) caused by the burn-
ing of fossil fuels, and about one third of Japan’s total 
CO2 emissions originate in the architecture and con-
struction industries.

Environmentally conscious design can be summed 
up as an effort to reduce the load on the environment 
over the entire life cycle of a product, from planning 
and design to production, market distribution, and 
disposal or recycling. It has been recognized the 
world over as a viable approach since the �990s, but 
it has recently been attracting renewed attention with 
the emergence of a global economy and the strength-
ening of environmentally conscious laws and regula-
tions in many countries.

In Europe and the United States, for example, the 
move toward new and tougher regulations covering 

chemical substances and energy saving measures 
continues. Some of those regulations, moreover, have 
become international standards. It is consequently 
said that corporate enterprises cannot afford to ignore 
international trends in environmentally conscious 
design if they wish to be competitive in overseas mar-
kets.

2.   GreenITy Building®: Environmentally  
conscious design at NTT FACILITIES

NTT FACILITIES is actively engaged in environ-
mentally conscious design based on the concept of 
GreenITy Building. GreenITy is a coined word com-
bining green and IT (information technology), and it 
signifies the integration of environmentally conscious 
technologies and IT (as opposed to treating them 
separately) and the construction of long-life buildings 
taking into account both environmental and user 
needs. We introduce some key examples of this devel-
opment in this article.

NTT FACILITIES finished construction on a new 
research and development (R&D) center (NTT 
FACILITIES Shin-Ohashi Building) in July 20�4. 
This building is intended to be a showcase of the 

Feature Articles: R&D Efforts at NTT FACILITIES
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GreenITy Building concept. The plan is to deploy a 
variety of GreenITy technologies and to conduct field 
trials of operations.

3.   Enhancement of Live-Link Design® Office

Today, environmental consciousness has become 
an essential approach even in the design of offices. 
However, the objective in office design is to enable 
management resources to be used as effectively as 
possible. To achieve this objective, an office must be 
designed so that office work and resource usage are 
efficient and intellectual productivity is improved. As 
a result, the corporate world needs to satisfy this 
objective while being environmentally conscious in 
order to contribute to society.

At NTT FACILITIES, we have been proposing the 
Live-Link Design Office for some time as an approach 
to designing offices that can contribute to the effec-
tive use of management resources, including power-
saving measures. In this approach, we assess current 
conditions, analyze where office improvements can 
be made based on seven types of work activities 
(scenes) and five types of elements (schemes), pro-
pose an office plan that includes necessary improve-
ments combined with environmentally conscious 
considerations, and construct the actual office  
(Fig. 1). 

At present, we are working on improving the Live-
Link Design Office concept even further. To give 
some background, it can be said that the management 
target in recent approaches to office design has been 
shifting from the way in which the workplace is used 
to the way in which work is performed (work style). 
That is, the need has arisen for an office design and 
management approach that enables work to be done 
anywhere in the office and enables workers to select 
where and how they want to work. It goes without 
saying that it is people who work in an office and who 
support corporate productivity. An increasingly pop-
ular idea is that providing a choice of office scenes to 
workers with individual differences so that each of 
them can achieve a way of working that promotes 
intellectual productivity can help improve the overall 
intellectual productivity of the company.

Being part of this trend and promoting further 
improvements in intellectual productivity requires 
focusing attention on work (labor). Specifically, 
worker behavior (movement, area use, tool use, etc.) 
needs to be analyzed and reflected in zoning and 
planning that stimulates communication and worker 
motivation; workers must be able to move freely 

within an office and to work as desired. Designing 
such a new type of office requires more than solving 
problems that come to light and preparing work zones 
that are easy to use. Worker behavior needs to be 
observed and analyzed so that space that enhances 
communication and motivation can be planned, and 
the effects of the office environment and worker 
behavior on improvements in intellectual productivity 
need to be visualized through simulations. This is 
what we are proposing with our enhanced version of 
Live-Link Design Office.

4.   Testing the effect of linking BIM to FM

Building information modeling (BIM) is a project 
management technique based on virtual construction 
of a building on a computer using three-dimensional 
(3D) shape data and attribute data such as component 
costs and types of materials. BIM enables building 
design and other data to be shared among those con-
cerned and facilitates information sharing and early 

Fig. 1.   Live-Link Design Office.
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consensus building among individuals as a type of 
front-loading for making decisions in the early stages 
of a project. It makes it possible to identify problems 
such as drawing inconsistencies and interference 
between structural components and piping before the 
actual construction begins. It therefore prevents an 
escalation in building costs and project delays caused 
by starting over and redoing some work.

In the United States, the use of BIM began to spread 
in 2006, and at present, it is being increasingly 
applied to the life cycles of buildings from construc-
tion to operation. In Japan, meanwhile, BIM was 
introduced only as recently as 2009, but its imple-
mentation and use in the construction of new build-
ings has already entered a growth period; it is by no 
means rare in the industry. However, while studies 
have been performed from many viewpoints on the 
use of BIM data in facility management (FM) after 
construction has been completed, case studies are, for 
the most part, unknown. Here, using BIM data in FM 
is not just a matter of inheriting that data once con-
struction has been completed. Rather, it is necessary 
to achieve a link between BIM and FM with a view to 
front-loading in FM too. NTT FACILITIES provides 
an integrated set of building services from design to 
FM and is therefore committed to introducing and 
effectively applying BIM. The building construction 
project for the new NTT FACILITIES Shin-Ohashi 
Building mentioned above is one of the first examples 
of applying BIM in Japan. The use of BIM from 
design and construction to FM is progressing well. In 
the following subsections we describe the effects of 
linking construction and FM through BIM.

4.1    Effectiveness of BIM in design and construc-
tion work

In this building construction project, all data were 
consolidated as BIM data, and about 65% of the 
design documents needed for construction were gen-
erated automatically using integrated BIM data. This 
made the process of preparing drawings much more 
efficient and greatly reduced the time required for 
checking drawings (Fig. 2). Specifically, a check for 
inconsistencies among drawings that would normally 
take about two weeks was performed in 3D space and 
completed in only one day. Another benefit is that 
when making revisions to drawings, the fact that all 
data are integrated as BIM data means that all draw-
ings can be changed without generating inconsisten-
cies. 

Furthermore, in actual construction work, the use of 
3D composite drawings is shortening the time needed 
to examine and check the construction process. Addi-
tionally, since BIM enables a virtual building to be 
completed on computer using BIM data before the 
real building is completed, information can be shared 
among concerned parties on issues such as color deci-
sions for building components and renderings of on-
site construction work in progress, and a consensus 
can be formed before the building is actually com-
pleted.

4.2   Effectiveness of introducing BIM in FM
This BIM feature of being able to provide a virtual 

building in the form of data before the building’s 
actual completion enables a virtual building hando-
ver. In this project as well, we were able to hand over 
virtually completed BIM data to achieve a link with 
FM. We have verified that such a smooth transition of 

Fig. 2.   Facility drawings based on BIM.
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virtually completed BIM data into the FM system 
makes it possible to clarify the life cycle cost (LCC) 
before the building is completed in order to achieve 
both an accurate design and the appropriate mainte-
nance and management, and to reduce the cost of 
maintenance and management over a long-term life 
cycle.

A virtual building created by BIM can be used in 
various types of simulations. It also has a high affin-
ity with the field of energy management and can be 
used to evaluate energy-saving performance. Thus, 
BIM can be considered an important element in 
advancing environmentally conscious design.

NTT FACILITIES has been engaged in building 
design and FM as a business, and we have strived to 
achieve efficient and advanced FM by developing and 
introducing various types of FM tools and providing 
FM services linked to building design. Going for-
ward, we plan to expand upon the knowledge gained 
from this building construction project to achieve a 
level of BIM-FM integration that can contribute to 
making FM even more efficient and advanced.

4.3   In-building information management system
A variety of systems and applications exist for 

achieving a safe and comfortable working environ-
ment within a building. These include security sys-
tems for managing access to the building itself as well 
as access to rooms inside it, a building energy man-
agement system (BEMS) for managing facilities and 
devices such as lighting and air conditioners, an 

information and communications system such as for 
managing internal and outside telephone lines, and 
more recently, wireless LAN (local area network) and 
thin-client systems. Such systems normally exist 
independently of each other in providing services to 
users, but such a scheme has its drawbacks too, such 
as:

•  the same information may have to be input mul-
tiple times in different formats, and

•  authentication (user name, password, etc.) may 
have to be performed separately, and different 
levels of security may exist. 

A complaint that is often heard is that more advanced 
functions and services could be provided if such indi-
vidual systems could be closely linked. One example 
of an advanced means of linking separate systems is 
the building information management system (BIS), 
which was formulated to interconnect diverse sys-
tems such as a building’s security system, BEMS, 
information and communications system, and FM 
system. An example of applying BIS is shown in  
Fig. 3.

The act of connecting individual systems to BIS 
brings various types of data together. The BIS pro-
cesses the data into a form that each system can use 
and stores the data accordingly. The system side can 
use the data to reduce energy consumption, enhance 
security, improve work styles, and raise productivity. 
In addition, BIS can be made to support the informa-
tion-communication specifications of each system so 
that existing systems can be used in their present  

Fig. 3.   Example of using BIS.
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configuration. This approach enables BIS to be 
deployed in a building in a relatively short time at low 
cost. The role that BIS aims to perform is shown in 
Fig. 4. At NTT FACILITIES, we aim to achieve the 
following by introducing BIS:
(�)  Control building facilities according to the num-

ber of people in each room (achieve 35% energy 
savings)

(2)  Change security level according to situation 
(provide stress-free environment, improve 
information security)

(3)  Provide an optimal room environment (raise 
productivity)

5.   Applying unused energy to air conditioning

Air conditioning systems account for a large per-
centage of the power consumed by all building facili-
ties, and thus, there is a great need for energy-saving 
measures in this area. One effective technique is to 
make positive use of unused energy sources such as 
by using outdoor air or recovering heat that has tradi-
tionally been discarded as waste.

NTT FACILITIES is developing technologies for 
systems that can maximize the use of unused energy 
as air conditioning energy with the aim of achieving 
environmentally conscious buildings. The following 
introduces some examples of this system develop-
ment.

5.1   Incorporating unused energy in buildings
We have developed a heat-interchange control sys-

tem for maximizing the use of unused energy in the 
form of ground-source heat at about �7°C and server 
exhaust heat at about 35°C (Fig. 5).

This system features the following mechanisms:
(�)  Uses exhaust heat recovered from a server by a 

heat exchanger for office heating
(2)  Uses cold energy extracted from a ground pile 

for cooling in server rooms or offices
(3)  Uses cold outdoor air to cool rooms depending 

on the indoor environment 
The system can automatically select any of the 

above mechanisms to configure a heat-interchange 
pattern that saves the most energy and maximizes the 
use of unused energy throughout the building. Taking 
full advantage of temperature differences that exist 
within a building as well as inside and outside a build-
ing and making positive use of heat in this way can 
reduce the amount of energy used by the building’s 
air conditioning system.

This new technology will be deployed at the new 
NTT FACILITIES Shin-Ohashi Building. Trial cal-
culations indicate that this technology will provide an 
annual power-consumption reduction (energy-sav-
ing) effect of 3�% relative to no deployment.

6.   New approaches to office air conditioning

Office air conditioning must provide both an 

Fig. 4.   Role targeted by BIS.
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energy-saving effect and a comfortable environment 
at the same time. However, these are often conflicting 
requirements, so to achieve good performance in both 
of these categories, we have undertaken the develop-
ment of advanced office air conditioning systems. 
Some of the technologies that we plan to use in these 
systems are introduced in this section.

6.1   Membrane-radiation air conditioning
In this type of air conditioning, a membrane con-

sisting of fibrous material is stretched across the ceil-
ing and used as an air outlet. Driving air through this 
membrane at low speed can suppress airflows that 
feel uncomfortable to occupants of the room. Cooling 
or warming the membrane itself can also improve 
heat radiation in a room and provide a more comfort-
able environment. Improving the heat-radiation envi-
ronment in this way can help relax the room’s tem-
perature setting and contribute to energy savings. Key 
features of this system include the capability to obtain 
a strong radiation effect with the larger area of the 
membrane and flexibility regarding the shape of the 
membrane.

6.2   Task ambient air conditioning
Task ambient air conditioning consists of a system 

that provides both ambient air conditioning, which 
targets the entire space in question, and task air con-
ditioning, which targets partial areas. In a conven-
tional office, air conditioning is uniform within a 

room even though the occupants of the room have 
various individual preferences. This new technology, 
however, includes an arrangement of personalized air 
vents for task air conditioning to allow for individual 
preferences in addition to ambient air conditioning 
using membranes. The user can control the amount of 
air flowing through his or her personalized air vent 
from a smartphone or computer, and the end result 
should be a more comfortable experience tailored to 
personal preferences. Being able to adjust the airflow 
in an occupied area can likewise help relax the room’s 
temperature setting and contribute to energy savings.

