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Boson Sampling is the problem of sampling from the same distribution as indistinguishable single
photons at the output of a linear optical interferometer. It is an example of a non-universal quantum
computation which is believed to be feasible in the near term and cannot be simulated on a classical
machine. Like all purported demonstrations of “quantum computational supremacy”, this motivates
optimizing classical simulation schemes for a realistic model of the problem, in this case Boson
Sampling when the implementations experience lost or distinguishable photons. Although current
simulation schemes for sufficiently imperfect boson sampling are classically efficient, in principle the
polynomial runtime can be infeasibly large. In this work, we develop a scheme for classical simulation
of Boson Sampling under uniform distinguishability and loss, based on the idea of sampling from
distributions where at most k£ photons are indistinguishable. We show that asymptotically this
scheme can provide a polynomial improvement in the runtime compared to classically simulating
idealised Boson Sampling. More significantly, we show that in the regime considered experimentally
relevant, our approach gives an substantial improvement in runtime over other classical simulation

approaches.

I. INTRODUCTION

Since the idea of quantum computers was first pro-
posed, speedups have been theoretically demonstrated
for a variety of problems [I]. More recently, this has
turned to interest in near term quantum speedups on
realistic hardware [2]. Boson Sampling is an example
of such a problem [3], which considers the complexity
of sampling from the same probability distribution as n
collision-free indistinguishable photons output from an
m-mode linear optical interferometer drawn uniformly at
random. Aaronson and Arkhipov showed that the abil-
ity to exactly simulate Boson Sampling in polynomial
time would imply that P#* = BPPNF and the Polyno-
mial Hierarchy would collapse to the third level. This is
because the output probabilities of a linear optical inter-
ferometer are proportional to the permanent of an n x n
complex matrix [4], which is #P-Hard to compute. The
same result was also shown for approximately sampling
from the same distribution, modulo two conjectures re-
lated to the permanents of Gaussian matrices [3]. This
led to significant interest in Boson Sampling, with ex-
perimental demonstrations ranging from two to ten pho-
tons [5HI3], as well as experiments with up to twenty
input photons of which fourteen were detected [13].
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This has driven interest in improving classical simula-
tions of Boson Sampling, in order to verify any speedup
gained from an experimental implementation. Neville et
al. [14] showed that Boson Sampling can be classically
performed for 30 bosons across 900 modes at a rate of 250
samples in under five hours on a standard laptop. This
was further improved by Clifford and Clifford [I5], who
showed that sampling from n photons across m modes
can be classically performed in O(n2" +Poly(n, m)) time
and O(m) space.

Recently classical simulations have been expanded to
consider practical issues such as photon distinguishabil-
ity, based on a rich collection of theoretical work in this
area [I6H28]. Renema et al. [29] demonstrated that Boson
Sampling with partially-distinguishable photons can be
simulated in time which grows polynomially with n. This
was later expanded to consider loss as well [30]. However,
the runtime might still not be efficient in practice, as the
polynomial can be large. There is also a further disad-
vantage in that the error bounds are the average case
for a random linear optical interferometer, meaning that
there could be interferometers for which the algorithm
performs significantly worse. A significant improvement
could be achieved through adapting the method of Clif-
ford & Clifford to this algorithm, but there are challenges
with this approach.

Another motivation for adapting Clifford & Clifford
to photonic imperfection is the task of classically simu-
lating other photonic regimes, such as Gaussian Boson
Sampling [31]. The probability distribution of Gaussian
Boson Sampling is that of n indistinguishable squeezed
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states at the output of an m-mode linear optical interfer-
ometer, and depends on the Hafnian of a matrix. Unlike
Boson Sampling, there is no known polynomial time clas-
sical algorithm for computing the probability of a single
outcome from n fully distinguishable squeezed states. On
the other hand, it is classically efficient to sample n fully
distinguishable squeezed states, via a similar approach
to that used for classically sampling distinguishable sin-
gle photons [32]: For each squeezed state, one first sam-
ples the number of photons in that squeezed state via
the inverse binomial distribution [33], then each of those
photons is sampled through the interferometer individu-
ally, as photons that start in the same spatial mode do
not interfere with one another and their outcomes can
therefore be sampled individually. As a result, adapt-
ing the Clifford & Clifford algorithm to non-ideal Boson
Sampling models provides a first step towards being able
to classically simulate imperfections in Gaussian Boson
Sampling.

Here we consider the cost of classically simulating Bo-
son Sampling when the photons are partially distinguish-
able or lossy. We look at the same model of distinguisha-
bility as considered in [29, B0], and use techniques for
modelling photon distinguishability in first quantization
[34, 35] to show that this is akin to choosing the indis-
tinguishable photons of a Boson Sampling experiment
via the binomial distribution. We combine this with the
well-studied model of uniform loss, where each photon
independently survives with probability 1. Under this
model, the probability of how many photons survive over-
all also follows a binomial distribution. This gives rise to
a method which is able to naturally apply the Clifford
& Clifford algrithm and take advantage of its efficiency.
This algorithm also offers a worst-case error bound for
any linear optical interferometer, rather than a random
one. Although this approach only offers a polynomial
improvement compared to the runtime for ideal Boson
Sampling (unlike the exponential improvement shown in
[29,[30]) we use analytical bounds to show that for photon
numbers of experimental interest our algorithm can make
a significant improvement over alternative approaches.

This article is laid out as follows. In Sec. [[I} we give an
overview of distinguishability in first quantization, and
summarise the work of classical simulation algorithms in-
cluding [29] 30]. In Sec. we show what the model of
distinguishability looks like in first quantization, and pro-
vide an alternative classical simulation. In Sec. [[V] we
consider average error bounds for a Haar-random uni-
tary interferometer, via the methods explained in Sec.
[TCl In Sec. [V} we improve this bound to a worst-case
error bound, by computing an upper bound for the trace
distance between our approximation and the model. In
Sec.[V1] we expand these results to consider uniform loss,
and show how distinguishability and loss relate to each
other. In Sec. [VII] we explore these error bounds for ex-
perimentally interesting numbers of photons, and show
that there are some cases where our algorithm offers an
improvement. Finally, we briefly consider non-uniform

loss, where loss is a function of the number of optical
components, and use the methods of [36, [37] to show
that classical simulations with non-uniform loss also be-
come easier when distinguishability is introduced. We
conclude with some open research questions in Sec. [[X]

II. PRELIMINARIES
A. Partial distinguishability in first quantization

Studying photonics in first quantization allows an ar-
bitrary linear optical experiment to be expressed in the
quantum circuit model [34] [35] B7]. Bosonic symmetri-
sation can be implemented efficiently, e.g. through use of
the quantum Schur transform [38], and the main sources
of errors in linear optics can be modelled: loss as erasure
of qudits and distinguishability as correlation to extra
photonic degrees of freedom, both of which lead to deco-
herence of the quantum circuit.

