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Five DiVincenzo criteria and two additional networkability criteria are intro-
duced. Then current status and prospects of the research on physical realiza-
tion of quantum computing are reviewed following the ARDA QIST roadmap.
Finally some proposals for ”beyond the DiVincenzo criteria” are outlined.

1. Introduction

Quantum information processing is an emerging discipline in which infor-
mation is encoded and processed in a quantum-mechanical system.! It is
expected to solve some of problems that are impossible for current digi-
tal computers to execute in a practical time scale. Although small scale
quantum information processing, such as quantum key distribution, is al-
ready available commercially, physical realizations of a large scale quantum
information processor are still beyond the current technology.

Benioff proposed in 1982 that a quantum mechanical Turing machine
might be reversible and dissipated no energy.? Feynman in the same year
published a paper in which he first recognized a quantum system as a
useful resource for information processing.? His idea has been developed
since then by a small group of people including Deutsch.* A revolution took

*This contribution was presented by MMS at the symposium. His unexpected early
death, however, made it impossible for him to submit the manuscript. MN has prepared
this contribution following MMS’s presentation and powerpoint file.
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place when Shor announced an efficient algorithm for integer factorization.’
The impact his work brought about was tremendous since the security of
internet communication dependes on the belief that factorization of a large
interger is practically impossible.

In classical information theory, information is encoded in a bit, which
takes values 0 and 1, while in quantum information theory, 0 and 1 are
replaced by orthonormal basis vectors |0) and |1) of a two-dimensional
complex vector space. Here information is encoded in a qubit (quantum
bit) in the form [¢)) = «|0) + B|1), where |a|? + |3]? = 1. It is estimated
that a quantum computer superior to a digital computer today requires at
least 102 ~ 102 qubits. Although a quantum computer with a small number
of qubits, up to 7, is available in several physical systems, construction of a
working quantum computer is still a challenging task. DiVincezo proposed
necessary conditions that any physical system has to fulfill to be a candi-
date for a viable quantum computer.® In the next section, we outline these
conditions as well as two additional criteria for networkability.

2. DiVincenzo Criteria

In an influential article,® DiVincenzo, the keynote speaker of this sympo-
sium, proposed five criteria that any physical system must satisify to be a
viable quantum computer. We summarize the relevant parts of these crite-
ria, which may be helpful in reading following contributions in this volume.

(1) A scalable physical system with well characterized qubits.

To begin with, we need a quantum register made of many
qubits to store information. The simplest way to realize a qubit
physically is to use a two-level quantum system. For example,
an electron, a spin 1/2 nucleus and two polarization states (hor-
izontal and vertical) of a single photon may be a qubit. We may
equally employ a two-dimensional subspace, such as the ground
state and the first excited state, of a multi-dimensional Hilbert
space. In the latter case, special care must be taken to avoid
leakage of the state to the other part of the Hilbert space. In
any case, the two states are identified as the basis vectors, |0)
and |1), of the Hilbert space so that a general single qubit state
takes the form |[¢) = «|0) + 3|1), |2 4 |3|*> = 1. A multi-qubit
state is expenaded in terms of tensor products of these basis
vectors. Each qubit must be separately addressable. Moreover
it should be scalable up to a large number of qubits. The con-
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dition of two states may be relaxed to three states (qutrit) or,
more generally, d states (qudit).

A system may be made of several different kinds of qubits.
Trapped ions, for instance, may employ (1) hyperfine/Zeeman
sublevels in the electronic ground state of ions, (2) a ground
and excited states of weakly allowed optical transition, and (3)
normal mode of ion oscillation, as qubits. A similar scenario is
also proposed for Josephson junction qubits.

(2) The ability to initialize the state of the qubits to a simple fiducial state,
such as |00...0).

In many realizations, initialization may be done simply by cool-
ing. Let AF be the difference between energies of the first
excited state and the ground state. At low temperatures sat-
isfying kpT < AF, the system is in the ground state with
a good precision. Alternatively, we may use measurement to
project the system into a desired state. In some cases, we ob-
serve the system to be in an undesired state on measurement.
Then we may transform the system to the desired fiducial state
by unitary transformation.

For some realizations, such as liquid state NMR, however, it is
impossible to cool the system down to extremely low temper-
atures. In those cases, we are forced to use a thermally popu-
lated state as an initial state. This seemingly difficult problem
may be amended by several methods if some computational re-
sources are sacrificed. We then obtain an “effective” pure state,
so-called the pseudopure state, which works as an initial state
for most purposes.

Continuous fresh supply of qubits in a specified state, such as
|0), is also an important requirement for successful quantum
error correction.

(3) Long decoherence times, much longer than the gate operation time.