6.3    Air conditioning by separate sensible and 
latent cooling

A typical air conditioning system will simultane-
ously adjust temperature and humidity, which means 
that a temperature that is lower than the blowout tem-
perature must be set in order to dehumidify the room 
when cooling. In contrast, an air conditioning system 
based on separate sensible and latent cooling has an 
air conditioner for adjusting temperature and an air 
conditioner for adjusting humidity so that the tem-
perature and humidity can be independently con-
trolled. This scheme makes it unnecessary for the 
temperature-adjusting air conditioner to cool the 
room to a temperature lower than the blowout tem-
perature. It also enables ground-source cold energy to 
be used as energy for air conditioning, thereby con-
tributing to energy savings. Furthermore, it enables 

Fig. 5.   Conceptual diagram of heat-interchange control system.
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temperature and humidity to be controlled in a much 
finer manner than that possible in current systems, 
thereby improving the level of comfort.

This system can reduce the energy required for air 
conditioning by 20% compared with ordinary sys-
tems without sacrificing comfort. In short, it can 
achieve both an energy-saving effect and a comfort-
able environment at the same time. The plan is to 
deploy this technology at the new NTT FACILITIES 
Shin-Ohashi Building and to perform ongoing testing 
while using visualization techniques to assess its 
effects.

7.   Future developments

In addition to the technologies introduced in this 
article, NTT FACILITIES is examining and assessing 
a wide range of technologies that can contribute to the 
construction of environmentally conscious buildings 
in combination with energy technologies. At NTT 
FACILITIES, we are acutely aware that one of our 
roles is to firmly establish each of these technologies 
and to effectively integrate them to implement the 
GreenITy Building concept based on environmentally 
conscious design intertwined with safety, reliability, 
energy conservation, and flexibility. In this way, we 
seek to contribute to the business operations of the 
environmentally conscious NTT Group in the fields 
of architecture and energy.
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1.   Introduction

NTT FACILITIES has been developing unique 
earthquake resistant techniques for buildings and 
equipment that constitute the telecommunications 
infrastructure. These techniques have been continu-
ously developed since the days of the Nippon Tele-
graph and Telephone Public Corporation. Because 
Japan is a country with considerable seismic activity, 
NTT FACILITIES has established three methods of 
seismic observation, vibration testing, and structural 
analysis. These techniques have also been improved 
over time in order to provide and operate a strong and 
reliable telecommunications infrastructure. We are 
working on not only improving the technology for the 
telecommunications infrastructure, but also develop-
ing society-wide earthquake disaster prevention tech-
nology by further advancing and linking the three 
techniques. Major earthquakes are still a primary 
concern to society as a whole, so one of the missions 
of NTT FACILITIES is to realize a resilient society 
through development and improvement of earthquake 
disaster prevention technology (Fig. 1).

2.   Observation of seismic shaking in buildings

The development of earthquake resistant engineer-
ing originated from a desire to learn as much as pos-
sible from seismic damage that occurred in the past. 
Damage factors need to be clarified scientifically in 
order to learn from such damage, and seismic obser-
vation serves as a foundation for this. Seismic obser-
vation involves the use of a measurement instrument 
called a strong-motion seismograph. This instrument 
is fixed on the ground or on the floor surface of a 
building, and it records the shaking caused by earth-
quakes. Strong-motion seismographs to observe only 
ground motion have been deployed by the national 
and local governments in many places [�]. In con-
trast, the number of seismographs to observe building 
shaking by earthquakes is much smaller, although it 
is gradually increasing.

The NTT Group has installed its own seismographs 
to measure the shaking of buildings and has been 
conducting seismic observations in NTT buildings 
nationwide. The history of seismic observation in the 
NTT Group goes back more than half a century, when 
two seismographs were installed at the Koto Tele-
phone Office Building (Tokyo) in �960. Since then, 
seismic observation systems have been installed in 
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Prevention Based on Observations, 
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various types of buildings such as high-rise buildings 
and base-isolated buildings (buildings whose bases 
are not fixed to the ground). Seismic observation is 
now being conducted in 7� buildings nationwide 
(Fig. 2). During the �0�� Off the Pacific Coast of 
Tohoku Earthquake* (main shock), strong shaking 
motions of buildings caused by the earthquake were 
recorded at observation points in Sendai and other 
areas across the country. 

NTT FACILITIES has determined how buildings 
shake during an earthquake by analyzing the strong-
motion records obtained from the observation points 
over the years and has utilized this information in 
evaluating the seismic performance of telecommuni-
cations equipment installed in the buildings. In par-
ticular, in the �995 Hyogo-ken Nanbu Earthquake, 
valuable strong-motion records were obtained at the 
NTT Kobe Ekimae Building (Fig. 3). At that time, 
there were only a few cases of seismic observation of 
building motion in Japan; consequently, the success-
ful acquisition of strong-motion records of an entire 
building in the disaster area in Kobe attracted a lot of 
attention in academia. The seismic records were 
reflected in the document “Seismic Testing Method 
for Telecommunications Equipment,” which is now a 
standard for evaluating the seismic performance of 
telecommunications equipment installed in NTT 
buildings [�], and these records have contributed to 
improving the reliability of NTT’s telecommunica-

tions services. Furthermore, the seismic records have 
contributed to the development of seismic technology 
in Japan as data used to understand the dynamic char-
acteristics of buildings during large earthquakes, and 
have also been utilized as seismic waveforms for 
structural design such as high-rise buildings and 
base-isolated buildings.

3.   Vibration testing to evaluate seismic  
performance

Vibration testing is an effective means of under-
standing the dynamic characteristics of telecommuni-
cations equipment in a real setting during an earth-
quake and for confirming the seismic performance of 
equipment, for example, whether physical damage or 
functional failures occur in the equipment. Moreover, 
it is also effective for examining whether developed 
seismic countermeasures are truly efficient and 
whether any unexpected situations occur when they 
are applied.

Telecommunications equipment installed in NTT 
buildings must satisfy a prescribed level of seismic 
performance. The seismic performance is evaluated 
using vibration testing with a shaking table in  

* The name designated by the Japan Meteorological Agency that 
refers to the main earthquake shock. On April �, �0��, the Japa-
nese Government officially named the disaster (including the 
earthquake and tsunami) “The Great East Japan Earthquake.”

Fig. 1.   Conceptual diagram of development of earthquake disaster prevention technology at NTT FACILITIES.
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accordance with the standard described previously 
[�]. In the vibration testing, actual equipment is 
installed on the shaking table, and the equipment is 
shaken by reproducing simulated seismic waveforms 

with periodic characteristics, as shown in Fig. 4(a). 
This makes it possible to determine whether the 
equipment has been installed adequately and whether 
its performance satisfies the criteria as shown in  

Fig. 2.   Seismic observation points of NTT Group.
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Fig. 3.    Strong-motion records from NTT Kobe Ekimae Building obtained during the 1995 Hyogo-ken Nanbu 
Earthquake.
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Fig. 4(b). The characteristics of the simulated wave-
forms shown in Fig. �(a) are defined on the basis of 
technical knowledge obtained by analyzing strong-
motion records, which reflect the dynamic character-
istics of telecommunications buildings of NTT  
[�, �].

The first shaking table was introduced in the NTT 
Group in �97�, and ever since then, the seismic per-
formance of telecommunications equipment has been 
evaluated in order to ensure the quality of NTT’s tele-
communications services. NTT FACILITIES intro-
duced its newest shaking table in �0�0, a three-
dimensional (�D) vibration testing system called 
DUAL FORCE [5]. The size of the shaking table is  
� m × � m, and it is possible to reproduce a broad 
range of short- to long-period vibrations. In addition, 
since the shaking table can move horizontally up to 
�.� m (zero to peak), it can reproduce vibration phe-
nomena with large displacement such as shaking on 
an upper floor of a high-rise building subjected to 
long-period ground motion. It is utilized to evaluate 
the performance of equipment and fixtures installed 

in various environments and to develop seismic coun-
termeasures.

We describe here some recent examples of tests 
conducted using DUAL FORCE. A photograph of a 
test on a ceiling-mounted air-conditioning unit is 
shown in Fig. 5(a). This test was conducted to inves-
tigate what caused the unit to fall in the �0�� Great 
East Japan Earthquake and to verify countermeasures 
to prevent it from falling. A photograph of a test done 
to verify the flexibility of metal cables drawn into a 
base-isolated telecommunications building is shown 
in Fig. 5(b).

When conducting vibration tests where various 
environments are simulated, we utilize not only seis-
mic records obtained by observation, but also tech-
niques for simulating the behaviors of various struc-
tures obtained by structural analysis. The combina-
tion of observation and simulation expands the range 
of techniques that can be used to evaluate seismic 
performance by vibration testing.

Fig. 4.   Outline of NTT’s “Seismic Testing Method for Telecommunications Equipment.”
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4.   Simulation of seismic behavior of structures 
by structural analysis

In order to construct a reliable telecommunications 
infrastructure that can withstand a severe seismic 
risk, it would be ideal, and perhaps even technically 
possible, to design building structures that would not 
be damaged at all during the largest imaginable earth-
quakes. However, this would require an excessive 
investment, which is not always desirable in practice. 
It would be more realistic to set a seismic level to aim 
for zero damage and to design structures to allow 
some minimal damage from earthquakes beyond the 
set level. However, a design that allowed some dam-
age would require a dynamic analysis program that 
could simulate precisely the process whereby a struc-
tural member of a building changes from elastic to 
plastic under a seismic load. NTT FACILITIES 
developed DIAS (Dynamic Inelastic Analysis Sys-
tem) in �99� before spinning-off from NTT. Utilizing 
DIAS makes it possible to precisely simulate the �D 
behaviors of structures in the event of dynamic and 
non-stationary disturbances such as earthquakes, and 
the results can be checked using animation (Fig. 6).

Seismographs have been installed in four places in 
a high-rise building of the NTT Group in Sendai, both 
inside the building and at the top of its tower. When 
the main shock of the �0�� Off the Pacific Coast of 
Tohoku Earthquake occurred, strong motion was 
recorded at each observation point on the building. A 
comparison of the observed motion recorded at the 
top of the tower during the earthquake and the result 
of the response analysis by DIAS indicated that they 
were well matched (Fig. 6). This shows that DIAS 
can simulate very precisely the extent of damage that 
might occur in buildings [6].

5.   Health monitoring for structures

When building structures are damaged in a large 
earthquake, a technique known as structural health 
monitoring is used to examine the state of damage 
and to evaluate the necessity of reinforcing the struc-
tures or taking further action. Building structures 
usually have various materials covering them on both 
the interior (e.g., sheetrock, wallpaper, ceiling boards) 
and exterior (e.g., curtain walls, tiles), and the parts 
that can be inspected directly are limited. Therefore, 
it is necessary to remove the materials in order to 
visually confirm the state of the structural elements of 
an entire building. However, this is rarely done in 
view of the prohibitive cost and time required for 
removing the materials and re-applying them after. 

Structural health monitoring is a technique for 
identifying which components in a structure have 
been damaged or degraded by an earthquake, grasp-
ing the degree of damage, and evaluating the health of 
the structure without having to visually check it, by 
installing sensors such as seismographs in the struc-
tures and analyzing the measured data. Structural 
health monitoring thus involves analyzing and exam-
ining a structure using data obtained by sensors and 
may therefore be described as a technique that was 
developed from seismic observation. There are two 
key elements in this technique: the sensor and the 
damage detection method. It is necessary to accu-
rately identify the damaged elements of a structure 
and the degree of damage by using an efficient detec-
tion method with the minimum necessary number of 
low-cost sensors.

The damage predictions of large earthquakes occur-
ring along the Nankai Trough and under the Tokyo 
metropolitan area were reviewed after the Great East 
Japan Earthquake. The most serious results were 
announced, which consequently increased the 

Fig. 5.   Images of recent tests conducted using DUAL FORCE.
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demand for a system that can reliably determine 
whether a building will be able to be used safely 
immediately after an earthquake. 

NTT FACILITIES developed a low-cost sensor and 
a method for evaluating the safety level of a building 
that can be applied for structural health monitoring 
and also started selling the Yure-Moni® support sys-
tem to determine building safety levels on October �, 
�0�� (Fig. 7). Conventionally, only story drifts (incli-
nations of vertical elements) has been used as an 
index to evaluate the damage state of a building. In 
contrast, Yure-Moni uses three indices: inclinations 
of horizontal elements, the natural periods of a build-
ing, and story drifts, to evaluate the damage state of a 
building. Checking the damage state from various 
aspects in this way makes it possible to provide more 
accurate and precise information about the safety 
level of a building just after an earthquake, and even 
building managers who are not professional engi-
neers can make a proper determination. 