We start by considering arbitrary distinguishability of
photonic scattering, models of which have been proposed
n [21H23]. Let m,n be integers such that m € O(n?).
Let U € U(m) be an m-mode linear optical interferom-
eter, and let S,S" be n-photon m-mode Fock vectors,
meaning that S = (So,...,Sn), 8" = (S,...,S5),), and
Yoo Si =Y ity Si = n. The probability of seeing out-
put occupation S’ from input S with interferometer U
is

!
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v reS, k=1
(1)

where Sp; is an n x n Gram matrix describing the
(in)distinguishability of pairs of photons, S is a Fock ar-
ray describing the arrangement of input photons, s is
the corresponding array of single particle states in first
quantisation, likewise for S’ and s’, U is a m X m unitary
matrix describing the interferometer, and S,, is the group
of permutations of n particles. Of particular note is that
when S is the all-1 matrix, we have

SIS/I Z HU% Sr(k) sk,sﬂ(,@ (2)
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where Ug g is a matrix defined by taking rows and
columns of U according to S and S’ [4]. This is the output
probability distribution for Boson Sampling with indis-
tinguishable photons. Likewise, we can see that when S



is the identity matrix, we have

Pr[s'] = )R | AP
T, 5357 15'54'768 oy e
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which is the distribution for fully distinguishable pho-
tons. In first quantisation, the input state can be written
as [34]

1
P S, 2e

v 5,0'€Sn

|O-/'r H S r=1( 1(k)»
9)

For convenience, we will assume here and throughout the
rest of this paper that our photons start in the Fock
state |S) = |1"0™~ ™). We will use the corresponding
first quantized states of this form in the following.

B. Classical simulation of fully (in)-distinguishable
lossless Boson Sampling

Boson Sampling under ideal conditions (lossless in-
distinguishable single photons) is intractable for suffi-
ciently large n. Until recently the only classical simula-
tion method explicitly known was to compute the entire
probability distribution before taking a sample, though it
was widely believed that more efficient, albeit still expo-
nential time, approaches existed. A brute force method
cannot scale, due to both the number of possible out-
comes and the complexity of computing even one n X n
complex matrix permanent.

Two major results gave the first explicit classical simu-
lation strategies which were faster than brute-force sam-
pling. The first, by Neville et al. [I4], demonstrated that
Boson Sampling experiments with up to 30 photons could
be simulated on a single laptop, and suggests that a su-
percomputer could handle up to 50 photons. This was
achieved by starting with the classical distribution of n
distinguishable photons, and then using Metropolised In-
dependence Sampling to adapt the distribution to that of
ideal Boson Sampling. The second result, by Clifford &
Clifford [I5], gave a classical algorithm for exact Boson
Sampling and runs in time equivalent to computing two
n X n matrix permanents per sample with a polynomial
overhead. This is through a combination of optimiza-
tions, particularly computing marginal probabilities and
sampling via the chain rule. Our approach here is to
make these more efficient techniques applicable to realis-
tic situations with distinguishability and loss.

It is also worth discussing at this point how to clas-
sically simulate boson sampling with completely distin-
guishable photons, for which a polynomial time algorithm

exists [32]. In this case, there is no photon interference,
so photons can be sampled individually. This is done by
taking a photon which starts in mode i, and sampling
output mode j with probability |U; ;|?. Repeating for all
photons gives us the complete sample in O(mn) time.

C. Expanding in terms of fixed points

In [29] [30], Renema et al. consider a model where inter-
photon distinguishability is measured by an inner prod-
uct of pure states [16] [17, [1[9H21], 23]. The probability
distribution of arbitrarily distinguishable bosons is mod-
elled as

=2 ﬁsi,o@) Per(M + My,),  (10)

€S, i=1

where § is the same matrix describing the distinguisha-
bility as in the previous section, M is a matrix defined
by the rows and columns of our interferometer U selected
based on our photon output S" and input S, M7, is the
conjugate matrix with the identity permutation applied
to rows and permutation o applied to columns, and * de-
notes element-wise multiplication. They further restrict
to a model where the indistinguishability overlap is de-
fined by a single parameter S; ; = z+(1—x)d; ;, = € [0,1].
The sum over permutations can be ordered based on how
many fixed points a permutation has, giving

n

=Y al Per(M « M; ), (11)

=0 oi

Pr[s’

where 07 denotes permutations which have n—j elements
as fixed points. Each permanent can be broken down via
the Laplace expansion into a sum of a complex matrix
permanent multiplied by a positive matrix permanent:

= Zn:ij Z Per(My1xM7, , ) Per(|My ,,

j=0 oi  J<s8’
|J'|=j

(12)
where J’ is an occupation with j photons. Here we are
now choosing submatrices of M, with J’ representing the
(?) possible combinations of rows from M, J’ represent-
ing the remaining rows, and o, and o, representing per-
muted and unpermuted elements of o respectively. The
J' < 8 notation is used to indicate that J' is a Fock
state such that J; < S;Vi € [m].

The classical simulation method used truncates the
number of non-fixed points in a permutation as being
at most k, with the remainder of the probability treated
as an error margin. It is important to note while these
approximations are real, they are not necessarily posi-
tive. This is due to the truncation, where positive higher
order terms which would have corrected the probabil-
ity to be positive are now missing from the approxima-
tion. To correct this, any negative approximations are



rounded up to 0. These probabilities are then used to
train a Metropolised Independence Sampler, akin to the
technique of [I4]. Training this sampler requires approx-
imating a number of probabilities dependent on the un-
derlying distribution, each of which involves computing
O(n?F) permanents of k x k complex matrices, and the
same number of permanents of (n — k) X (n — k) matri-
ces with non-negative entries. The permanents of k x k
complex matrices can be computed classically in O(k2¥)
time via Ryser’s algorithm, and the permanents of ma-
trices with non-negative entries can be approximated up
to multiplicative error in polynomial time [39, 40]. As
long as k is independent of n, this means that there is a
polynomial runtime.

To work out a suitable value k, define coefficients ¢; as

¢ :Z Z Per(MJ/J*Mj,VUP)Per(|Mj,)Uu|2). (13)
ol J'<8’
|7 |=3

Assuming the matrices are Gaussian, the variance of
each permanent can be bounded as

i 7!
Var[Per(My1 + Mj, , )] = R (14)
and
Ny M—]
_ 2 (n —j)! l
Var[Per(|My. o, [*)] < 5225 ; T (1)

This leads to two key results. The first is that the
variance of ¢; tends towards a constant value:

and the second is that the covariance for different values
of j is zero:

Covlcj,cj] =0Vj # 5. (18)

From this one can approximate the variance of the error
as a geometric series, which as n — oo tends towards the
inequality

Var[A Pr[S’]] = Var[Pr[S'] — Pri[9"]] (19)
= Z 2% Var[c;] (20)
j=k+1

2 2(k+1)
n! x
<|— 21
() (=) e
where Py is the probability distribution when truncated
at j < k for some k < n.