Decoherence is probably the hardest obstacle to building a vi-
able quantum computer. Decoherence means many aspects of
quantum state degradation due to interaction of the system
with the environment and sets the maximum time available
for quantum computation. Roughly speaking, this is the time
required for a pure state

po = (al0) + B1)) (" (0] + 57 (1))
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to “decay” into a mixed state of the form
p = laf?0)(0] + |82 [1)(1].

The value of the decoherence time itself is not very important.
What matters is the ratio “decoherence time/gate operation
time”. For some realizations, the decoherence time may be as
short as ~ p s. This is not necessarily a big problem provided
that the gate operation time, detemined by the Rabi oscillation
period and the qubit-coupling strength for example, is much
shorter than this. If the typical gate operation time is ~ ps, say,
the system may execute 101276 = 105 gate operations before
the quantum state decays.

There are several ways to effectively elongate the decoherence
time. A closed-loop control method is called quantum error
correcting codes (QECC) while an open-loop control method
is called noiseless subsystem and decoherence free subspace
(DFS). Both of these methods require extra qubits to imple-
ment. Time-optimal implementation of a quantum algorithm
is regarded as a method to fight against decoherence without
any extra resouce.

(4) A “universal” set of quantum gates.
Let H(v(t)) be the Hamiltonian of an n-qubit system under
consideration, where (t) collectively denotes the control pa-
rameters in the Hamiltonian. The time-development operator
of the system is

Uly(t)] = 7 exp l—%/ H(y(t))dt| € U(2"),

where 7 is the time-ordering operator. Our task is to find the
set of control parameters () which implements the desired
gate Ugate as U[y(t)] = Ugate- Although this “inverse prob-
lem” seems to be demanding to solve, a well known theorem
by Barenco et al guarantees that any U(2") gate may be de-
composed into single-qubit gates € U(2) and CNOT gates.”
Therefore it suffices to find the control sequences to implement
U(2) gates and a CNOT gate to construct an arbitrary gate.
Note that a general unitary gate in U(2") is written as a prod-
uct of an SU(2") gate and a physically irrelevant U(1)-phase.
Therefore we do not have to worry about the overall phase
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and it suffices to concentrate on equivalent SU(2™) gates. This
observation is noteworthy since the NMR Hamltonian, for ex-
ample, is traceless and is able to generate SU(2™) matrices only.
Single-qubit gates are easily implemented if the one-qubit part
of the Hamiltonian assumes two of the su(2) generators by
properly choosing the control parameters. Implementation of a
CNOT gate in any realization is considered to be a milestone
in this respect. Note however that any two-qubit gate, that is
neither a tensor product of two one-qubit gates nor a SWAP
gate, works as a component of a universal set of gates.

Quantum circuit implementation requires less steps if multi-
qubit gates acting on n (> 3) qubits are empolyed as modules.

(5) A qubit-specific measurement capability.

The state after an execution of a computation must be mea-
sured to extract the result of the computation. Measurement
process depends heavily on the physical system under consid-
eration. For most realizations, projective measurements are the
primary method to extract the outcome of a computation. In
liquid state NMR, in contrast, a projective measurement is
impossible and we have to resort to ensemble averaged mea-
surements. This may cause a problem in some cases. Suppose
the sytem is in the state |¢/) = (|00) + |11))/+/2 for example.
The outcome of a projective measurement of |¢) is |00) with
the probability 1/2. The ensemble averaged measurement, on
the other hand, yields both |00) and |11) with an equal weight.
Measurement in general has no 100% efficiency due to deco-
herence, gate operation error and many more reasons. If this is
the case, we have to repeat the same computation many times
to achieve reasonably high reliability.

Moreover, we should be able to send and store quantum information
to construct a quantum data processing network. This “networkability”
requires following two additional criteria to be satisified.

(6) The ability to interconvert stationary and flying qubits.

Some realizations are excellent in storing quantum information
while long distant transmission of quantum information might
require different physical resources. It may happen that some
system has a Hamiltonian which is easily controllable and is
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advantageous in executing quantum algorithms. Compare this
with a current digital computer, in which the CPU and the
system memory are made of semiconductors while a hard drive
is used as a mass storage device. Therefore a working quantum
computer may involve several kinds of qubits and we are forced
to introduce distributed quantum computing. Interconverting
ability is also important in long distant quantum teleportation
using quantum repeaters.

(7) The ability to faithfully transmit flying qubits between specified loca-
tions.

Needless to say, this is an indispensable requirement for quan-
tum communication such as quantum key distribution. This
condition is also important in distributed quantum computing
mentioned above.