Currently, in order to enhance the functions of 
Yure-Moni as a tool for disaster control before and 
after an earthquake, we are focusing on adding earth-
quake early warning functions and unified building 
management functions to it (Fig. 8). Furthermore, in 
the future, we are planning to increase the precision 
of damage detection methods using structural analy-
sis by DIAS and to expand the field of applications of 
Yure-Moni to civil engineering structures such as 
road bridges.

6.   The present and future of earthquake disaster 
prevention

The Tohoku region has experienced many large 
earthquakes, including the �978 Miyagi-ken-oki 
Earthquake and the �008 Iwate-Miyagi Nairiku 
Earthquake. More than three years have passed since 
the Great East Japan Earthquake occurred. The num-
ber of buildings that collapsed or were structurally 

Fig. 6.   Example of high-accuracy simulation by DIAS.
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Fig. 7.   Yure-Moni support system to determine building safety level.
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Fig. 8.   Yure-Moni as a tool for disaster control.
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damaged in that earthquake was small and limited. 
However, examples of damage caused by the collapse 
and fall of nonstructural elements in buildings far 
from that earthquake’s epicenter were confirmed over 
a wide area from the Tohoku region to the Kinki 
region. In the Tokyo metropolitan area in particular, 
damage resulting in human fatalities occurred 
because of a collapsing ceiling. NTT FACILITIES is 
working to prepare for a major earthquake that will 
undoubtedly occur in the near future by developing 
countermeasures to problems revealed by the Great 
East Japan Earthquake. We will continue to develop 
new technology for earthquake disaster prevention in 
order to realize resilient societies in other countries 
where earthquakes occur as frequently as they do in 
Japan.
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1.   Introduction

In maintaining the information and communication 
technology (ICT) infrastructure, NTT FACILITIES 
strives to fulfill the critical mission to “Never let tele-
communications be interrupted” to our customers as 
well as NTT Group companies. This maintenance 
process involves managing approximately 20,000 
telecommunications and office buildings at around 
�2,000 locations all over Japan (as of March 20�4), 
and conducting monitoring and maintenance of tele-
communications power systems and air conditioning 
systems amounting to approximately 200,000 devic-
es. To accomplish these tasks smoothly and reliably, 
we have been developing and operating maintenance 
support and remote monitoring systems such as the 
Building Emergency Call service and an integrated 
maintenance system for facility operation. These sys-
tems are helping to improve the reliability of ICT 
services by making it possible to quickly implement 
the appropriate maintenance services (Fig. 1).

NTT FACILITIES has been accumulating a mas-
sive amount of data on buildings and facilities over 
the years via these maintenance and monitoring sys-
tems and has been utilizing the data for various build-
ing maintenance and facility management services.

In recent years, big data technology has been 

attracting a lot of attention, and this technology is 
making it possible to take advantage of the vast 
amount of varied information that was once difficult 
to deal with. Currently, NTT FACILITIES is also 
working on ways to generate new added value by tak-
ing advantage of the accumulated data. As part of 
these efforts, we would like to introduce our new 
approaches to applying the accumulated data in 
building maintenance management and power supply 
systems for telecommunications. These approaches 
will be useful for monitoring and maintaining build-
ings and facilities nationwide.

2.   Application of building maintenance  
management data

2.1    Versatility and potential of building manage-
ment data

In addition to the vast amount of data that has been 
acquired, building data also includes a wide variety of 
figures and photographs. Because of this, while opti-
mization of individual items on a task-by-task basis 
has been achieved, overall optimization in terms of 
ensuring the soundness of telecommunications build-
ings has not yet been realized. Applying big data 
related technologies to the area of building mainte-
nance management allows us to find tendencies in 
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deterioration and the occurrence of faults that were 
previously unknown. To this end, we are working on 
achieving lower cost and higher precision in predict-
ing deterioration and in planning, and also in realiz-
ing the overall optimization of corporate real estate 
(CRE*�) for the future.

2.2   Application of fault and complaint records
NTT FACILITIES receives fault and complaint 

reports from associated facilities all over Japan, and 
we operate the Building Emergency Call service to 
assist in dealing with them (Fig. �). This emergency 
call system receives about 50,000 entries a year, and 
data has been accumulated over 20 years of opera-
tion.

Specific keywords are extracted from these records 
upon their reception, confirmation, and handling, and 
then sorted by facility and type of equipment. By 
examining the combination of keywords and the fre-
quency of occurrence, the system can predict inherent 
risks as well as potential faults in the future and visu-
alize them as an alert. It may also be possible to pre-
dict fault occurrences and the time between occur-

rences by scrutinizing the interrelation between key-
words and chronological databases (Fig. 2). In the 
future, we will use regional features and source build-
ing or facility information to try to recognize whether 
a problem involves an individual building, or if it is a 
matter to be wrestled with in terms of general mea-
sures, and reflect it into building maintenance plans.

2.3    Application of foundation and construction 
records

The existing telecommunications buildings were 
built mainly in the peak construction period of 
Japan’s postwar economic boom, which spans several 
decades. These building construction records have 
been used to create a model cycle of periodically 
required construction work and costs based on the 
building type, scale, and construction period. This is 
being utilized to predict when construction work 
might be necessary as well as the cost (Fig. 3).

Fig. 1.   Overview of Building Emergency Call system.
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In the event of faults such as leaking roofs or peel-
ing of external walls, simple repairs might be advan-
tageous financially, but the time that passes before the 
same faults occur again also becomes shorter. On the 
other hand, although a large-scale repair prevents a 
fault from recurring for a longer period, it also 
increases the repair costs. In the event of roof leak-
age, for example, we can make an accurate and 
immediate decision on whether to do a simple repair 
or to carry out a large-scale restoration by consider-
ing the right time for construction work with respect 
to the life cycle of the building. This will lead us to 
the right conclusion in terms of total cost.

2.4    Information analysis of reports and proposals 
regarding building maintenance manage-
ment

Over the last 20 years, NTT FACILITIES has 
implemented maintenance and management of tele-
communications buildings and has also been report-
ing on maintenance issues and proposing measures to 
deal with them. The data acquired during this time 

has been compiled into a massive volume of text and 
presentation files consisting of various types of data 
such as figures and photos as well as text.

Until now, it has been possible to refer to each type 
of data individually, but it has been difficult to look at 
the entirety of the data chronologically. These files 
were created by maintenance technicians based on 
inspection and diagnosis results, and they include 
various kinds of information and know-how as tacit 
knowledge*2. Making this information explicit knowl-
edge*� and ensuring that it is systematically applied is 
a challenge for the future.

Handling this information as big data allows us to 
clarify interrelations between tasks that have previ-
ously been performed separately and the correlation 
between faults or disasters such as typhoons or  

Fig. 2.   Extracting alerts from fault and complaint records.
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earthquakes and the effectiveness of countermea-
sures. This encourages us to strive to improve plan-
ning measures (Fig. 4).

In general, it is said that the ratio of the life cycle 
cost (LCC*4) of a building from its foundation to its 
demolition and removal is about 25% for construc-
tion and 75% for operation. Future building manage-
ment practices will have to minimize the operational 
cost that accounts for 75% of LCC by improving task 
adjustment performance during building operations. 
In the future, we are going to work systematically on 
the following objectives by promoting the application 
of big data to building maintenance and facility man-
agement.

(�)  Establishment of maintenance prediction tech-
nology by developing more efficient and lower-
cost inspection and diagnosis processes and 
higher precision of deterioration prediction.

(2)  Optimization of building maintenance and capi-
tal expenditure plans by identifying interrela-
tions and trends that were previously unknown.

(�)  Overall optimization by considering buildings 
and facilities as CRE, in relation to real estate 
utilization. Continuous improvement is aimed 
for in buildings and facilities in their functions 
as telecommunications business tools, and prac-
tices will be implemented for sustaining them.

In order to optimize the maintenance and capital 
expenditure plans for decades of building operations, 
it is necessary to relate various kinds of data such as 
information obtained in the telecommunications 
business, technical trends, legal or economic shifts in 

*4 LCC: Life cycle cost. For buildings, this refers to the costs of the 
“life” of the building from design and construction through oper-
ation and removal.

Fig. 3.   Construction requirement cycle pattern and cost prediction. 
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social situations, trends in construction technology, 
as well as conventional building-related data. Another 
necessary task is to organize and expand a team of 
data scientists to apply the compiled data.

3.   Application of facility maintenance data

3.1    Integrated management system for facility 
operation

NTT FACILITIES operates an integrated manage-
ment system it developed for facility operation called 
MaRIA (Maintenance and Remote monitoring, Inte-
grated Advanced management system) that monitors 
and maintains telecommunications power systems 
and air conditioning systems in a unified manner 
(Fig. 5).

MaRIA monitors alerts issued due to output abnor-
malities or power outages at facilities as well as alerts 
regarding measurement values collected by sensors 
such as those for voltage, current, and temperature. 
This system immediately informs the Facilities Oper-
ation Center of any measurement values that deviate 
from a threshold range; the appropriate staff then rush 
into the field from service centers at around �80 loca-
tions across the nation. Information on alerts and 

measurement values is automatically accumulated in 
the system database. Also, source equipment, fault 
details, and maintenance records are compiled by 
maintenance staff at service centers as facility main-
tenance information. The amount of information the 
system has accumulated is huge, amounting to 700 
million alerts, �0 billion pieces of measurement data, 
and information on �00 thousand faults. The mainte-
nance data has been utilized to implement monitoring 
and maintenance work. We are also currently work-
ing on other ways to apply the data, as follows.

3.2   Application of fault information
Every time a fault occurs in an electronic or air 

conditioning system, a fault card that describes the 
fault is registered in MaRIA via a web system. The 
fault card includes information on the five Ws and one 
H that describe the entire event: when and where (i.e., 
the geographical location), which equipment, what 
happened, why it happened, and how it was repaired. 
This has been utilized for fault management and evi-
dence for replacing equipment in the system con-
cerned.

By adding tallying and analysis procedures to this 
accumulated information, we have developed a tool 

Fig. 4.   Analysis of reports and proposals.
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for multidimensional data analysis that applies vari-
ous approaches to analyze the information on the 
compiled fault cards. This contributes to generating 
new added value (Fig. 6).

This tool enables any information registered using 
these cards to be analyzed in a variety of ways. As 
shown in the figure, general and seasonal trends can 
be grasped from the shift in the number of faults in 
each device, and a simultaneous comparison can be 
done based on a certain manufacturer or a defective 
component. This allows us to evaluate the situation 
comparatively using various approaches and to deter-
mine, for example, which component of which manu-
facturer is likely to have more defective parts.

Other kinds of comparative approaches can also be 
done such as a comparison on a cause basis or an 
installation environment basis, for example, whether 
it occurred in a power receiving room or a telecom-
munications room. A fault rate based comparison is 
also possible by calculating the operational time of 
the equipment based on information about the initia-
tion and completion date of operation. This enables 
us to do a comparative evaluation based on the region 

or on the year of manufacture, even when the number 
of installations differs. The example in Fig. � con-
firms a general tendency of facilities; the older ones 
are more likely to fail. In the future, these types of 
analyses will help to establish the optimum cycles for 
conducting detailed analyses and for carrying out the 
appropriate actions for facility maintenance. We will 
also employ further approaches using statistical 
analysis in our continued efforts to improve the qual-
ity of facility maintenance.

3.3    Prediction of deterioration trends of storage 
batteries

NTT FACILITIES monitors and maintains storage 
batteries that are essential backup power systems for 
telecommunications equipment. Some of our mainte-
nance methods include conducting thermal manage-
ment procedures to extend the life of storage batteries 
by managing the temperatures of the environment 
surrounding the storage batteries and conducting dis-
charge circuit tests to confirm operational normalcy 
while storage batteries are being discharged. Also, a 
backup battery for telecommunications equipment 

Fig. 5.   Overview of MaRIA.
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consists of several single cells with series connec-
tions. The internal resistance of these batteries is also 
being measured for quality management purposes. 
Furthermore, the voltage of �.� million cells across 
Japan is being remotely monitored by a storage bat-
tery management unit that can measure and manage 
the voltage of each single cell.

We are currently working on predicting trends in 
deterioration in order to further improve storage bat-
tery management by making use of cell voltages that 
are continuously measured by the storage battery 
management unit. Conventionally, information on the 
measured cell voltages has been utilized to determine 
whether the voltage is normal or abnormal based on 
upper and lower limit thresholds. We are attempting 
to predict deterioration trends by compiling and ana-
lyzing this information as data values (Fig. 7).