Finally one can use a Markov inequality to show that
if the variance of the error is of the form (n!/m™)%e?, the
average error of the simulation is at most € [30]. Crucially,
this value of € is only dependent on x and k£ and no longer
dependent on n. This means that for any value of x, one
can choose a suitable value of k to achieve a required
error €, and run a classical simulation in time polynomial
in n.

Although this runtime is polynomial in terms of n and
can therefore be considered asymptotically efficient, it
might not be classically simulable in practice. There are
three main contributions to this: First, the algorithm is
reliant on Metropolised Independence Sampling, which
potentially requires many probabilities to be approxi-
mated per sample. Second, approximating each prob-
ability requires O(n?*) permanents of k x k matrices,
which even for small k£ could be a large number of per-
manents. And third, approximating each probability re-
quires O(n?*) permanents of (n — k) x (n — k) matri-
ces with non-negative elements. Although approximat-
ing permanents of matrices with non-negative elements
can be achieved in polynomial time, classical algorithms
still have a runtime ranging from O((n — k)*log(n — k))
to O((n — k)7log*(n — k)), depending on the sparsity of
the matrix [40]. These issues are the main points to ad-
dress in order to achieve a practical classical algorithm
for Boson Sampling. Clifford & Clifford could help to
alleviate these issues, but there is a challenge due to the
fact that the approximation used in Renema et al. does
not correspond to a bosonic state. This in turn leads to
negative probabilities, which are not clear how to correct
for in the Clifford & Clifford algorithm.

D. Classical simulation of lossy Boson Sampling

Another common source of imperfections in linear op-
tics is that of photon loss, which arises through a number
of different means. Indeed, any large-scale demonstra-
tion of Boson Sampling is bound to face photon loss, and
therefore needs to take such issues into account. Some
results have already shown instances where hardness is
still retained, such as when only a constant number of
photons are lost [41], [42].

Neville et al. compared the classical simulation of their
approach to a Boson Sampling experiment where any
photon loss was considered a rejected experiment [I4].
In [30], the method described in Sec. [[LC|was adapted to
consider uniform loss, showing that the same result can
be found, with the only difference being that x is now re-
placed by a = /mz, where 7 is the probability of each in-
dividual photon surviving. Crucially, this result demon-
strated that Boson Sampling where a constant fraction of
photons were lost can be simulated in O(¢£?*k2%), where
¢ is the number of photons which survive and k is only
dependent on the constant ¢/n, distinguishability x, and
the desired accuracy of the simulation. This can be ex-
panded to classically simulating Boson Sampling under



uniform loss by sampling ¢ from the binomial distribution
before sampling output photons, which offers a runtime
of O(n?*k2k). Novel classical simulations for Boson Sam-
pling under loss have also been considered by use of clas-
sically simulable states such as thermal [36] or separable
[37] states.

There has also been some consideration of how classi-
cal simulations can be generalised to non-uniform loss.
This usually means photon loss that is dependent on
the number of optical components, with each component
having transmission probability 7. Classical simulation
methods can be generalised to this model by identify-
ing a layer of uniform losses from the circuit, followed a
non-uniform lossy circuit which can be simulated classi-
cally through the use of additional modes for lost photons
[36, B7]. These results showed that Boson Sampling un-
der non-uniform loss can be classically simulated as long
as the smallest number of components a photon encoun-
ters is logarithmic in n. More recently, methods were
also developed to give a polynomial-time algorithm in
the case where some photons experience little or no loss,
by extracting losses into a layer of non-uniform loss and
simulating via a generalisation of the Clifford & Clifford
algorithm [43].

III. EXPANDING IN TERMS OF STATES

We will now introduce a new expression for partially
distinguishable particles. We start by writing the input
state of n photons, with pairwise distinguishability pa-
rameter x as in the previous section, in first quantization

1
Pn,x = I
mn.

Z ols) (s|o’z77 |, (22)

0,0’ €Sy,

where we have used o - ¢’ to denote the number of places
where permutations ¢ and o’ match. For reference, the
expansion of [29] [30] is carried out by identifying o and
o’ that match for a fixed set of ¢ points:

als) (st | . (23)

1 i
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Note here that the terms in the sum over permutations
do not correspond to physical states. This can be seen by
the fact that for ¢ # 0 this summation has no elements
along the diagonal of the density matrix, as o and ¢’ need
to differ in ezxactly i places.

We instead look at an alternative expansion, in or-
der to decompose the model into a linear combination of

physical states:

n

> b > ols)(s|o’ | (24)
1=0 0,0’ €Sy,
JIC[n] s.t. |I|=i
o ()= (G)ViET

pn,x *'
n:

n

B 1 "t
i=0  ICIn] o,0'€8y
|I]=i o7t G)=0'" (G)Viel
(25)
n
=> pi Y pr, (26)
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\I]=i

where p; is the state where photons in modes j € I are
fully indistinguishable from each other, all other photons
are fully distinguishable, and 0 < p; < 1 is a coefficient
dependent on z and n determining the probability of a
state with 4 indistinguishable single photons.

Note that unlike Eq. , where permutations must
differ in exactly ¢ points, in Eq. we allow permu-
tations to differ in at most i points. This means that
elements closer to and along the diagonal of the density
matrix are also part of this summation, and this means
that each 0,0’ € S,, term forms a valid density matrix.

Already we can see how a classical simulation might
work — if we are able to sample p; efficiently, then we can
choose p; by selecting i photons uniformly at random
to be indistinguishable. These ¢ photons can be classi-
cally simulated using Clifford & Clifford [15], while the
remaining n — ¢ photons are treated as fully distinguish-
able photons, each of which can be simulated individually
in polynomial time [14], B2].

A. The p; are binomially distributed

Here, we will show that the coefficients p; follow the
binomial distribution

p; =z (1 —2)" " (27)

To see that the matrix elements of Eq. (26) with p;
binomially distributed equal those of Eq. (23)), consider
0,0’ which differ at points in the set I, where |I| = 4;
the coefficient here should be z¢. Contributing to this
element of the density matrix will be the state p;, as well
as other states py/, where I C I’. The number of such
sets I' is (},~), as it is equivalent to choosing i’ from n

i —1i

elements when ¢ elements have already been chosen. The



corresponding matrix element is

= (f: 2 (1= z)n (:‘ B Z)) (28)
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It is not hard to see that the state is normalised

Trfpnal = S a1 —2)" S Tl (33)
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e
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=1 (37)

Thus this model of fixed pairwise distinguishability can
be written as an expansion in terms of valid states, where
indistinguishable photons are drawn from a binomial dis-
tribution.

