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Quantum advantage deferred

A type of optics experiment called a boson sampler could be among the easiest routes to demonstrating the power
of quantum computers. But recent work shows that super-classical boson sampling may be a long way off.

Andrew M. Childs

uantum computers have the

potential to dramatically

outperform classical computers
at solving certain problems. However,
despite impressive experimental progress,
practical quantum computers remain a
long-term goal. A simpler objective is
to build a quantum device that merely
outperforms classical computers, if only
for a toy problem. Boson sampling is
perhaps the best-known framework for
establishing such a result, yet it remains
unclear at what size it becomes classically
intractable. Previous estimates have
placed this threshold around 30 bosons.
Writing in Nature Physics, Alex Neville
and co-authors' give strong evidence that
the threshold for classically hard boson
sampling is at least this high — and that
boson-sampling experiments will need to
exceed approximately 50 photons to push
quantum computation beyond the reach of
our present classical abilities.

In boson sampling, single photons are
prepared, sent through a linear optical
network consisting of beam splitters and
phase shifters, and finally measured with
detectors that can resolve individual
photons. Although such a linear optics
experiment cannot perform universal
quantum computation — it cannot run
Shor’s celebrated factoring algorithm,
for example — it has been argued that
sampling from its output distribution
(even approximately) is hard for classical
computers®. Since realizing linear optics is
easier than performing a general quantum
computation, boson sampling offers a
gentler path to demonstrating a quantum
computational advantage.

So far, experiments have performed
boson sampling with up to five photons®.
Extending them to more photons is
challenging for many reasons, not least of
which is the difficulty of reliably creating
several single-photon states that arrive at
the detectors simultaneously. This raises a
natural question: just how large an instance
of boson sampling must one consider such
that a classical computer cannot solve it in
a reasonable amount of time?

Unfortunately, even the asymptotic
hardness of boson sampling is unclear.
Arguments for its intractability rely on
unproven conjectures in both linear algebra
(about the distribution of permanents of
matrices with Gaussian-distributed entries)
and computational complexity theory. But
for concrete instances of boson sampling,
we are interested in a more mundane — yet
slipperier — question: how long would the
best possible classical algorithm take to
sample from the output distribution? This
is challenging to answer, as there are many
possible approaches to simulating boson
sampling with a classical computer.

Considering the difficulty

of scaling up single-photon
experiments, the results of
Neville et al. suggest that it
could be quite some time
before boson sampling is used
to demonstrate a definitive
quantum advantage.

The algorithm presented by
Neville et al. is based on a technique
called Metropolised independence
sampling, which apparently reproduces
the boson sampling distribution much
more efficiently than brute-force
calculation of the full distribution.
Roughly speaking, the algorithm runs
a Markov chain whose stationary
distribution corresponds to boson
sampling. Random steps in the Markov
chain are first proposed by drawing from
the distribution corresponding to classical
distinguishable particles — which can be
sampled efficiently — and then accepted
with a probability that depends on the
chance of making such a transition with
indistinguishable bosons. Empirically,
this Markov chain appears to converge
to the boson-sampling distribution after
a number of steps that grows slowly with
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the number of bosons, suggesting that

the overall cost should be dominated by
the cost of determining whether to accept
each step. While that is a computationally
demanding task, it can be done with

an algorithm of Ryser’s* that takes time
growing only exponentially with the
number of bosons. Using this approach,
the authors generate samples from the
20-photon distribution using a laptop and
from the 30-photon distribution using a
cluster of four off-the-shelf computers.
Furthermore, they estimate that sampling
from the 50-photon distribution should be
within reach of a supercomputer.

One shortcoming of the sampling
algorithm of Neville ef al. is that it does not
come with a guarantee of correctness. The
Markov chain should be run long enough
that it provides a good approximation of
the boson-sampling distribution. However,
it is challenging to determine whether
this is the case, precisely because it is hard
to sample from the desired distribution.
The authors address this issue in several
ways. They show that the output of their
Metropolised independence-sampling
procedure agrees with a brute-force
calculation for very small sizes, and
they find that it agrees with a different,
less-efficient Markov chain method for
somewhat larger sizes. They also show that
the distribution they sample from is far
from the distribution of distinguishable
particles — a necessary, but far from
sufficient, condition. But because boson-
sampling experiments also suffer from the
same challenge of verifying correctness of
the output distribution, it seems reasonable
to accept this limitation.

Considering the difficulty of scaling
up single-photon experiments, the results
of Neville et al. suggest that it could be
quite some time before boson sampling is
used to demonstrate a definitive quantum
advantage. However, it is possible that
another way of asserting quantum
computational advantage will be even
easier to realize. Numerous alternative
sampling problems have been proposed,
including the so-called instantaneous
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