Operational normalcy of the storage batteries is 
confirmed through the aforementioned examinations 
such as the discharge circuit test, where storage bat-
teries are periodically discharged. The measured dis-
charge voltages are utilized to create discharge curves 
with relation to discharge duration and the resulting 

voltage decrease tendencies. These techniques enable 
us to evaluate the deterioration state now. The dis-
charge curves of normal storage batteries and ones 
that might have potential deterioration are shown in 
Fig. 7, which graphically depicts the voltages of all 
cells within the same combined battery. The storage 
batteries with potential deterioration show steeper 
voltage decreases compared to other cells. In the 
future, by compiling voltage information on cells 
during discharge and by analyzing their shift with 
regard to age, we aim to achieve accurate prediction 
of deterioration of storage batteries.

4.   Future plans

In this article, we described the approaches of NTT 
FACILITIES in applying field data on buildings and 
facilities that has been accumulated in the course of 
maintaining ICT infrastructures. We are fortunate in 
not only having this vast amount of field data on 
buildings and facilities but also engineers in each 
field who can apply and analyze it. With the foresight 
obtained through these data analyses, we will 

Fig. 6.   Multidimensional data analysis of fault information.
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contribute to improving the reliability of ICT infra-
structures and at the same time will strive to create 
new maintenance services for buildings and facili-
ties.

Fig. 7.   Voltage shifts in storage batteries during discharge.
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1.   Introduction

The number of subscribers of fiber-to-the-home 
(FTTH) services exceeds 25 million in Japan [�]. The 
Gigabit Ethernet passive optical network (GE-PON) 
[2] is now widely used for FTTH. However, since the 
data traffic of mobile, cloud computing, and ultra-
high-definition (4K/8K) video services is expected to 
expand rapidly, the demand for bandwidth for optical 
access network services, including FTTH, is continu-
ously increasing. Thus, an optical access network 
with higher bandwidth than that of GE-PON is need-
ed. The �0 Gigabit Ethernet PON (�0G-EPON) [3], 
which has ten times the bandwidth of GE-PON, is a 
promising candidate for the next generation optical 
access networks.

The PON system is illustrated in Fig. 1. The main 
feature is that multiple customers share one optical 
fiber, which reduces the cost. An optical network unit 
(ONU) is installed on each customer’s premises, and 
multiple ONUs connect to an optical line terminal 
(OLT) in the central office. Downstream data are 
transmitted as a continuous signal. However, upstream 
data consist of asynchronous burst signals, and these 

bursts have different optical power levels and tim-
ings. Thus, it is essential that the OLT have a burst-
mode receiver that can receive such optical burst 
signals and instantaneously amplify them to a fixed 
amplitude in an electrical signal. 

Such a burst-mode receiver requires high sensitivi-
ty, a wide dynamic range, and a short settling time in 
order to meet PON specifications. Another important 
issue is dual-rate operation. When upgrading the GE-
PON to �0G-EPON, we have to be able to connect the 
�0G-EPON OLT to both �0G-EPON ONUs and 
existing GE-PON ONUs. Therefore, a burst-mode 
receiver for the �0G-EPON system, particularly in 
Japan, is strongly required in order to be able to 
receive �.25-Gbit/s burst signals from GE-PON 
ONUs and �0.3�25-Gbit/s burst signals from �0G-
EPON ONUs as well.

We describe in this article a �0G/�G dual-rate 
burst-mode receiver containing a burst-mode tran-
simpedance amplifier (TIA) and limiting amplifier 
(LA). Careful and optimized design of automatic gain 
control (AGC) with a dummy circuit in the TIA and a 
�0G/�G dual-path configuration in the LA makes it pos-
sible to achieve sensitivities of –30.3 and –35.6 dBm 
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at data rates of �0.3�25 and �.25 Gbit/s, respectively, 
and a settling time of 400 ns at both data rates.

2.   Target performance of dual-rate burst-mode 
receiver

Several burst-mode receivers have been studied in 
order to meet the requirements described above. To 
achieve wide dynamic range of more than 22 dB, 
which is specified in the �0G-EPON standard, the 
receiver gain must vary in accordance with the input 
optical power. That is, the gain should be large when 
the power is small and small when the power is large. 
Receivers are generally classified into two groups: 
those with continuous AGC and those with step AGC 
[4, 5]. The gain in continuous AGC varies continu-
ously, whereas it varies discontinuously in step AGC. 
Generally, step AGC has two or three fixed gains.

In a receiver with continuous AGC, a gain control 
signal tracks the average of the input signal power so 
that it can tolerate fluctuations in the power. More-
over, a reset signal that initializes the AGC circuit and 
is generally required in step AGC is not required in 
many cases. This leads to a simple receiver configura-
tion. However, it requires a relatively longer settling 
time than that of step AGC. This is because it becomes 
difficult to tolerate long consecutive identical digits 
(CIDs) since the gain control signal tracks the aver-
age of the input power when the response time of 
continuous AGC is shortened in order to obtain a 
short settling time. A continuous AGC burst-mode 
receiver [6] achieved high sensitivities of –30.8 and 
–35.5 dBm in �0G and �G operations, respectively, 
but needed a settling time of 800 ns in �0G operation. 
The receiver developed by Takahashi et al. [7] 
reduced the settling time to 400 ns, although the sen-

sitivity for �G operation stayed at around –30 dBm 
because the receiver architecture was not optimized 
for �G operation. 

By contrast, in a receiver with step AGC, the set-
tling time can be shortened to less than 200 ns [8, 9]. 
The receiver gain in step AGC is fixed in each step, so 
the receiver can obtain robustness to long CIDs even 
when the time constant of the AGC is short. However, 
step AGC requires a reset signal between each burst 
packet to initialize the gain. This reset signal should 
be a short pulse with a width of less than a few tens of 
nanoseconds, and the reset timing should be precise 
enough to correctly apply the reset at a gap of two 
bursts. This leads to a complex receiver configura-
tion.

A recently developed continuous AGC receiver 
achieved a settling time of 240 ns with high sensitiv-
ity by switching the time constant of the AGC [�0]. 
The time constant in this receiver remains short 
before the reception of a burst signal in order to 
achieve a short settling time. After a burst signal 
arrives, the receiver detects the signal and then 
switches the time constant from short to long in order 
to handle long CIDs. However, the reset signal has to 
initialize the time constant of the AGC between each 
burst packet.

The �0G/�G dual-rate burst-mode receiver pre-
sented in this article is a continuous AGC without a 
reset signal. We selected the time constant of the AGC 
carefully in order to achieve a settling time of 400 ns, 
which is half that specified in the �0G-EPON stan-
dard and the same as that specified in the GE-PON 
standard. Furthermore, the targets of the receiver sen-
sitivity are at least –30 and –32 dBm at bit error ratios 
(BERs) of �0–3 and �0–�2 at data rates of �0.3�25 and 
�.25 Gbit/s, respectively. These values are 2 dB better 

Fig. 1.   PON system.
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than that of the standards. To achieve high sensitivity, 
we optimized circuit parameters for both �0G and �G 
operations.

3.   Dual-rate burst-mode receiver architecture 
and circuit

3.1   Receiver architecture
A simplified schematic of our dual-rate burst-mode 

receiver, which consists of an avalanche photodiode 
(APD), TIA, and LA, is shown in Fig. 2. The APD 
converts an input optical burst signal into an electrical 
current signal. The TIA converts the current signal 
into a voltage signal and amplifies it. The LA ampli-
fies various voltage amplitudes for each burst packet 
to a constant level.

The TIA uses continuous AGC, which, as men-
tioned above, does not require a reset signal. The 
details are described in section 3.2. The LA has two 
signal paths: a �0G path for a rate of �0.3�25-Gbit/s 
and a �G path for a rate of �.25-Gbit/s. The –3-dB 
bandwidth of the �G path was designed to be � GHz 
to improve sensitivity at a data rate of �.25 Gbit/s, 
while that of the �0G path was designed to be 8 GHz. 
The TIA and the LA are connected via alternating 
current (AC) coupling capacitors to cancel the signal 
offset.

3.2   Burst-mode TIA
The dual-rate burst-mode TIA circuit is shown in 

Fig. 3. Continuous AGC is used in the TIA to achieve 
a wide dynamic range and make a reset signal unnec-
essary. The first stage of the TIA has two identical 
circuit blocks: a TIA core and TIA dummy. The TIA 
core receives the input current signal. The TIA 
dummy generates a reference voltage equal to that of 
the output of the TIA core with no input current. The 
reference voltage from the TIA dummy is employed 

to cancel process, voltage, and temperature (PVT) 
variations, to generate a precise AGC voltage, and to 
cancel common mode noise. The AGC circuit aver-
ages the difference between the output voltages of the 
TIA core and dummy and then outputs an AGC sig-
nal, VAGC. When the input current is small, VAGC is 
low. This makes feedback resistance, Rf, and load 
resistance, RL, high, which results in a high TIA gain. 
This enables the TIA to receive a small input current. 
When the input current is large, VAGC becomes high. 
This makes Rf and RL low, which results in a low 
gain. In this way, the linear operation of the TIA is 
maintained, and the output signal is prevented from 
saturating and distorting even when the input current 

Fig. 2.   Block diagram of burst-mode receiver.

10G

1GTIA

LA

APD
10G output

1G output

Optical burst
input

10G path

1G path

Fig. 3.   TIA circuit.

TIA
dummy

TIA
core

Input
Output

Rate

AGC

Rate

Output
buffer

Rf

RL

−− ++

VAGC

VAGC

VAGC



Regular Articles

Vol. 12 No. 11 Nov. 2014 4

is large.
A rate signal is employed to optimize the sensitiv-

ity at each data rate. To obtain a high-sensitivity 
receiver, it is important to reduce the equivalent input 
noise current, ieq, of a TIA. Most of the ieq comes 
from Rf, and ieq becomes low as Rf becomes large. 
Thus, to obtain high sensitivity, large Rf is desired. 
However, large Rf limits the –3-dB bandwidth of a 
TIA because the bandwidth is inversely proportional 
to Rf. In other words, the optimum value of Rf is dif-
ferent at different data rates. Therefore, we employed 
a rate signal to change Rf according to the data rate.

One of the most important parameters for burst-
mode receivers is the time constant for AGC. A study 
showed that the time constant should be shorter than 
one-fifth of the receiver settling time and more than 
eight times the maximum number of CIDs [��]. Since 
the target for the settling time is 400 ns, the time con-
stant should be less than 80 ns. The maximum num-
ber of CIDs in GE-PON and �0G-EPON is 5 and 66 
bits because GE-PON and �0G-EPON use 8B/�0B 
and 64B/66B coding, respectively. Consequently, the 
longest CID period is 4 ns in GE-PON and 6.4 ns in 
�0G-EPON, so the time constant should be larger 
than 50 ns. In other words, the –3-dB low-cutoff fre-
quency of the frequency response of the receiver 
should be between 2 and 3 MHz. In our TIA, we 
designed the AGC loop to have a cutoff frequency of 
2 MHz because we considered it important to have a 
tolerance to CIDs longer than 66 bits.

4.   Experimental results

A micrograph of the prototype TIA integrated cir-
cuit (IC) is shown in Fig. 4. The IC was fabricated by 
using a 0.25-µm SiGe BiCMOS (bipolar complemen-
tary metal-oxide semiconductor) process. The chip 
size is �.� × 0.99 mm2.

4.1   Frequency response of the TIA
The measured frequency responses of the TIA are 

shown in Fig. 5. The transimpedance gain, Zt, of the 
TIA was calculated from S (scattering) parameters 
obtained by on-wafer measurement. When we calcu-
lated Zt, we also took into consideration the parasitic 
capacitance of an APD and the inductance of the 
bonding wire between the APD and the TIA. The �0G 
and �G modes indicated in Fig. 5 denote that the feed-
back resistance, Rf, is set small for �0.3�25-Gbit/s 
operation and large for �.25-Gbit/s operation, respec-
tively, by using a rate input as described in section 3.2. 
As shown in Fig. 5, we obtained Zt of 66 and 76 dB, 

and a –3-dB bandwidth of 9 and 0.8 GHz in the �0G 
and �G modes, respectively. These are sufficient gain 
values and bandwidths for �0G/�G dual-rate opera-
tion.

4.2   Performance of dual-rate burst-mode receiver
The TIA was mounted in a transistor outline (TO)-

can package with an APD. A flexible printed circuit 
was soldered to the lead pins of the TO-can package 
as an electrical interface. The package was connected 
to the LA through the flexible printed circuit and AC-
coupling capacitors, as shown in Fig. 2.

Burst responses of the dual-rate burst-mode receiv-
er from loud to soft bursts are shown in Fig. 6. The 
loud burst was used as an interference burst, and its 
optical power was –6 dBm, which is the same as the 
overload specified in the standards. This is the most 
severe condition for evaluating the settling time and 
sensitivity of burst-mode receivers. The soft burst 
was used as a measured burst consisting of a preamble 
and payload. The preamble pattern defined in the 

Fig. 4.   Micrograph of TIA IC.