B. Classical simulation

We can now see explicitly how a simulation for Bo-
son Sampling with distinguishable photons would work.
First, we sample an integer i € [n] according to the Bino-
mial distribution with coefficients n and x. Next, we sam-
ple a subset I of the photons uniformly at random from
the (7:) possible subsets of size i. These are the indistin-
guishable photons of our simulation, which we simulate
using Clifford and Clifford in O(i2* + Poly(i,m)) time.
The remaining n — ¢ photons are considered to be distin-
guishable. Rather than needing to compute the output
probabilities of these photons collectively, which could
take between O(n—i)*log(n—i) and O(n—1)" log*(n—1)
time via permanents of matrices with non-negative en-
tries [40], we can instead sample each distinguishable
photon individually. To do so, we take a distinguishable
photon in mode a, and compute the probability of this
photon being measured in mode b as |Uy, ,|?. Thus we can
compute all output probabilities and obtain a sample for
a single distinguishable photon in O(m) time, meaning

that we can obtain a sample for all n — ¢ distinguishable
photons in O(m(n — 1)) time [14], B2].

The run time is dominated by the time taken to sample
our indistinguishable photons, which can be as large as
O(n2"+Poly(n,m)) if we are unlucky. By truncating our
binomial sampling up to some level k, we can simulate
Boson Sampling up to some level of error. The extent of
this error will be the focus of Secs. [V] & [V1

IV. AVERAGE CASE ERROR

We can use the same strategies used in [29] B0] to de-
rive an error bound for Boson Sampling via state trun-
cation for a Haar-random interferometer. We shall do
this by considering the expected total variation distance
between our approximation and the model for partial dis-
tinguishability for a Gaussian matrix. This is given by

E[AP] =E % > IPr[S'] - Pre[]] (38)
S/
=SS EPS - Puls),  (9)
S/

where Pry is the probability distribution truncated at k
indistinguishable photons via our approximation. For a
specific outcome S’, we can expand the right hand side
to

k
E[|Pr[S] — P[] =E Z (pi =9} Y Prl9']

+ zn: pi » PrlS|, (40)
IC[

i=k+1 Cln]
|I|=1

where P; is now the probability distribution with in-
distinguishable photons defined by set I, and p, =
pi/(ZfZO 2'(1 — x)"~%(")) is the normalised version of
the p; coefficients defined in Sec. [[TI} Note that Py is the
distribution arising from state p; in Sec. [T} We can use
the triangle inequality to bound this value to

k
E[|Pr[S"] = Pry[S]]] <E Z(pi —p}) Y PilS]
+E| Y p Y PlS| (41)
i=k+1 T[g‘[znl]
=E[AP<] +E[APs],  (42)



where we have introduced variables AP<j;, and AP, for
convenience. We shall consider the expected values of
these terms for a Gaussian matrix separately, starting
with the latter. Using the Laplace expansion, we find

that
E[APs;] = Z i Z E[P;[S (43)
i=k+1 IC[n
|I|—z
= Z pi Y Y E[[Per(Ur ) Per(|U )],
i=k+1 IC[n] J<S’
\T|=i |J]=i
(44)

where Uy, 5 is a matrix defined from our interferometer U
by selecting columns according to I and rows according to
J, and |Uzs|? is a matrix whose elements are the absolute
values squared of Uy ;.

We next need to consider the expected values of the
matrix permanents in Eq. for a Haar random uni-
tary. To do this, we shall assume the matrix describing
our interferometer is Gaussian. This allows us to as-
sume that each entry of Uy ; and |U; 7|? is independent,
and that the two matrices are independent of each other.
Starting with Per(|U; 7|*), we note that this is a Gaus-
sian matrix of size (n — ) x (n —4), and each entry is the
square of two independent Gaussians, meaning that each
entry of |U; 7| has expected value 1/m. From this, we
can calculate the expected value as

2y = (=D (45)

m’l’LZ

E[Per(|Uz 7

For Uy, 7, we note that each element of U ; is an inde-
pendent Gaussian entry, with mean value 0 due to sym-
metry, and second order moment E[|U; ;|?] = 1/m. The
second order moment for the permanent can then be cal-
culated using the same methods as in [3]:

E| Per(Ur, )P =E | > [[Wr)eew Ui Do
_o’,a’ESi =1
(46)
=E ZH|U1J101)| (47)
LoeS; =1
=Y TIE V0! (48)
o€eS; =1
il
=, (49)
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Because the two matrices are independent [29], we can
express the expected value of their product as

(n—4)! 4l

E [| Per(Uy, )| Per(U7,3)] = 2 2 (s0)
(n—1i)l!
= (51)

Plugging this into Eq. (44 , we find that

CAVEED D DD DR =)

i=k+1 IC[n] J<S'

[I|=i |J]|=j
n 2 Ny
n n — i)l
- > a0 e
) ) m
i=k+1
nl — n
= W Z pi(z’) (54)
i=k+1
nlo= neifM
i=k+1

where first we use the fact that since our input and output
are both collision-free, there are (7;) ways of choosing I
and J, then apply cancellation, and finally substitute the
values of p;. This gives our error bound for terms not in
our approximation.

Next we shall consider the term AP<j. First we can
note that p, > p;Vi < k, due to the normalisation of p}.
Thus we can rewrite this term as

k

> Wi—pi) > E[PST.  (56)

i=0 ICn]
|1]=i

E[AP<] =

Using the same techniques for computing the Laplace ex-
pansion and calculating the expected value of permanents
of Gaussian matrices, we can show that
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Next we expand p}:

SF a1 — )i (7)
Zpl() S ai(L— 2y (") (59)
—1, (60)

and use this expansion as well as the value of p; to cal-
culate

E[AP<] = 72 (1 - gxi(l — ) <’Z)) (61)
= :TL zn: 2i(1 —a:)"—i@). (62)

i=k+1

We plug our values for Egs. 58] & [62] into Eq. 2] to
bound our error for a single outcome as

B | Prls’) — Prefs]]] <2 3 xiu_x)ni(n)

i=k+1 !
(63)



Finally, we use these values and sum over all collision-
free S', of which there are (™) &~ m™/n! to bound the
expectation of our total variation distance for a Haar-

Harj< )Y al Y

random unitary as
1=k+1 v

m® nl il M
o Z (1 —x) <Z> (65)

i=k+1

- En: xi(l—x)“—iC‘). (66)

i=k+1
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It seems like there should be some room for improve-
ment in this bound. In particular, the use of the triangle
inequality suggests that there might be more precise ap-
proximations of the expected distance.

V. WORST CASE ERROR

We shall now use a different technique to show that
the above Haar average case error bound matches the
worst-case error for any linear-optical interferometer. We
do so by finding an upper bound for the trace distance
between our ideal partially distinguishable state and the
approximation that results from truncating at some k,
the size of the largest indistinguishable set of particles.
As the trace distance is an upper bound for any POVM
measurement, we know that this will provide an upper
bound for the difference in distribution produced by any
interferometer.

