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Abstract

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

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

Future prediction by DTC requires a computing
infrastructure that can process huge amounts of data
and provide unimaginable accuracy and speed. To
actualize the IOWN concept, we are considering
speeding up arithmetic processing by using photon-
ics-electronics convergence technology and consid-
ering radically switching to a completely new com-
puting infrastructure using quantum computers,
which have been attracting attention. Quantum com-
puters are expected to exploit quantum-mechanical
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behavior to solve problems that are difficult for con-
ventional computers to solve, such as prime factor-
ization, optimization problems, and chemical simula-
tions, at high speed. Our goal is to take advantage of
these characteristics of quantum computers to imple-
ment unprecedented applications and provide new
services.

2. What is quantum computing?

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

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

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

AtNTT, we are conducting a wide range of research
and development—from technologies related to Ising
machines to technologies for enabling the develop-
ment of quantum computers (NISQ computers and
FTQCs). We developed an Ising machine called the
LASOLV™ computing system, which executes
operations using light. We are also promoting the
development of its applications. Regarding quantum
computers, we are researching optical quantum sys-
tems and superconducting systems as methods for
implementing quantum-computing hardware.
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Regarding software, we are investigating methods
and theories to achieve error correction and error sup-
pression with higher performance and efficiency. On
March 27, 2023, RIKEN started providing Japan’s
first quantum-computing cloud service through the
national project Q-LEAP [4]. Participating in this
project, NTT Computer and Data Science Laborato-
ries is contributing to the implementation of control
software for quantum computers.

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

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

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

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

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

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

To address this challenge, we are working to
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Fig. 2. Research and development toward creating a system architecture that uses quantum computers.

hardware

abstract the parts of quantum hardware that are used ware development specialized for each type of quan-
by application developers by implementing them as tum hardware is currently required, as was the case
libraries or SDKs (software-development kits). Soft- with assembly languages in the early days of classical
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computers. Therefore, we aim to construct instruction
sets, intermediate expressions, high-level program-
ming languages, and compilers that enable optimized
processing by using the characteristics of each type of
quantum hardware.

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

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

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

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

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

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

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

4. Future developments

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