Fig. 5.   Measured frequency responses of TIA.
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existing standards was used, and its period was 400 ns 
to confirm a receiver settling time of 400 ns. The 
payload patterns were 23�-� and 27-� PRBS (pseudo-
random binary sequence), and the input optical pow-
ers of the measured bursts (soft bursts) were –29 and 
–34 dBm at �0.3�25 and �.25 Gbit/s, respectively. 
Since these are lower powers than the receiver sensi-
tivities specified in the standards, these values are 
sufficient for evaluating the settling time. In addition, 
the guard time between interference and measured 
bursts was set at less than �0 ns. As shown in Fig. 6, 
the receiver can respond in less than 200 and 300 ns 
for �.25- and �0.3�25-Gbit/s operations, respectively, 
which means the receiver has sufficient margin to 
achieve a settling time of 400 ns.

The measured BER is shown in Fig. 7. The data 
patterns used in the BER measurement are the same 
as described above. The measured sensitivities are  
–30.3 dBm at a BER of �0–3 and –35.6 dBm at a BER 
of �0–�2 at �0.3�25 and �.25 Gbit/s, respectively. The 
sensitivity is more than 2 dB higher than that in the 
standards. The measured results and the standard 
specifications are summarized in Table 1. We con-
firmed that the receiver successfully meets the �0G-

EPON/GE-PON standards. 

Fig. 6.    Received optical and LA output waveforms for burst-mode operation from loud to soft burst signal with 
400-ns preamble. (a) 1.25-Gbit/s burst response from −6 to −34 dBm. (b) 10.3125-Gbit/s burst response 
from −6 to −29 dBm.
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5.   Conclusion

We have developed a dual-rate burst-mode receiver 
that complies with �0G-EPON and GE-PON standards. 
The receiver sensitivities are –30.3 and –35.6 dBm at 
�0.3�25 and �.25 Gbit/s, respectively, with a settling 
time of 400 ns and without a reset signal by using a 
continuous AGC. These values are more than 2 dB 
higher than that in the standards. 

References

[�] Ministry of Internal Affairs and Communications (in Japanese), 
 http://www.soumu.go.jp/johotsusintokei/field/data/gt0�0�03.xls
[2] IEEE Standard 802.3ah, 2004,
 http://www.ieee802.org/2�/doctree/2006_Meeting_Docs/2006-��_

meeting_docs/802.3ah-2004.pdf
[3] IEEE Standard 802.3av, 2009,
 http://standards.ieee.org/findstds/standard/802.3av-2009.html
[4] Y. Ohtomo, H. Kamitsuna, H. Katsurai, K. Nishimura, M. Nogawa, 

M. Nakamura, S. Nishihara, T. Kurosaki, T. Ito, and A. Okada, “High-
speed Circuit Technology for �0-Gb/s Optical Burst-mode Transmis-
sion,” Proc. of Conference on Optical Fiber Communication (OFC) 
20�0, OWX�, San Diego, CA, USA, Mar. 20�0.

[5] X. Z. Qiu, X. Yin, J. Verbrugghe, B. Moeneclaey, A. Vyncke, C. V. 
Praet, G. Torfs, J. Bauwelinck, and J. Vandewege, “Fast Synchroniza-

tion 3R Burst-mode Receivers for Passive Optical Networks,” Journal 
of Lightwave Technology, Vol. 32, No. 4, pp. 644–659, Feb. 20�4.

[6] M. Noda, S. Yoshima, K. Ishii, S. Shirai, M. Nogami, and J. Nakaga-
wa, “Dual-rate Optical Transceiver Incorporating Fully Optimized 
Burst-mode AGC/ATC Functions for �0G-EPON Systems,” Proc. of 
European Conference and Exhibition on Optical Communication 
(ECOC) 20�0, Mo.2.B.2, Torino, Italy, Sept. 20�0.

[7] S. Takahashi, K. Shiba, E. Mizuki, K. Makita, and A. Tajima, “Over 
25-dB Dynamic Range �0-/�-Gbps Optical Burst-mode Receiver 
Using High-power-tolerant APD,” Proc. of OFC 2009, NME2, San 
Diego, CA, USA, Mar. 2009.

[8] M. Nogawa, H. Katsurai, M. Nakamura, H. Kamitsuna, and Y. Ohto-
mo, “�0-Gbit/s Burst-mode Receiver Integrated Circuits for Broad-
band Optical Access Networks,” NTT Technical Review, Vol. 9, No. 
3, Mar. 20��.

 https://www.ntt-review.jp/archive/ntttechnical.php?contents=ntr20��
03fa5.html

[9] T. Ito, T. Kurosaki, M. Nakamura, S. Nishihara, Y. Ohtomo, A. Okada, 
and M. Yoneyama, “A Burst-mode APD-ROSA Using Reset Signal 
with Less Than �00 ns Response for �G/�0G-EPON Dual-rate Optical 
Transceivers,” Journal of Lightwave Technology, Vol. 29, No. �4, pp. 
2089–2�0�, Jul. 20��.

[�0] S. Yoshima, M. Noda, N. Suzuki, S. Shirai, D. Mita, S. Ihara, M. 
Nogami, H. Aruga, and J. Nakagawa, “Latest Progress of Burst-mode 
Transceiver for �0G-EPON,” Proc. of ECOC 20�2, Tu.�.B.3, Amster-
dam, the Netherlands, Sept. 20�2.

[��] H. Ben-Amram, “�0GEPON Burst Receiver Simulation,” 
 http://www.ieee802.org/3/av/public/2008_0�/3av_080�_benamram_

2.pdf.

Table 1.   Measured results for dual-rate burst-mode receiver.

Unit
IEEE

802.3av
(10G-EPON)

IEEE
802.3ah

(GE-PON)

Measured
results

10G operation

Power budget class — PR30 N/A —

Data rate Gbit/s 10.3125 N/A 10.3125

Sensitivity dBm −28 N/A −30.3

Overload dBm −6 N/A −5

T_receiver_settling ns < 800 N/A < 400

1G operation

Power budget class — PRX30 PX20 —

Data rate Gbit/s 1.25 1.25 1.25

Sensitivity dBm −29.78 −27 −35.6

Overload dBm −9.38 −6 −5

T_receiver_settling ns < 400 < 400 < 400

http://www.soumu.go.jp/johotsusintokei/field/data/gt010103.xls
http://www.ieee802.org/21/doctree/2006_Meeting_Docs/2006-11_meeting_docs/802.3ah-2004.pdf
http://standards.ieee.org/findstds/standard/802.3av-2009.html
https://www.ntt-review.jp/archive/ntttechnical.php?contents=ntr201103fa5.html
http://www.ieee802.org/3/av/public/2008_01/3av_0801_benamram_2.pdf


Regular Articles

7 NTT Technical Review

Masafumi Nogawa
Senior Research Engineer, Supervisor, Metro-

Access Network Device Project, NTT Device 
Innovation Center.

He received his B.E. and M.E. in electronic 
engineering from Tohoku University, Miyagi, in 
�988 and �990, respectively. He joined NTT LSI 
Laboratories in �990 and has been engaged in 
research on high-speed CMOS/BiCMOS circuit 
technology. His current research interests include 
high-speed analog front-end circuits for optical 
communications. He served as an Associate Edi-
tor of IEICE Transactions on Electronics and as a 
member of the Technical Program Committee of 
ISSCC (International Solid-State Circuits Con-
ference). He is a member of the Institute of 
Electrical and Electronics Engineers (IEEE) and 
the Japan Society of Applied Physics (JSAP) and 
a senior member of the Institute of Electronics, 
Information and Communication Engineers 
(IEICE).

Hiroaki Katsurai
Researcher, Metro-Access Network Device 

Project, NTT Device Innovation Center.
He received his B.E. in systems innovation and 

his M.E. in precision engineering from the Uni-
versity of Tokyo in 2005 and 2007, respectively. 
He joined NTT Microsystem Integration Labora-
tories in 2007. He is currently working on the 
development of high-speed LSIs for optical com-
munications. He is a member of IEICE.

Hiroshi Koizumi
Senior Research Engineer, Supervisor, Social 

Device Technology Laboratory, NTT Device 
Technology Laboratories.

He received his B.S. and M.S. in materials 
engineering from Waseda University, Tokyo, in 
�990 and �992, respectively. He joined NTT LSI 
Laboratories in �992. He has been engaged in 
research and development of high-speed LSIs for 
optical communications. His current research 
interests include optical biosensing devices. He 
is a member of IEEE, JSAP, and IEICE.



� NTT Technical Review

1.   Introduction

The term smart home refers to devices in the home 
that are connected to services via the Internet. These 
services are being developed by telecom companies 
around the world, for example, AT&T’s Digital Life 
[�] and Deutsche Telkom’s QIVICON [2]. An impor-
tant factor in developing smart home business is the 
in-home wireless communication protocol for con-
necting a home gateway and other customer premises 
equipment with various devices such as home appli-
ances, sensors, and actuators.

NTT is working to create an environment that 
facilitates smart home business development and to 
expand the market by cooperating with other telecom 
companies through the Home Gateway Initiative 
(HGI) [3], which is an influential organization in the 
telecommunications industry. The HGI members are 

focusing on improving ZigBee and other important 
in-home wireless communication protocols.

2.   HGI activities

2.1   Overview of HGI 
HGI was founded mainly by European telecom 

companies in 2004 for the purpose of writing specifi-
cations for applications and technology with respect 
to the requirements of home gateways. The members 
are telecom companies and vendors of systems, 
chips, software, and hardware. The members from 
Japan include NTT, NEC, Oki Electric Industries, 
Sumitomo Electric Industries, Hitachi, and Mitsubi-
shi Electric. The basic plan is to effectively apply 
existing technology and to collect and organize com-
mon specifications for home gateways on the busi-
ness development and technical fronts rather than 
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writing new specifications. 
The HGI organization and roles are shown in  

Fig. 1. Work on the technical requirements docu-
ments is mainly being done by the Technical Working 
Group. The completed specification documents con-
cerning home networks and M2M (machine-to-
machine) are submitted to the relevant standards 
organizations for feedback via liaisons. The Techni-
cal Working Group utilizes the feedback from the 
standards organizations to set new specifications.

2.2   Activities of Smart Home Task Force
The technical requirements for realizing smart 

home services are being discussed by the Smart 
Home Task Force, which produces a requirements 
specifications document (Table 1). The main techni-
cal fields and topics include use cases, architecture 
and system requirements, the operating environment 
of home gateways, in-home wireless communication 
protocols, and device models.

The home gateway operating environment is being 
specified mainly by Deutsche Telekom and Orange 
(formerly France Telecom) as sets of software mod-
ules and performance requirements for running in a 
Java/OSGi (Open Service Gateway initiative) soft-
ware environment. HGI periodically holds test events 
to validate the specified performance requirements. 
Those events are held to determine whether or not the 
technology can meet the requirements and to build 
relationships among members.

2.3    Setting technical requirements for in-home 
wireless communication (RD039)

In cooperation with Deutsche Telekom, Orange, 
NEC, and other members, we have been working in 
the Smart Home Task Force to set the technical 
requirements for existing in-home wireless commu-
nication protocols from the viewpoint of providing 
smart home services (RD039) [4].

Document RD039 sets the requirements that  

Board

• Formulate strategies
• Management, finance, legal affairs
• Build relations with other organizations

CTO/CBO

• Operations of Board, MC,  and
MKTG

• Coordination of BG, TWG, and
various TFs

Management Committee (MC)

• Launch new projects
• Manage document release

Business Working Group (BG)

• Study new projects
• Propose new projects to MC

Technical Working Group (TWG)

• Set technical requirements for
HGW, Media Gateway, QoS, IPv6,
IP-PBX, maintenance functions, etc.

Test Task Force

• Set testing specifications based on the 
requirements set by the TWG and SH TF

• Hold test events

Smart Home Task Force (SH TF)

• Set technical requirements for local service APIs, 
device modelling, remote (cloud) service API, 
in-home wireless communication, smart meters, etc.

Marketing Group (MKTG)

• Conduct publicity
• Conduct market studies

API: application programming interface
CBO: chief business officer
CTO: chief technology officer
IPv6: Internet protocol version 6
IP-PBX: IP private branch exchange
QoS: quality of service

Fig. 1.   HGI organization and roles.
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in-home wireless communication protocols must sat-
isfy for usability (e.g., simple setup, setup support), 
communication reliability (e.g., averting interfer-
ence, coverage), maintenance functions (e.g., testing 
functions, remote support), and security (e.g., authen-
tication, encryption). NTT has proposed technical 
requirements for simplified pairing, optimized power 
consumption, appropriate addressing on restart, and 
isolation for when network problems occur, based on 
assumed improvements in the ZigBee IP (Internet 
protocol) expected to be used in Japan.

The technical requirements were completed in May 
20�4 and formally released as RD039. Through col-
laboration with the Broad Band Forum (BBF) [5], 
another standards organization in the smart home 
field that was established in May 20�3, HGI made 
RD039 available to BBF members as well.