Denoting our truncated state

k
Yo (1= 2)" " Y rcm) p1
[1]=i

Yo (1= 2)"i(})

where the denominator is a normalising factor, and sim-
ilarly

Pt — . (67)

Yip (1 —a)" AZI‘Ql[n] pr
I|=:
P>kx = n n (68>
g 21 k—i—l‘r (1_3;)71 ’L(z)

We can now estimate the trace distance by rewriting p, 4
as

le_m (1) pen (69)
+Z i(1— ) Z(T;)pﬂm, (70)

i=k-+1

which, by convexity, gives

n . . In
5r n,x x < (11— not ). 71
lnapsia) < 3 (1) (). @
If we want this bound to be small, we can use tech-
niques like those used for working out the tails of the
binomial distribution. For example, it is known that for
nxr < k < n that

k
5tr(pn,a:7p§k,a:) < exp (—’I’I,D <n|x>> ) (72)

where D(k/n||z) is the relative entropy between coins
with bias k/n and =z, respectively [44]. Choosing a
value of £k = na for @« > z will give an error bound
of exp(—nD(al|z)). Thus, choosing such a value for k
would give an error that decreases as n increases, albeit
at the cost of needing to increase k linearly with n. While
this is still an exponential time algorithm, it would offer a
polynomial speedup over the Clifford & Clifford method
for Boson Sampling with indistinguishable photons.

We can also note that the trace distance is only de-
pendent on the initial states and not the measurement
outcomes. As a result, this error bound also applies in
the case where the output is not collision free.

VI. INCORPORATING LOSS

We now consider how to adapt this simulation to Boson
Sampling under uniform loss. We shall assume that each
photon survives with probability 7.

In [34][37], it was shown that the initial state for Boson
Sampling with a fixed number of lost photons can be
represented in the first quantisation as the initial state

Z > olsw)

n 'O'O‘ €Sy
|L|

(sp| o', (73)

where sy, is the state where photons in the subset L of
the original input photons have survived. In order to
generalise this to uniform loss, we append n — £ ”lost”
photons in an additional spatial mode (single particle
state 0) which isn’t affected by the interferometer:

® (|0) (0)*"1. (74)

AT A S bl
£ LC[n] 0,0'€Sy
|L]=¢

Note that in the same way that it doesn’t matter which
particles are traced out when initially applying the loss, it
similarly doesn’t matter which particles are replaced with
the |0) (0| state. Uniform loss matches that of choosing
which subset of photons survive according to the bino-
mial distribution [30, [37]. We can combine this model
with the distinguishability model of Sec. [T} giving
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We can now see how our classical simulation for Boson
Sampling under distinguishability can be adapted to ac-
commodate loss as well. First, we choose a subset of pho-
tons L to indicate the photons that were not lost. From
this subset, we choose another subset of photons I C L to
indicate the indistinguishable photons, which are simu-
lated via the Clifford & Clifford algorithm. The photons
in L\ I are all distinguishable photons, and can be sim-
ulated classically as before. The classical complexity of
this algorithm depends on the number of indistinguish-
able photons we choose. As in Section [[TI} by truncating
this to be some maximum size k we can get an algorithm
that runs in O(k2* + Poly(k,m)) time.

To understand the precision of this algorithm, we first
note that if |L| < k, then we can classically simulate any
number of indistinguishable photons within our desired
runtime. As a result, we only need to truncate when
|L| > k, and only need to do so up to |I] < k.

As with Sec. [[V] we start by considering the error
bound for a random interferometer. We note that in
cases where at most k£ photons survive our approxima-
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tion is exact, so these outcomes do not contribute to our
total variation distance. For the remainder, we see that

n

EAP] = Y n(1—n)"" Y E[AP],  (77)
l=k+1 ﬁg

where A P;, denotes the error of our simulation with pho-
tons in input modes denoted by L. Using our bound in
Sec. [Vl as well as the rule of conditional binomial distri-
butions (see below), we can bound this as

n

Barl < Y o0 -no (7).

i=k+1

Again, an improvement over the use of the triangle
inequality can potentially lead to an improvement in this
bound.

For the worst-case error, we construct analogous states
to those in Sec. [Vt

Sron (1 —m)nt ZLC[n] me (&k) 2 (1—2) "> rcr pra
P<k,nx = L= 1= (79)
o Yo' (1 =)=t () TN w1 - )i ()
Z?:k+1 n'(1—n)"* doLC n Zl k+1 T (1 —2)"" Y rcL pra
_ |L|= |1]=1
P>kmnax = y (80)

and note that p,,. is a linear combination of these
states. As a result, the worst-case error of this simu-
lation, using the convex properties of the trace distance,
can be bounded as

n o (n
6tr(pn,177wap§k,17,w) S Z Ue(l - 77) ¢ <£)

e:k+1
X Z (1 -z (f) (81)

1=k+1

S (L =) @(Z) Sy i1 — )i

(

n

= Y - (7). 6

i=k+41

where in the second line we have used the rule of condi-
tional binomial distributions. Using the same result as
used for Eq. , we can bound the error to a value de-
creasing in n by setting k = nf for f > nx [44]. This
shows a relationship between distinguishability and loss
similarly to, but not exactly the same, as the one found
n [30]: the more distinguishable photons are, the more



we can classically simulate photon loss, and vice versa.
It is remarkable to see that these two algorithms have a
different dependence on x and 7: while state truncation
depends on 7z, point truncation depends on nz?. It is
not immediately clear where this difference comes from,
and we leave it as an open question.

VII. EMPIRICAL ERRORS

A natural question at this point is how to assess the
performance of this new approach over that of [29, 30].
It is not immediately clear how to find a fair comparison,
as each approach has its own strengths and weaknesses.
Truncating based on fixed points has the benefit of the
error asymptotically tending towards a constant as n in-
creases, which means that k can be chosen independently
of n and does not need to increase. But this comes at the
cost of a potentially large, albeit polynomial, runtime of
at least O(n?*k2%(n—k)*log(n—k)) [29,40]. Truncating
based on states, on the other hand, provides a significant
improvement in runtime based on k, and is able to run in
O(2¥+Poly(k, m,n)) time, but at the cost of k increasing
linearly with n for constant error.

We therefore consider a variety of comparisons. In Sec.
[VITA] we start by considering the highest value of z and
1 simulable by each approach when given the same values
of n and k for a fixed error rate. We then introduce the
runtime for each algorithm in Sec. [VIIB] by comparing
how fast they can simulate particular values of x and 7
for increasing n. Finally in Sec. [VILC] we compare the
highest value of x and 7 simulable by both algorithms
for a 90-photon Boson Sampling experiment, where k is
varying but under the condition that the algorithms have
similar run times. The motivation for this is that 90
photons has been suggested as strict upper bound for
what is achievable using classical computation [45].