3. Physical Realizations

There are numerous physical systems proposed as a possible candidate for
a viable quantum computer. Here is the list of the candidates;

(1) Liquid-state/Solid-state NMR

(2) Trapped ions

(3) Neutral atoms in optical lattice

(4) Cavity QED with atoms

(5) Linear optics

(6) Solid state (spin-based, charge-based)
(7) Josephson junctions (charge, flux, phase)
(8) Electrons on liquid helium surface

(9) Other “unique” realizations.

ARDA QIST roadmap evaluates each of these realizations as outlined in the
next section. Subsequent contributions in this volume give detailed accounts
on some of these realizations in the light of the DiVincenzo criteria.

4. ARDA QIST Roadmap

Most of the content in this section are excerpts from the online article “A
Quantum Information Science and Technology (QIST) Roadmap, Part 1:
Quantum Computation”” compiled by Advanced Research and Develop-
ment Activity (ARDA), Los Alamos, USA.” This article is updated annu-
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aly and readers are strongly recommended to visit this webpage for new
progress.

The roadmap was compiled by the members of a Technology Experts
Panel to help facilitate the progress of quantum computation (QC) research
towards the quantum computer-science era. In kick-off QIST Experts Panel
Meeting, held in La Jolla, California, USA in January 2002, the panel mem-
bers decided that the overall purpose of the roadmap should be to set as a
desired future objective for QC

to develop by 2012 a suite of viable emerging-QC technologies of
sufficient complexity to function as quantum computer-science test-
beds in which architectural and algorithmic issues can be explored;

The roadmap has a prescriptive role, namely,

to identify what scientific, technology, skills, organizational, invest-
ment, and infrastructure developments will be necessary to achieve
the desired goal, while providing options for how to get there;

and a descriptive function

by capturing the status and likely progress of the field while elu-
cidating the role that each aspect of the field is expected to play
toward achieving the desired goal.

The roadmap also identifies gaps and opportunities, and places where
strategic investments should be beneficial. This will be helpful for both
researchers and research managers.

The panel members introduced the four-level structure in the roadmap,
namely, “high-level goal”, “mid-level view”, “detailed level summaries”, and
“summary with panel’s recommendation”.

4.1. High-Level Goal

To set a path to realize the desired QC test-bed ear in 2012, the panel
provided five- and ten-year technical goals. The five-year (2007) goal is to

e encode a single qubit into the state of a logical qubit formed from
several physical qubits,

e perform repetitive error correction of the logical qubit, and

e transfer the state of the logical qubit into the state of another set of
physical qubits with high fidelity,

while the ten-year (2012) goal is to
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e implement a concatenated quantum error-correcting code.
Meeting the 2007 high-level goal requires the achievement of

creating deterministic, on-demand quantum entanglement;
encoding quantum information into a logical qubit;
extending the lifetime of quantum information; and

communicating quantum information coherently from one part of a
quantum computer to another,

while meeting the 2012 high-level goal requires ~ 50 physical qubits

e to exercise multiple logical qubits through the full range of operations
required for fault-tolerant QC in order to perform a simple instance of
a relevant quantum algorithm, and

e to approach a natural experimental QC benchmark: the limits of full-
scale simulation of a quantum computer by a conventional computer.

The 2012 goal would extend QC into the test-bed regime. It would also
enable quantum simulation as originaly envisioned by Feynman.

4.2. Mid-Level View

The roadmap also presents a “mid-level view” to allow informed decisions
about future directions to be made for researchers. The “mid-level view”
segments the field into the different scientific approaches in view of the
DiVincenzo criteria and metrics to capture the promise and characterize
the progress towards the high-level goals within each approach.

Table 1 summarizes the “promise criteria” according to the mid-level
view of the roadmap. The panel used three symbols (letters “G, Y, R” here)
to indicate the value the panel assigned to these criteria.

The panel also presents status of each approach with a set of metrics
that represent relevant steps on the way to the 2007- and 2012-year goals.
Table 2 shows the “development status metrics” in which the panel assigned
again three symbols. The numbers M. and M.N in the table refer to the
following criteria:

1. Creation of a qubit
1.1 Demonstrate preparation and readout of both qubit states.
2. Single-qubit operations
2.1 Demonstrate Rabi flops of a qubit.
OPTIMAL CONTROL AND FORECASTING OF COMPLEX DYNAMICAL SYSTEMS
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Table 1
The Mid-Level Quantum Computation Roadmap: Promise Criteria.
The column number k corresponds to the kth DiVincenzo crietrion.
(Reproduced with permission from http://qits.lanl.gov/ . )

The DiVincenzo Criteria
uantum Computation CNetworkabilit
QC Approach #1 #(j #3 : #4 #5 J Q#é #7 -
NMR & ® | ® | & ® | @ )
Trapped lon @ | @ | @ | & | ¢ I & ®
Neutral Atom @ Q, lﬁ @ @ ‘ @ lﬁ
Cavity QED (%) & & [¥%) @ ‘ @ o
Opical @ @ | & | @ @ | @ &
Solid State Iﬁ @ @ lﬁ @ ‘ i}l i:l
Superconducting @ [ @ | & | @& | & | & &
Unique Qubits This field is so diverse that it is not feasible to label the criteria with "Promise" symbols.