3.   ZigBee Alliance Activities

3.1   ZigBee Alliance
The ZigBee Alliance [6] was established in October 

2002 to set wireless sensor network standards and 
ensure interconnectability. This alliance follows the 
IEEE (Institute of Electrical and Electronics Engi-
neers) 802.�5.4 standard for the physical layer and 
MAC (media access control) layer, and is proceeding 
with the standardization for the higher layers includ-

ing network layers and application interfaces. The 
members include telecom companies and vendors of 
systems, chips, software, and hardware. Companies 
from Japan that are participating include NTT, Oki 
Electric Industries, NEC, Toshiba, and others. In 
Japan, ZigBee SIG (special interest group) Japan 
cooperates with the ZigBee Alliance and other 
regional organizations to conduct information cam-
paigns and carry out market studies and market devel-
opment in collaboration with member corporations.

The ZigBee Alliance organization and roles are 
shown in Fig. 2, and the process of setting the techni-
cal requirements is shown in Fig. 3. The ZigBee 
Marketing Steering Committee (ZMSC) and the Mar-
ket Working Groups compile use cases and market 
requirements in the Market Requirements Document 
(MRD), which is submitted to the ZigBee Architec-
ture Review Committee (ZARC). ZARC passes the 
MRD on to the appropriate Working Groups (WGs), 
which produce Technical Requirements Documents 
(TRDs). The TRDs define the technical scope, and 
specifications are written based on them.

3.2   Activities in the Technical WG 
NTT explained the in-home wireless technical 

requirements using the HGI RD039 document 
described in section 2.3 at the ZigBee Alliance in 
order to clarify to the Alliance members that ZigBee 

Table 1.   HGI Release Documents.

Number Title

HGI-RD001-R2.01 Home Gateway Technical Requirements: Residential Profile V1.01 

HGI-GD002-R2.01 Remote Access Guidelines 

HGI-GD003-R2 Parental Control in the Home 

HGI-GD004-R2 Performance Metrics 

HGI-GD006-R2 IMS (Internet protocol Media Subsystem) Enabled HG 

HGI-RD007-R2 Requirements for HG Interworking with an External NT (Network Termination) 

HGI-RD008-R3 HG Requirements for Software Execution Environment 

HGI-RD009-R3 Requirements for an Energy Efficient Home Gateway 

HGI-RD010-R3 Home Gateway Requirements for Multiple Session Support 

HGI-GD013-R2 QoS Whitepaper 

HGI-RD015-R3 Requirements for Common Power Supply for Home Networking Equipment 

HGI-RWD016-R3 HG and Home Network Diagnostics Module Requirements 

HGI-GD017-R3 Use Cases and Architecture for a Home Energy Management Service 

HGI-RD024 Requirements for an NGA (Next Generation Access) (Active Line Access) Capable NT 

HGI-RD026 IP-PBX Module Requirements 

HGI-RD027-R3 Home Gateway QoS Module requirements 

HGI-RD039 Requirements for Wireless Home Area Networks (WHANS) Supporting Smart Home Services 

HGI-RD048 HG Requirements for HGI Open Platform 2 
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specifications should also follow such requirements. 
Also, as a member of the ZigBee Technical WG, we 
regularly compare the HGI in-home wireless techni-
cal requirements and the ZigBee technical specifica-
tions to check for correspondence. Simple connection 
functions for which there are no corresponding Zig-
Bee technical specifications were proposed as new 
functions that are now being studied. The work on the 
MRD and TRD described in Fig. 3 had been com-
pleted as of June 20�4.

4.   Publicity activities at exhibitions

In addition to using HGI RD039 to build relation-

ships with the ZigBee Alliance and other wireless 
standards organizations, we are promoting improve-
ments of in-home wireless communication protocols 
through presentations at international exhibitions. So 
far, we have made presentations at the Broad Band 
World Forum (BBWF; October 20�3) in the Nether-
lands and at Wireless Japan 20�4 (May 20�4) in 
Japan (Fig. 4).

5.   Conclusion

We have described our work toward developing 
smart home business through cooperation with tele-
com companies in other countries in the arena of 

Fig. 2.   ZigBee Alliance organization and roles.

Board of Directors
• Formulate strategies
• Handle management, finance, and

legal affairs
• Promote cooperation with other

organizations

Outsourced Management
• Consulting companies

ZigBee Architecture Review Committee
• Coordinate Technical Working Groups

ZigBee Marketing Steering Committee
• Coordinate Technical Working Groups

Technical Working Group
• Technical activities for promoting ZigBee

Market Working Group
• Promote ZigBee in various national markets

Fig. 3.   Process of setting technical requirements in ZigBee Alliance.

MRD

TRD

0.7

0.9

1.0

• Market Requirements Document 
• Use cases and market requirements are described.

• TRD 0.7 is based on the defined scope.
• 0.7 serves as the basis for interconnection testing.

• Final revision
• Preparation for certification

• Final version

• Technical Requirements Document 
• MRD is approved by the ZigBee Marketing Steering Committee; the

ZigBee Architecture Review Committee then writes the TRD.
• TRD describes the technical scope to be defined.
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international standardization, including HGI and the 
ZigBee Alliance. We will continue to participate in 
international standardization activities in the relevant 
technological fields and to collaborate with other 
telecom companies in solving problems and promot-
ing services for smart home systems.
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1.   Introduction

On May 22, 20�4, Line Spectrum Pair (LSP) tech-
nology was officially recognized as an Institute of 
Electrical and Electronics Engineers (IEEE) Mile-
stone. Dr. J. Roberto de Marca, President of IEEE, 
presented the plaque (Photo 1) to Mr. Hiroo Unoura, 

President and CEO of NTT (Photo 2), at a ceremony 
held in Tokyo. The citation reads, “Line Spectrum 
Pair (LSP) for high-compression speech coding, 
�975. Line Spectrum Pair, invented at NTT in �975, 
is an important technology for speech synthesis and 
coding. A speech synthesizer chip was designed 
based on Line Spectrum Pair in �980. In the �990s, 

Information

Photo 2.   From IEEE president to NTT president.

Takehiro Moriya

LSP (Line Spectrum Pair): Essential 
Technology for High-compression Speech 
Coding

Abstract
Line Spectrum Pair (LSP) technology was accepted as an IEEE (Institute of Electrical and 

Electronics Engineers) Milestone in 20�4. LSP, invented by Dr. Fumitada Itakura at NTT in �975, 
is an efficient method for representing speech spectra, namely, the shape of the vocal tract. A speech 
synthesis large-scale integration chip based on LSP was fabricated in �980. Since the �990s, LSP 
has been adopted in many speech coding standards as an essential component, and it is still used 
worldwide in almost all cellular phones and Internet protocol phones.

Keywords: LSP, speech coding, cellular phone

Photo 1.    Plaque of IEEE Milestone for Line Spectrum 
Pair (LSP) for high-compression speech coding.
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this technology was adopted in almost all interna-
tional speech coding standards as an essential compo-
nent and has contributed to the enhancement of digi-
tal speech communication over mobile channels and 
the Internet worldwide.”

IEEE Milestones recognize technological innova-
tion and excellence for the benefit of humanity found 
in unique products, services, seminal papers, and 
patents, and they have so far been dedicated to more 
than �40 technologies around the world.

2.   Properties of LSP

LSP is an equivalent parameter set of LP (linear 
prediction) coefficients a[i]. Among the various types 
of linear prediction, AR (auto-regressive) or all-pole 
systems have mainly been used in speech signal pro-
cessing. In an AR system, the current sample is pre-
dicted by summation (from � to p, e.g., �6) of i past 
sample multiplied by each associated coefficient a[i]. 
A prediction error signal x̂[n] at time n is obtained by 
the difference between the current sample x[n] and 

the predicted values of the term 
p

i=�
−  as

x̂[n] = x[n] + 
p

i=�
a[i]x[n − i] . (�)

The preferable set of a[i] can be adaptively deter-
mined to minimize the average energy of prediction 
errors in a frame. This relation can be represented by 
the polynomial of z as

A(z) = � + 
p

i=�
a[i]z−i , (2)

while �/A(z) represents the transform function of the 
synthesis filter. The frequency response of �/A(z) can 
be an efficient approximation of the spectral envelope 
of a speech signal or that of a human vocal tract. This 
representation, normally called linear prediction cod-
ing (LPC) technology, has been widely used in speech 
signal processing, including for coding, synthesis, 
and recognition of speech signals. Pioneering investi-
gations of LPC were started independently, but 
simultaneously, by Dr. F. Itakura at NTT and Dr. M. 
Schroeder and Dr. B. Atal at AT&T Bell Labs, in �966 
[�]. 

For the application to speech coding, bit rates for 
LP coefficients need to be compressed. In �972, Dr. 
Itakura developed PARCOR*� coefficients to send 
information equivalent to LP coefficients with low bit 
rates while keeping the synthesis filter stable. A few 
years later, he developed LSP [2]–[4], which achieved 

better quantization and interpolation performance 
than PARCOR. A set of pth-order LSP parameters is 
defined as the roots of two polynomials F�(z) and 
F2(z), which consists of the sum and difference of 
A(z) as

F�(z) = A(z) + z− (p+�) A(z−�) (3)
F2(z) = A(z) − z− (p+�) A(z−�) . (4)

The LSP parameters are aligned on the unit circle 
of the z-plane, and the angles of LSP, or LSP frequen-
cies (LSFs), are used for quantization and interpola-
tion. An example of �6th-order LSF values θ(�),…, 
θ(�6) and the associated spectral envelope along the 
frequency axis are shown in Fig. 1. The synthesis 
filter is stable if each root of F�(z) and F2(z) is alter-
natively aligned on the frequency axis. It has been 
proven that LSP is less sensitive to the shape of a 
spectral envelope; that is, the influence of distortion 
due to quantization in LSP on the spectral envelope is 
smaller than it is with other parameter sets, including 
PARCOR and some variants of it. In addition, LSP 
has a better interpolation property than others. If we 
define LSP vector ΘA = {θ(�),…, θ(P)} correspond-
ing to spectral envelope A, the envelope approximated 
by envelope((ΘA + ΘB)/2) with LSP ΘA and ΘB can be 
a better approximation of the interpolated spectral 
envelope (envelope(ΘA) + envelope(ΘB))/2 than that 
with other parameter sets. These properties can fur-
ther contribute to efficient quantization when they are 
used in combination with various compression 
schemes, including prediction and interpolation of 
LSP itself. These properties of LSP are beneficial for 
the compression of speech signals.

3.   Progress of LSP

After the initial invention, various studies were car-
ried out by Dr. N. Sugamura, Dr. S. Sagayama, Mr. T. 
Kobayashi, and Dr. Y. Tohkura [5] to investigate the 
fundamental properties and implementation of LSP. 
In �980, a speech synthesis large-scale integration 
(LSI) chip (Fig. 2), was fabricated and used for real-
time speech synthesis. Until that time, real-time syn-
thesizers had required large equipment consisting of 
as many as 400 circuit boards. Note, however, that the 
complexity of the chip was still 0.� MOPS (mega 
operations per second), less than �/�00 of the com-
plexity of chips used for cellular phones in the �990s.

*�   PARCOR (partial auto correlation): Equivalent parameter set of LP 
coefficients. PARCOR is advantageous in terms of its easy stability 
checks and better quantization performance than LP coefficients.



NTT Technical Review

Information

3

Around �980, low-bit-rate speech coding was 
achieved with a vocoder scheme that used spectral 
envelope information (such as LSP) and excitation 
signals modeled by periodic pulses or noise. These 
types of coding schemes were able to achieve low-
rate (less than 4 kbit/s) coding, but they were not 
applied to public communication systems because of 
their insufficient quality in practical environments 
with background noise. Another approach for low-
bit-rate coding was waveform coding with sample-
by-sample compression. However, it also could not 
provide sufficient quality below �6 kbit/s. In the mid 
�980s, hybrid vocoder and waveform coding schemes, 
typically CELP*2, were extensively studied; these 
schemes also need an efficient method for represent-
ing spectral envelopes such as LSP. 

4.   Promotion of LSP in worldwide standards

During the �980s, however, the general consensus 
was that compression of speech signals would prob-
ably not be useful for fixed line telephony, and there 
was some doubt as to whether digital mobile com-
munications, which requires speech compression, 
could easily be used in place of an analog system in 
the first generation. Just before �990, however, new 
standardization activities for digital mobile commu-
nications were initiated because of the rapid progress 
being made in LSI chips, batteries, and digital modu-
lation, as well as in speech coding technologies. 
These competitive standardization activities focusing 
on commercial products accelerated the various 
investigations underway on ways to enhance com-
pression, including extending the use of LSP, as 
shown in Fig. 3. These investigations led to the pub-
lication of some insightful research papers, including 
one on LSP quantization by the current president of 
IEEE, Dr. Roberto de Marco [6]. 