Before we go further, we make a few observations
on the calculations of error bounds and runtimes used
in this section. Rather than using the asymptotic er-
ror bounds for fixed point truncation, which assume
n — oo, we have used bounds for finite n. This pro-
vides an improvement in the error of up to 1/4/e. For
the runtime of fixed point truncation, we explicitly cal-
culate Zf:o (MYR(n,n — i)i2'(n — i)*log(n — i), where
R(n,n — i) = (7)[i!/e] is the number of permutations
with n — i fixed points, and we have assumed that com-
puting every permanent of the (n —4) X (n — i) matrices
with non-negative entries requires O((n — 4)*log(n — 1))
time [46]. For Metropolised Independence Sampling, we
choose the number of probabilities to approximate via
state truncation as 100, which matches currently used
“burn in” and “thinning” times[I4], though it is worth
noting that this number could be different depending
on the distribution of partially-distinguishable and lossy
bosons. For the runtime of state truncation, we use
2k2F + mk(k — 1)/2 + m(n — k), where we have used
the fact that the first term is approximately equivalent
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to computing two matrix permanents, the second term
is the polynomial overhead of the Clifford & Clifford ap-
proach, and the final term is the polynomial overhead of
sampling the fully distinguishable photons [I5]. For these
calculations, we have also assumed that m = n? [47].

Finally, we note that in Secs. [VITA]and [VILC| we only
consider distinguishability and loss separately, by com-
paring the highest value of x simulable in a lossless sys-
tem, and the highest value of 7 simulated in a full indis-
tinguishable system. Ideally one would compare highest
combinations of  and x which are classically simulable.
However, doing so is complicated by the fact that both
methods handle combinations of noise differently: point
truncation handles them as the parameter nz?, whereas
state truncation handles them as nax. With this in mind,
we plot values for distinguishability and loss separately,
and note that, for the same performance, a reduction in
one implies an increase in the other.

A. Comparison at same level of truncation

We start by comparing the performance of the two al-
gorithms when truncated at the same level k. This is of
interest as in both approaches k is considered to be a pa-
rameter defining the interference between photons. To do
so, we consider the error bounds of classically simulating
n-photon Boson Sampling for n ranging between 2 and
100. The values chosen for k depend on n: we consider
k =n —1 as the upper limit of what the two algorithms
can achieve without simulating the full distribution, and
also k = n/2 as a more feasible, though still exponential
time, value.

The result is plotted in FIG. [1} where in we show
the highest value of x simulable assuming no loss (n = 1)
and in we show the highest value of 7 simulable
assuming the photons are fully indistinguishable (z = 1).
For all cases, we are considering simulations up to 10%
€error.

There are a number of things we can note from FIG.
[[] First is that when & = n — 1, we can see that both
algorithms tend to the same maximum values of distin-
guishability and loss. In the case of distinguishability,
we can easily see why by considering the error bounds of
both algorithms. One can see from Eq. that state
truncation will have a simple error bound in this case of
€ < 2", meaning that for constant error the largest value
of z simulable is = €'/". For point truncation, Egs.
& with & = n — 1 show that the error is sim-
ilarly bounded as € < z™/\/e, leading to a largest value
of x = (ey/e)!/™. Thus, although the highest value of
x simulable via point truncation is higher than that via
state truncation, the difference will decrease in the limit
of large n. Curiously we see the same effect as well in
the case of loss, but now the highest value of 7 simulable
via state truncation is higher than that of point trunca-
tion. Again, this can be shown to hold theoretically: For
state truncation the error scales as ¢ < n™ according to
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FIG. 1. Highest value of x when n =1 and of n when = = 1 simulable via state (solid) or point (dashed) truncation
up to 10% error (¢ = 0.1). The number of photons, n, is varying, with k chosen as either k =n — 1 (red) or k = n/2 (green).
The oscillatory behaviour is due to rounding k = n/2 when n is odd.

Eq. , corresponding to n = 61/"; whereas for point
truncation we see from Eq. and substituting x = /n
that the error scales as € < 77"/2/\/5, meaning a maxi-
mum value of 7 is 7 = (ee?)!/™. In the limit of large n
these differences will also tail off.

For k = n/2, we see that for both distinguishability
and loss point truncation is more powerful than state
truncation. Although this is harder to formally prove,
there is intuition to see why this is the case. For state
truncation, we know that for a small error to be achiev-
able we need k > nnz, as this is the mean of the binomial
distribution. Thus for k¥ = n/2, we have that nz < 1/2,
and in both cases we see the highest value of = and 7
tending to a value below 1/2. For point truncation on
the other hand, we know that the error tends to a con-
stant value only dependent on k and nz? in the limit of
large n. As a result, it is unsurprising that for k& increas-
ing linearly with n the highest values of x and n will
increase.

B. Comparison of runtimes

We next consider the runtime required to simulate
n-photon Boson Sampling up to 10% error via either
method. The motivation for this comparison is that the
runtime of the two algorithms at the same value of k are
significantly different. In particular, the runtime of state
truncation is only dependent on k and not n, whereas
the runtime for point truncation depends on a scaling of
approximately O(n?*).

To understand how the runtimes scale, in FIG. [2] we
plot the runtimes of classically simulating n-photon Bo-
son Sampling experiments via the two approaches for
fixed values of n and z. The values of k chosen for
each algorithm are the smallest values for an error of
at most 10%. For choosing 1 and z, we give two exam-

10%7 4

1085 4

1073 4
o 10°T 4 /,’ —— State Truncation, n=0.755, x=0.976
S Ras -==- Point Truncation, n=0.755, x=0.976
=
£ 10% 4 R4 —— State Truncation, n=0.5, x=0.5
« 1037 | ’/’ -==Point Truncation, n=0.5, x=0.5

1025 A
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10t 7 T T T T T T T T
0 50 100 150 200 250 300 350 400
n

FIG. 2. Approximate runtime (number of operations) to sim-
ulate n-photon Boson Sampling with chosen values of 1 and
x up to 10% error (e = 0.1) via state (solid) or point (dashed)
truncation. Note that a modern supercomputer running for
an hour can perform roughly 10?° operations.

ple cases. The first (FIG. |2, red), where n = 0.755 and
x = 0.975, is an example of a hypothetical best exper-
iment we could build with current technology, with the
most lossless sources (82%) [48], interferometers (99%)
[42] and detectors (93%) [49], and the highest level of
photon indistinguishability (97.6%) [50]. The second case
(FIG. |2} green), where n = 2 = 0.5, is an example of how
the two algorithms perform in what would be considered
a poor experiment for both distinguishability and loss.
Actual Boson Sampling experiments are likely to fall be-
tween these two extremes.

In both cases, state truncation appears to outperform
point truncation for near-term photon experiments, with
point truncation eventually being able to perform faster
for larger values of n. When n = x = 0.5, point trunca-



tion performs better when n is approximately larger than
230. In the case of n = 0.755,x = 0.976, point trunca-
tion only performs better when n is approximately larger
than 390 photons. This gives an idea of the regions in
which the polynomial runtime of point truncation can
be better or worse than the exponential runtime of state
truncation.