Legend: {& = a potentially viable approach has achieved sufficient proof of principle
i =a potentially viable approach has been proposed, but there has not been sufficient proof of principle

@ = no viable approach is known

2.2 Demonstrate decoherence times much longer than the Rabi oscilla-
tion period.
2.3 Demonstrate control of both degrees of freedom on the Bloch sphere

3. Two-qubit operations

3.1 Implement coherent two-qubit quantum logic operations.

3.2 Produce and characterize the Bell entangled states.

3.3 Demonstrate decoherence times much longer than two-qubit gate
times.

3.4 Demonstrate quantum state and process tomography for two qubits.

3.5 Demonstrate a two-qubit decoherence-free subspace (DFS).

3.6 Demonstrate a two-qubit quantum algorithm.

4. Operations on 3 — 10 physical qubits

4.1 Produce a Greenberger, Horne, and Zeilinger (GHZ) entangled state
of three physical qubits.

4.2 Produce maximally-entangled states of four or more physical qubits.

4.3 Quantum state and process tomography.

4.4 Demonstrate DFSs.
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4.5 Demonstrate the transfer of quantum information (e.g., teleporta-
tion, entanglement swapping, multiple SWAP operations etc.) be-
tween physical qubits.

4.6 Demonstrate quantum error-correcting codes.

4.7 Demonstrate simple quantum algorithms (e.g., Deutsch-Josza).

4.8 Demonstrate quantum logic operations with faulttolerant precision.

5. Operations on one logical qubit

5.1 Create a single logical qubit and “keep it alive” using repetitive error
correction.
5.2 Demonstrate fault-tolerant quantum control of a single logical qubit.

6. Operations on two logical qubits

6.1 Implement two-logical-qubit operations.
6.2 Produce two-logical-qubit Bell states.
6.3 Demonstrate fault-tolerant two-logical-qubit operations.

7. Operations on 3 — 10 logical qubits

7.1 Produce a GHZ-state of three logical qubits.

7.2 Produce maximally-entangled states of four or more logical qubits.

7.3 Demonstrate the transfer of quantum information between logical
qubits.

7.4 Demonstrate simple quantum algorithms (e.g., Deutsch-Josza) with
logical qubits.

7.5 Demonstrate fault-tolerant implementation of simple quantum algo-
rithms with logical qubits.

Detailed-level summaries are given for each physical realization. They
are intended to provide a description of each of the experimental approaches
and a description of the likely developments over the next decade.

5. Beyond DiVincenzo Criteria

The DiVincenzo criteria are not necessarily the gospel and some conditions
can be relaxed. For example, it is possible to replace unitary gates by irre-
versible non-unitary gates generated by measurements. This idea is already
implemented in linear optics quantum computation.'® An extreme in this
approach must be the “one-way quantum computing”, where conditional
measurements send an initial “cluster state” to the final desired state.'!

There have also been active discussions concerning sufficiency of the
criteria and what comes beyond the DiVincenzo criteria. Here is the list of
some proposals:
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(1) Implementation of decoherence-free subsystems/subspaces.
(2) Implementation of quantum error correction.

(3) Fault-tolerant quantum computing.

(4) Topologically protected qubits.

Gottesman’s article “Requirements and Desiderata for Fault-Tolerant
Quantum Computing: Beyond the DiVincenzo Criteria”!?
requirements for fault-tolerant quantum computing such as

also discusses

gets larger, and no large-scale correlated errors.

It also lists “additional desiderata” for a practical quantum computer such
as

(1) Ability to perform gates between distant qubits.

(2) Fast and reliable measurement and classical computation.

(3) Little or no error correlation (unless the registers are linked by a gate).
(4) Very low error rates.

(5) High parallelism.

(6) An ample supply of extra qubits.

(7) Even lower error rates.

Many of the above conditions are necessary for quantum error corrections
to work reasonably well.

6. Summary

e Solid state and superconducting qubits are expected to be scalable with
current lithography technology. However few-qubit operations have
been hardly demonstrated with these systems to date.

e In contrast, few-qubit operations are demonstrated on liquid-state
NMR and ion traps, although they are probably not scalable.

e Is DiVincenzo criteria classification sufficient? Generalizations “be-
yond” DiVincenzo may be included using memory, program, .. ..

e QIST roadmap, based on the DiVincenzo criteria, is extremely valuable
for the identification and quantification of progress in this multidisci-
plinary field.
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