In the course of these activities, LSP was selected 
for many standardized schemes to enhance the over-
all performance of speech coding. The major stan-
dardized speech/audio coding schemes that use LSP 
are listed in Table 1. To the best of our knowledge, 
the federal government of the USA was the first to 
adopt LSP as a speech coding standard in �99�. The 
Japanese Public Digital Cellular (PDC) half-rate 

*2   CELP (code-excited linear prediction): Among large numbers of 
sets of excitation signals, the encoder selects the most suitable one 
that minimizes the perceptual distortion between the input and the 
synthesized signal with LP coefficients. This was initially proposed 
by AT&T in �985 and has been widely used as a fundamental struc-
ture of low-bit-rate speech coding.

Fig. 1.   A set of LSP frequency values and the associated spectral envelope in the frequency domain.
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Fig. 2.   LSI speech synthesis chip based on LSP in 1980.
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standard in �993 may have been the first adoption of 
LSP for public communications systems; the USA 
and Europe soon followed suit. In �996, two ITU-T 
(International Telecommunication Union-Technolo-
gy Sector) recommendations (G.723.� and G.729) 
were published with LSP as one of the key technolo-
gies. Both, but especially G.729, have been widely 
used around the world as default coding schemes in 
network facilities for Internet protocol (IP) phones. In 
�999, speech coding standards for the third genera-
tion of cellular phones, which are still widely used 
around the world, were established by both 3GPP*3 
and 3GPP2*4 with LSP included.

Furthermore, LSP has proven to be effective in cap-
turing spectral envelopes not only for speech but also 
for general audio signals [7] and has been used in 
some audio coding schemes defined in ISO/IEC 
(International Organization for Standardization/Inter-
national Electrotechnical Commission) MPEG-4 
(Moving Picture Experts Group) in �999 and MPEG-
D USAC (Unified Speech and Audio Coding) in 

20�0. 

5.   Future communication

In the VoLTE*5 service introduced in 20�4 by NTT 
DOCOMO, 3GPP adaptive multi-rate wideband 
(AMR-WB) is used for speech coding, and it pro-
vides wideband speech (�6-kHz sampling, the same 
speech bandwidth as mid-wave amplitude modula-
tion (AM) radio broadcasting). For the next genera-
tion of VoLTE, the 3GPP Enhanced Voice Service 
(EVS) standard is expected to be used, which can 

Fig. 3.   Steps of technologies towards commercial products.

Cellular phones, Internet protocol phones, conference phones

APC-AB, CELP, PSI-CELP, MPC-MLQ, CS-ACELP, 
ACELP, RCELP, QCELP, HVXC, AMR, EVRC, TCX, TwinVQ, USAC, EVS, etc.

Prediction, differential coding, interpolation, multi-stage

Analysis theory

Standardization

Coding schemes

LSP

ITU-T, MPEG, 3GPP, IETF, ARIB, GSM,TIA, etc.  

vector quantization, split quantization, lattice quantization, matrix quantization

LSP quantization

Commercial products

APC-AB: adaptive predictive coding with adaptive bit allocation
ARIB: Association of Radio Industries and Businesses
CS-ACELP: conjugate structure algebraic CELP
EVRC: Enhanced Variable Rate Codec
EVS: Enhanced Voice Service
GSM: Global Standard for Mobile Communications
HVXC: Harmonic Vector Excitation Coding
IETF: Internet Engineering Task Force
MPC-MLQ: Multipulse LPC with Maximum Likelihood Quantization
PSI-CELP: pitch synchronous innovation CELP
QCELP: Qualcomm CELP
RCELP: relaxed CELP
TCX: transform coded excitation
TwinVQ: transform-domain weighted interleave vector quantization
USAC: Unified Speech and Audio Coding

*3   3GPP (3rd Generation Partnership Project): Joint project for third-
generation mobile communications by ETSI (European Telecom-
munications Standards Institute) and Japanese, Korean, and Chi-
nese standardizing bodies. The activities are continuing and are 
focused on a fourth-generation system.

*4   3GPP2: Joint projects for third-generation mobile communication 
by the TIA and Japanese, Korean, and Chinese standardizing bod-
ies.

*5   VoLTE: IP-based speech communication system over LTE mobile 
networks.
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handle a 32-kHz sampling rate signal and general 
audio signals. LSP or a variant of LSP is incorporated 
in both AMR-WB and EVS. In the near future, it may 
be possible to achieve all speech/audio coding func-
tions with downloadable software. Even in such a 
case, we expect that LSP will still be widely used. 

In this way, LSP may be a good example of technol-
ogy that has contributed to the world market. The 
NTT laboratories will continue to make efforts to 
enhance communication quality and the quality of 
services by meeting challenges in research and devel-
opment. 
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CELP/HVXC/TwinVQ 2–16 Speech/audio coding 1999

ISO/IEC MPEG-D 23003-3:2012
USAC 8–256 Speech/audio coding 2010

3GPP AMR-WB 8–23 VoLTE 2001

3GPP AMR-WB+ 6–48 Speech/audio coding 2004

3GPP

AMR-WB: adaptive multi-rate wideband
EIA: Electronic Industries Alliance
GSM EFR: GSM Enhanced Full Rate
MELP: mixed-excitation linear prediction
RCR: Research and Development Center for Radio Systems
TIA/EIA: Telecommunications Industry Association/Electronic Industries Alliance
VoLTE: voice over Long Term Evolution

EVS 5.9–96 VoLTE 2014

Table 1.   Major standards with LSP.
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1.   Overview

At NTT Communication Science Laboratories 
(NTT CS Labs), we aim to build a new technical 
infrastructure connecting people and information, 
and we are studying aspects of both human and infor-
mation sciences to create innovative technologies and 
discover new principles. NTT CS Labs deals with the 
most fundamental research targets in the fields of 
human and information sciences of NTT laboratories; 
our facilities are located in Kansai Science City 
(Seika-cho, Kyoto) and Atsugi City, Kanagawa. 

NTT CS Labs Open House has been held annually 
with the aim of introducing the results of the labs’ 
basic research and innovative leading-edge research 
to both NTT Group employees and visitors from 
industries, universities, and research institutions who 
are engaged in research, development, business, and 
education. 

This year, Open House was held at the NTT Kei-
hanna Building in Kyoto on the afternoon of June 5 
and all day on June 6, and a total of around �070 
visitors attended it over the two days. At this event, 
we prepared many hands-on exhibits to allow visitors 
to intuitively understand our latest research results 
and to share a vision of the future where new products 
based on the research results are widely used. We also 
organized an invited talk on the theme of philosophy, 

which differs from our research fields, so that people 
in various fields could take an interest in our activi-
ties. This report summarizes the event’s research talks 
and exhibits. 

2.   Keynote speech

Open House started with a speech by the Director 
of NTT CS Labs, Dr. Eisaku Maeda, entitled “Basic 
research: Defining our age and the future—The ori-
gin of ideas and the seeds of innovation” (Photo 1). 

It has been �4 years since NTT CS Labs was  

Information

Kazuo Aoyama, Hidehisa Nagano, Shin Mizutani, 
Takaaki Tanaka, and Naotoshi Abekawa

Report on NTT Communication Science 
Laboratories Open House 2014

Abstract
Open House 20�4 was held at NTT Communication Science Laboratories in Keihanna Science 

City, Kyoto, on June 5 and 6. Over �000 people visited the facility to enjoy 6 talks and 29 exhibits 
introducing our latest research activities and efforts in the fields of information and human sciences.

Keywords: information science, human science, big data

Photo 1.    Dr. Eisaku Maeda, Director of NTT CS Labs, 
giving keynote speech. 
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reorganized as the sole basic research institution for 
human and information sciences under the new NTT 
research and development (R&D) scheme instituted 
by the reorganization of NTT in �999. During this 
time, NTT CS Labs has established a framework that 
has enabled the gradual penetration into the world of 
the technologies developed from their basic research. 
Dr. Maeda considered this time to be a major turning 
point for the next step of NTT CS Labs, and he talked 
about how important it is that basic research tackles 
problems that have to be selected and solved in line 
with the times. He also stressed the importance of 
launching products onto the market based on a sense 
of urgency required by the times. He then introduced 
two representative products, i.e., the seeds of innova-
tion: an extremely large vocabulary recognition 
decoder that is a core part of a minute-taking system 
used at the House of Representatives, and the Robust 
Media Search (RMS) technology for music copyright 
clearance that has been adopted by broadcasters. He 
also demonstrated Buru-Navi3, the newest version of 
a haptic compass, which utilizes human sensory 
properties to induce a pseudo-attraction force. It was 
successfully miniaturized through a consistent 
research effort, which is the “origin of ideas” he 
refers to in the title of his speech.

3.   Research talks

There were three talks, which highlighted recent 
significant research results and high-profile research 
themes.

•  “Mind changes body, body leads mind—Feasi-
bility and potential of mind-reading technology,” 
by Dr. Makio Kashino, Human and Information 

Science Laboratory. Dr. Kashino introduced the 
basic concepts and some examples of mind-read-
ing technology that is based on methods of 
decoding the implicit mind from involuntary 
body movements and physiological responses 
(Photo 2).

•  “Enhancing speech quality and music experi-
ence—Opening up new vistas for audio experi-
ence with reverberation control technology,” by 
Dr. Keisuke Kinoshita, Media Information Labo-
ratory. Dr. Kinoshita clarified both positive and 
negative aspects of reverberation in audio signal 
processing, presented his lab’s novel reverbera-
tion control technology that can be used to 
enhance speech and music experiences, and 
explained how they are actually utilized in the 
market (Photo 3).

•  “Quantum computing beyond integer factoriza-
tion—Exploring the potential of quantum 
search,” by Dr. Seiichiro Tani, Innovative Com-
munication Laboratory. Dr. Tani reviewed the 
theory and applications of quantum search to 
show that the potential advantages of quantum 
computing are not limited to integer factoriza-
tion, and he emphasized the importance of 
research on quantum algorithms (software) as 
well as quantum computers (hardware), by com-
paring them to our conventional computing sys-
tems (Photo 4).

Each presentation introduced some of the latest 
research results and provided some background and 
an overview of the research. All of the talks were very 
well received.

Photo 3.   Research presentation by Dr. Keisuke Kinoshita.Photo 2.    Research presentation by Dr. Makio Kashino.
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4.   Research exhibits

Open House featured 23 exhibits displaying NTT 
CS Labs’ latest research results. They were classified 
into three categories: computer science, media intel-
ligence, and communication and human science. 
Open House also included a special category on big 
data science that consisted of three exhibits from 
NTT CS Labs and three from other NTT laborato-
ries.

Each exhibit was housed in a booth and employed 
techniques such as slides on a large-screen monitor or 
hands-on demonstrations, with researchers explain-
ing the latest results directly to visitors. The follow-
ing list summarizes the research exhibits in each cat-
egory.

4.1   Big Data Science
•  Finding latent relationships between different 

data sets—Unsupervised object matching
•  Extracting common patterns from multiple data 

sets—Non-negative multiple matrix factoriza-
tion: NM2F

•  Knowledge discovery from large-scale graph 
data—Efficient graph clustering and distributed 
query optimization

•  Smarter and instant analysis for huge amounts of 
video—Jubatus, a scalable big data real-time 
analysis framework

•  Optimizing network operation through NW data 
analytics—Inferring latent network status 
through machine learning

•  Monitoring remote habitats of endangered spe-
cies—Online environment monitoring with a 
wireless sensor network

4.2   Computer Science
•  Formal evaluation of network security—Verifi-

cation of cryptographic protocols using formal 
methods

•  Generating a common secret based on bounded 
observability—Secret key distribution using 
broadband random light

•  Opening the possibility of realizing quantum 
computers—Constant-step quantum circuits can 
compute the OR function

•  Programming for everyone—Introduction to 
computer programming in VISCUIT

•  Let’s chat with a computer!—Dialogue system 
with various utterance generation methods

•  Reordering Japanese for better translation—
Translation using Japanese predicate argument 
structure

•  Generating coherent summaries from docu-
ments—Document summarization by discourse 
tree trimming

4.3   Media Intelligence
•  Single frame level detection from dailies—Media 

search-based collaboration system for movie 
production

•  Retrieving video immediately with camera 
shots—Instance search for specific objects in 
movies

•  You may know the lion by its TWO claws—
Image matching based on affine-invariant spatial 
context

•  Understanding multimedia content without see-
ing it—User behavior reveals meaning of multi-
media content

•  Capturing sound by light—Towards massive-
channel audio sensing via LEDs and a camera

•  Making computers listen to desired sounds any-
where—Probabilistic modeling and integration 
for speech enhancement

•  Defeat reverberation: enemy of speech recogni-
tion—Advanced speech enhancement and rec-
ognition

•  How accurate are speech recognition results?—
Estimating speech recognition accuracy without 
references

4.4   Communication and Human Science
•  Feeling conversation in motion—Recreating a 

conversation space with augmented body 
motions

•  You may feel your eyes meet with others—
Determining factors related to the eye-contact 

Photo 4.   Research presentation by Dr. Seiichiro Tani.
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perception area
•  Reading mind from body—Body movements 

and physiological responses reveal emotions
•  I’ve got the knack!—Visualization and sonifica-

tion of action in sports
•  Seeing materials from image movements—

Motion-based liquid perception by human 
vision

•  What determines a person’s hearing perfor-
mance?—Exploring sources of inter-individual 
variation

•  Texture integration in touch—Integration pro-
cess of tactile perception

•  Buru-Navi3: tiny but powerful sensation of being 
pulled—Asymmetric oscillation induces clear 
kinesthetic illusion

The exhibit “Capturing sound by light” introduced 
a new multichannel system that is capable of captur-
ing audio signals of huge microphone arrays via 
LEDs (light-emitting diodes) and a high speed video 
camera. The system achieves real-time performance 
by massive parallel processing with a single graphics 
processing unit. Visitors to this exhibit were able to 
experience demonstrations in which an observed 
sound space was quickly rebuilt with realistic sensa-
tions (Photo 5).