It is also worth noting that just because point trun-
cation is faster than state truncation for large enough n
does not necessarily mean that either algorithm is effi-
cient in these cases. When n = = = (0.5, point truncation
only becomes more efficient at instances where both al-
gorithms already require the order of 10?2 operations.
And in the case where n = 0.755,2 = 0.976, both al-
gorithms have runtimes on the order of 10°? operations
before point truncation outperforms state truncation.

C. Comparison at same runtime

Now we consider both truncation level and runtime,
and compare the algorithms when restricted to compara-
ble runtimes. To do this, we shall consider the challenge
of simulating a 90-photon Boson Sampling experiment,
and the largest values of distinguishability and loss that
can be simulated at level k& with 10% error. The moti-
vation for this is that 90 photons has been suggested as
strict upper bound for what is achievable using classical
computation [45].

The results are shown in FIG. detailing for each
algorithm the highest value of = simulable when n = 1
and the highest value of  simulable when z = 1 .
In both figures, the blue line indicates state truncation
at level k, and the green line indicates point truncation
at level k. However, the runtime of state truncation at
level k and point truncation at level k are likely to be
drastically different. To take runtime into consideration
as well, we consider the orange line which indicates point
truncation at level k’, where k’ is the smallest integer
such that the approximated runtime of point truncation
at level k' is longer than that of state truncation at level
k. This allows us to compare the performance of the two
algorithms when restricted to similar runtimes.

Considering distinguishability in FIG. [3a] we can note
that point truncation with comparable runtime performs
better up to k < 45, after which the methods are roughly
comparable with state truncation performing marginally
better, before becoming more dominant for k£ > 60. It
has been suggested that boson sampling with 50 indis-
tinguishable photons is roughly the limit of what can be
classically simulated on a supercomputer [14} [15 [51], so
it appears that when considering distinguishability, the
algorithms are roughly comparable in this case.

When considering loss in FIG. we see a noticeable
improvement for state truncation. Now point trunca-
tion under the same runtime only performs better up to
k < 22, with state truncation performing considerably
better for higher values of k. Boson Sampling with up
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to 30 indistinguishable photons is already known to be
classically simulable on a standard laptop [14], so this
appears to offer a noticeable improvement even for fast
classical simulations.

VIII. NON-UNIFORM LOSS

We finish by briefly considering non-uniform loss,
where each photon survives a lossy optical component
with probability 7. This model of loss has been con-
sidered before [36], B7], but without the incorporation of
distinguishability. We can do this using the same meth-
ods as other non-uniform loss results, by extracting non-
uniform losses into a layer of uniform losses followed by a
lossy interferometer. The uniform loss layer means that
each photon has probability n = 7° of surviving, where 7
is the loss of each optical component and s is the smallest
number of lossy optical components a photon interacts
with. If we take the total number of lossy components to
be d, the remaining lossy circuit can be modelled as an
(m + d)-mode interferometer, with lost photons ending
up in the additional d modes. Thus we can achieve the
same error as Eq. in O(k2* + Poly(k,m, d)) time. In
typical schemes for linear interferometers, d is at most
polynomial in m [52} 53], so the overhead from these ad-
ditional modes is small. We can bound the error to a
decreasing value in terms of n if k& > na7®. Taking the
logarithm on both sides and rearranging for s, we find
that this holds if

logn —log1/x logk' (83)
logl/T

This matches results in [36, [37], showing that boson
sampling can be classically simulated if each photon en-
counters at least a logarithmic number of lossy compo-
nents. It also shows how distinguishability can affect the
simulability of lossy components in Boson Sampling: if
our photons are more distinguishable, corresponding to
a smaller value of z, then we can simulate shallower (i.e.
less total loss) optical circuits.

IX. CONCLUSION

In recent years significant improvements have been
made in the ability of classical computers to simulate
Boson Sampling under various imperfections. However,
while it is of theoretical interest to demonstrate asymp-
totic improvements in classical simulation, the whole rea-
son for proposals such as Boson Sampling is to offer
speedups for near-term devices. Although our algorithm
will not scale polynomially as the number of photons in-
creases, we find that a substantial improvement over cur-
rent classical algorithms can be achieved for the numbers
of photons that experimentalists are currently aiming for.
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FIG. 3. Highest value of x when n =1 and n when x = 1 simulable for 90-photon boson sampling at truncation level
k up to 10% error (e = 0.1). Blue line indicates highest values simulable via state truncation at level k, green lines indicate
highest values simulable via point truncation at level k, orange lines indicate highest values simulable by point truncation at
level k' such that k' is the smallest level of truncation such that the approximate runtime of point truncation at level k' is

longer than the runtime of state truncation at level k.

In doing so, we have effectively set a benchmark for what
is required of a 50-90 photon Boson Sampling device.

There are a number of ways one could improve this
classical simulation. In particular, the approach of
Ref. [29] for truncation when looking at near-term devices
is dependent on Metropolised Independence Sampling. A
direct adaptation of the Clifford & Clifford algorithm to
this approach would almost certainly offer an improve-
ment over our algorithm. However, such an adaptation
is non-trivial, due to the fact that the term in the expan-
sion are not states, something that motivated our work
here.

There are other open questions we would like to con-
sider as well. The first would be to reduce the average-
case error bounds to be less than our worst-case error
bounds. This would most likely involve an alternative
to using the triangle inequality. The second would be to
find a way of explaining the difference in dependence on
n and x between point and state truncation, and ideally
improving either algorithm in the process.

A. Note Added

During this work we were made aware of indepen-
dent work by V. Shchesnovich, which also shows that

the model of distinguishability considered by Renema et
al. corresponds to that of selecting indistinguishable pho-
tons via the binomial distribution [54]. This is derived
using significantly different methods from those used in
this manuscript, and does not consider classical simula-
tion of distinguishability via the above method (though
this has been anticipated [55]).

No underlying data was produced during this study.
ACKNOWLEDGMENTS

A E.M. was supported by the Bristol Quantum En-
gineering Centre for Doctoral Training, EPSRC grant
EP/L015730/1. R.G.P. Acknowledges the support of
F.R.S.- FNRS and the Fondation Wiener Anspach.
J.J.R. acknowledges support from NWO Vici through
Pepijn Pinkse. We would like to thank Nicolas Quesada
for bringing the point about Gaussian Boson Sampling
in Sec. [l to our attention.

[1] A. Montanaro, Npj Quantum Information 2, 15023
(2016)!

[2] A. W. Harrow and A. Montanaro, Nature 549, 203209
(2017)

[3] S. Aaronson and A. Arkhipov, in |Proceedings of the
Forty-third Annual ACM Symposium on Theory of Com-

puting, STOC ’11 (ACM, New York, NY, USA, 2011) pp.
333-342.

[4] S. Scheel and S. Y. Buhmann, Acta Physica Slovaca 58,
675 (2008).