The “I’ve got the knack!” exhibit introduced effec-
tive ways of providing motor information, i.e., motor 
feedback techniques, to facilitate motor learning in 
sports. These feedback techniques were designed to 
visualize and convert to sound certain key features of 
an action. They can be applied not only in the field of 
sports but also in the rehabilitation and entertainment 
fields (Photo 6).

5.   Invited talk

This year’s event also featured two invited talks by 
Associate Prof. Masaya Chiba, Graduate School of 
Core Ethics and Frontier Sciences, Ritsumeikan Uni-
versity, and Prof. Shin-ichi Minato, Graduate School 
of Information Science and Technology, Hokkaido 
University. The titles of their respective talks were 
“Considering the information society in terms of 
‘After post-structuralism’” and “Science and engi-
neering of discrete structure manipulation based on 
‘Power of enumeration.’”

Associate Prof. Masaya Chiba began with a brief 
review of his research field. Then he described the 
concepts of structuralism and post-structuralism 
stemming from 20th-century French philosophy, and 
provided a simple explanation of the discussions and 
considerations arising after post-structuralism in rela-
tionship to social networks and communications. He 
suggested that in contemporary society, we need to 
appropriately control connection and disconnection 
with other people since we have lapsed into a state of 
excess connection due to the always-on Internet con-
nection.

Prof. Shin-ichi Minato talked about his concept of 
discrete structure manipulation. In the first half of his 
talk, he simply explained the technical aspects of the 
concept using some examples of set expressions and 
set operations based on the zero-suppressed decision 
diagram (ZDD) that he developed. In the second half, 
he explained how discrete structure manipulation was 
applied to actual problems. He focused on enumera-
tion problems and discussed detailed applications of 
ZDD as shown in a popular and interesting YouTube 
video called “Don’t count naively” produced by his 
group. He also discussed the Graphillion software 

Photo 5.   Exhibit: “Capturing sound by light.” Photo 6.   Exhibit: “I’ve got the knack!”
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package for search, optimization, and enumeration 
for large-scale graphs, and optimization of power 
distribution networks.

6.   Information transmission using web

NTT CS Labs has made continuous efforts to 
inform a large number of people both domestically 
and internationally about their research activities and 
results. As part of the ongoing effort, we simultane-
ously released both Japanese and English websites  
[�, 2] for Open House 20�4, which included a book-
let, exhibition posters, and reference information 
(Fig. 1). We plan to upload photos of the presentation 
and exhibition halls and videos of the director’s key-
note speech and the three research talks.

The members of NTT CS Labs consider it impor-
tant to transmit high-quality and attractive informa-
tion on a timely basis. They also have a clear aware-
ness that it is important to convey information on the 
professional research activities that are underway at 
the basic research laboratories to a wide range of 
people in ways that are easy to understand. Conse-
quently, we simply tweeted about the exhibition con-

tents via Twitter through NTT’s Public Relations 
Office, and we gathered feedback by putting up a 
questionnaire page on the Open House 20�4 web-
sites. NTT CS Labs is continuously trying to improve 
the ways of disseminating our research activities and 
results.

7.   Concluding remarks

Just as they did last year, many visitors came to 
NTT CS Labs’ Open House 20�4 and engaged in 
lively discussions on the research talks and exhibits 
and provided many valuable opinions on the pre-
sented results. In closing, we would like to offer our 
sincere thanks to all of the visitors and participants 
who attended this event. 

References

[�] Website of NTT Communication Science Laboratories Open House 
20�4 (in Japanese).

 http://www.kecl.ntt.co.jp/openhouse/20�4/index.html
[2] Website of NTT Communication Science Laboratories Open House 

20�4 (in English).
 http://www.kecl.ntt.co.jp/openhouse/20�4/index_en.html

Fig. 1.   Website of NTT CS Labs’ Open House 2014.

(b) Webpage of an exhibit(a) Official home page

http://www.kecl.ntt.co.jp/openhouse/2014/index.html
http://www.kecl.ntt.co.jp/openhouse/2014/index_en.html
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Visual SyncAR: Augmented Reality which Synchronizes 
Video and Overlaid Information

S. Yamamoto, H. Tanaka, S. Ando, A. Katayama, and K. Tsutsugu-
chi

The Journal of the Institute of Image Electronics Engineers of 
Japan, Vol. 43, No. 3, pp. 397–403, July 20�4.

We developed video synchronized augmented reality technology 
called Visual SyncAR. The novel technology is characterized by the 
ability to superimpose three-dimensional computer graphic (CG) 
animations that are synchronized with the timing of the video cap-
tured by the smartphone camera. By embedding time codes into the 
video’s digital watermarks in advance and detecting these water-
marks at a reliably high speed, it is possible to synchronize the video 
and the CG animation. This enables unprecedented visual expression 
for mobile devices that jumps out beyond the fourth wall, a term used 
in the theatrical world.

  

Programming Education by Non-professionals in the 
Extra-curricular Activities of Public Elementary Schools

Y. Harada, N. Katsunuma, and Y. Kuno
Journal of Information Processing Society of Japan, Vol. 55, No. 8, 

pp. �765–�777, August 20�4.
Recently, computer programming has been recognized as an 

important subject for elementary schools in the next decade. Even in 
Japan, various activities that involve teaching programming to ele-
mentary school children are in progress. However, most of those 
activities are taught by professional programming educators, with 
support from many assistants; such activities cannot simply be ported 
as-is to public schools. In this paper, we introduce our experiences 
with the Viscuit educational programming language in Midorikko-
club, a club for after-school activities held at Midori elementary 
school, in Sumida-ku, Tokyo. The activities are held for groups of 
children and have been led by a small number (one or two) of local 
non-professional volunteers for more than three years. Thanks to the 
novel teaching method and the support functions of the Viscuit sys-
tem, both described in this paper, the activities have been very suc-
cessful. We evaluated the results by conducting interviews with some 
of the children who took part. The results indicated that (�) children 
have come to recognize that computers are not just boxes, but are 
something on which they can create interesting things, and (2) they 
have come to enjoy teaching various programming techniques to each 
other, thus realizing cooperative learning.

  

Predicate-argument Structure Analysis with Zero-anapho-
ra Resolution for Dialogue Systems

K. Imamura, R. Higashinaka, and T. Izumi
Proc. of COLING 20�4, the 25th International Conference on 

Computational Linguistics: Technical Papers, pp. 806–8�5, Dublin, 
Ireland, August 20�4.

This paper presents predicate-argument structure analysis (PASA) 
for dialogue systems in Japanese. Conventional PASA and semantic 
role labeling have been applied to newspaper articles. Because pro-
nominalization and ellipses frequently appear in dialogues, we base 
our PASA on a strategy that simultaneously resolves zero-anaphora 

and adapts it to dialogues. By incorporating parameter adaptation and 
automatically acquiring knowledge from large text corpora, we 
achieve a PASA specialized for dialogues that has higher accuracy 
than that for newspaper articles.

  

Flexible and Robust Optical Network Technologies for 
SDN and Network Virtualization

T. Tanaka
Proc. of the �2 International Conference on Optical Internet 

(COIN 20�4), FA3-2, Jeju, Korea, August 20�4.
This paper reviews the progress of flexible and robust technologies 

for a reliable optical network infrastructure that can be used for soft-
ware-defined networking (SDN) and network virtualization. We 
focus on the elastic optical network (EON), which will play an 
important role in achieving both flexibility and robustness, and intro-
duce our current works on fault tolerance.

  

Flow-based User Pairing Scheme for Multi-user Transmis-
sions over WLANs

Y. Inoue, S. Shinohara, M. Mizuguchi, and M. Morikura
Proc. of the ��th IEEE Vehicular Technology Society Asia Pacific 

Wireless Communications Symposium (APWCS 20�4), Ping Tung, 
Taiwan, August 20�4.

To enhance system capacity and spectrum efficiency, multi-user 
transmission techniques such as MU-MIMO (multi-user multiple-
input multiple-output) and OFDMA (orthogonal frequency-division 
multiple access) have been extensively studied and adopted in recent 
wireless standards such as IEEE 802.�6e and IEEE 802.��ac. In 
order to achieve high efficiency of multi-user transmissions, it is 
important to consider characteristics of the traffic flow when deter-
mining the users group for the multi-user transmissions. In this paper, 
a flow based user pairing scheme for multi-user transmissions over 
WLANs (wireless local area networks) is proposed. The proposed 
scheme collects characteristics of traffic flows by using an existing 
admission control mechanism. Those parameters are considered in 
order to determine the users group for multi-user transmissions to 
achieve higher efficiency. The effect of the multi-user transmissions 
with the proposed pairing scheme was evaluated by computer simula-
tions. We also discuss the effect of pairing policies of the user selec-
tion process.

  

Adaptive Sampling for Estimating True Values in Partici-
patory Sensing Environment

H. Kurasawa, H. Sato, A. Yamamoto, H. Kawasaki, M. Nakamura, 
H. Matsumura, Y. Yamashita, M. Suzuki, and H. Morikawa

Journal of Information Processing Society of Japan, Vol. 55, No. 9, 
pp. 2�90–2202, September 20�4.

Participatory sensing causes huge network traffic in spatiotempo-
rally dense areas where participants upload large numbers of sensor 
values. Furthermore, sensor values of participatory sensing are often 
inaccurate due to both measurement error and variations in the sens-
ing accuracy of devices. Thus, if we control the network traffic 
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regardless of the accuracy of sensor values, the measurement results 
will be unreliable. We propose a method to control the sampling rate 
of devices while maintaining high reliability of the measurement 
results. This method involves calculating a sufficient number of sen-
sor values to estimate the true value on the basis of the confidence 
interval for a population mean of sensor values from a spatiotemporal 
area. The same sampling rate is then set for all sensing devices in the 
area based on that amount, and network traffic is reduced.

  

Privacy-preserving Statistical Analysis Method by Split-
ting Server Roles for Distributed Real-world Data

J. Ishii, H. Maeomichi, A. Tsutsui, and I. Yoda
IEICE Transactions on Communications, Vol. E97-B, No. 9, pp. 

�779–�789, September 20�4.
This paper proposes a novel method for obtaining statistical results 

such as averages, variances, and correlations without leaking any raw 
data values from data-holders by using multiple pseudonyms. The 
authors split the roles of servers into publishing pseudonyms and col-
lecting answers. Splitting these roles enables different entities to 
more easily join as pseudonym servers than in previous secure multi-
party computation methods, and there is less chance of collusion 
between servers. We also estimated a typical problem that occurred 
with our method and added a pseudonym availability confirmation 
protocol to prevent the problem. We report our evaluation of the 
effectiveness of our method through implementation and experimen-

tation. Finally, we explain how our method can obtain averages, vari-
ances, and correlations from 5000 data holders within 50 seconds.

  

An Access Control Model Based on Feature Structure
K. Fujita and Y. Tsukada
Journal of Information Processing Society of Japan, Vol. 55, No. 9, 

pp. 208�–209�, September 20�4.
In this paper, we report on access control because it is the underly-

ing core technology to enforce security and privacy. Access control 
determines whether packets are permitted or denied according to 
access control policies. Since the notations of policies are specialized 
in each system, it is difficult to ensure consistency of policies that 
have different notations. In this paper, we propose a descriptive nota-
tion for policies by adopting the concept of feature structures, a 
technique which has mainly been used for parsing in natural language 
processing. Our proposed notation is also logically well-founded, 
which guarantees strict access control decisions, and expressive in 
that it returns not only a binary value of permit or deny but also vari-
ous result values through the application of partial order relations of 
the security risk level. We illustrate the effectiveness of our proposed 
method using examples from P3P (Platform for Privacy Preferenc-
es).
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