[5] M. A. Broome, A. Fedrizzi, S. Rahimi-Keshari, J. Dove,
S. Aaronson, T. C. Ralph, and A. G. White, Science


http://dx.doi.org/10.1038/npjqi.2015.23
http://dx.doi.org/10.1038/npjqi.2015.23
http://dx.doi.org/10.1038/nature23458
http://dx.doi.org/10.1038/nature23458
http://dx.doi.org/10.1145/1993636.1993682
http://dx.doi.org/10.1145/1993636.1993682
http://dx.doi.org/10.1145/1993636.1993682
http://dx.doi.org/ 10.1126/science.1231440

339, 794 (2013)

[6] J. B. Spring, B. J. Metcalf, P. C. Humphreys,
W. S. Kolthammer, X.-M. Jin, M. Barbieri, A. Datta,
N. Thomas-Peter, N. K. Langford, D. Kundys, J. C.
Gates, B. J. Smith, P. G. R. Smith, and I. A. Walm-
sley, Science 339, 798 (2013).

[7] M. Tillmann, B. Dakié, R. Heilmann, S. Nolte, A. Sza-
meit, and P. Walther, Nature Photonics 7, 540 (2013).

[8] A. Crespi, R. Osellame, R. Ramponi, D. J. Brod, E. F.
Galvao, N. Spagnolo, C. Vitelli, E. Maiorino, P. Mat-
aloni, and F. Sciarrino, Nature Photonics 7, 545 (2013).

[9] J. Carolan, C. Harrold, C. Sparrow, E. Martin-Lépez,
N. J. Russell, J. W. Silverstone, P. J. Shadbolt,
N. Matsuda, M. Oguma, M. Itoh, G. D. Marshall,
M. G. Thompson, J. C. F. Matthews, T. Hashimoto,
J. L. O’Brien, and A. Laing, Science 349, 711 (2015),

14

among interfering nonidentical photons in universal lin-
ear optics,” (2017), arXiv:1706.05578v2.

[27] N. Spagnolo, C. Vitelli, M. Bentivegna, D. J. Brod,
A. Crespi, F. Flamini, S. Giacomini, G. Milani, R. Ram-
poni, P. Mataloni, R. Osellame, E. F. Galvdo, and
F. Sciarrino, Nature Photonics 8, 615 (2014).

[28] T. Giordani, F. Flamini, M. Pompili, N. Viggian-
iello, N. Spagnolo, A. Crespi, R. Osellame, N. Wiebe,
M. Walschaers, A. Buchleitner, and F. Sciarrino, Nature
Photonics 12, 173 (2018).

[29] J. J. Renema, A. Menssen, W. R. Clements, G. Triginer,
W. S. Kolthammer, and I. A. Walmsley, Phys. Rev. Lett.
120, 220502 (2018).

[30] J. Renema, V. Shchesnovich, and R. Garcia-Patron,
“Classical simulability of noisy boson sampling,” (2018),
arXiv:1809.01953, 1809.01953.

http://science.sciencemag.org/content /349/6249/711.full.pdf[31] C. S. Hamilton, R. Kruse, L. Sansoni, S. Barkhofen,

[10] H. Wang, Y. He, Y.-H. Li, Z.-E. Su, B. Li, H.-L. Huang,
X. Ding, M.-C. Chen, C. Liu, J. Qin, J.-P. Li, Y.-M. He,
C. Schneider, M. Kamp, C.-Z. Peng, S. Hofling, C.-Y.
Lu, and J.-W. Pan, Nature Photonics 11, 361 (2017).

[11] H.-S. Zhong, Y. Li, W. Li, L.-C. Peng, Z.-E. Su, Y. Hu,
Y.-M. He, X. Ding, W. Zhang, H. Li, L. Zhang, Z. Wang,
L. You, X.-L. Wang, X. Jiang, L. Li, Y.-A. Chen, N.-L.
Liu, C.-Y. Lu, and J.-W. Pan, Phys. Rev. Lett. 121,
250505 (2018).

[12] S. Paesani, Y. Ding, R. Santagati, L. Chakhmakhchyan,
C. Vigliar, K. Rottwitt, L. K. Oxenlgwe, J. Wang, M. G.
Thompson, and A. Laing, “Generation and sampling
of quantum states of light in a silicon chip,” (2018),
arXiv:1812.03158v1, 1812.03158|

[13] H. Wang, J. Qin, X. Ding, M.-C. Chen, S. Chen, X. You,
Y.-M. He, X. Jiang, Z. Wang, L. You, J. J. Renema,
S. Hoefling, C.-Y. Lu, and J.-W. Pan, “Boson sampling
with 20 input photons in 60-mode interferometers at 10'*
state spaces,” (2019), arXiv:1910.09930v1, 1910.09930.

[14] A. Neville, C. Sparrow, R. Clifford, E. Johnston, P. M.
Birchall, A. Montanaro, and A. Laing, Nature Physics
13, 1153 (2017).

[15] P. Clifford and R. Clifford, in
the  Twenty-Ninth  Annual ACM-SIAM  Sympo-
situm on Discrete Algorithms (2018) pp. 146-155,

http://epubs.siam.org/doi/pdf/10.1137/1.9781611975031.10.

[16] H. de Guise, S.-H. Tan, I. P. Poulin, and B. C. Sanders,
Phys. Rev. A 89, 063819 (2014).

[17] V. Tamma, [International Journal of
tum Information 12, 1560017
https://doi.org/10.1142/S0219749915600175.

[18] V. S. Shchesnovich, Physical Review A 89, 022333
(2014)]

[19] P. P. Rohde, Physical Review A 91, 012307 (2015).

[20] V. S. Shchesnovich, Phys. Rev. A 91, 013844 (2015).

[21] V. Tamma and S. Laibacher, Phys. Rev. Lett. 114,
243601 (2015).

[22] S. Laibacher and V. Tamma, Physical Review Letters
115, 243605 (2015).

[23] M. C. Tichy, Phys. Rev. A 91, 022316 (2015).

[24] M. Tillmann, S.-H. Tan, S. E. Stoeckl, B. C. Sanders,
H. de Guise, R. Heilmann, S. Nolte, A. Szameit, and
P. Walther, |[Physical Review X 5, 041015 (2015).

[25] A. J. Menssen, A. E. Jones, B. J. Metcalf, M. C. Tichy,
S. Barz, W. S. Kolthammer, and I. A. Walmsley, Phys-
ical Review Letters 118, 153603 (2017).

[26] S. Laibacher and V. Tamma, “Spectral correlations

Quan-
(2014),

Proceedings  of

C. Silberhorn, and I. Jex, Phys. Rev. Lett. 119, 170501
(2017)!

[32] S. Aaronson and A. Arkhipov, Quantum Information &
Computation 14, 1383 (2014).

[33] B. Wu, B. Cheng, J. Zhang, M.-H. Yung, and X. Sun,
“Speedup in classical simulation of gaussian boson sam-
pling,” (2019), arXiv:1908.10070v1, [1908.10070.

[34] A. E. Moylett and P. S. Turner, Phys. Rev. A 97, 062329
(2018)!

[35] S. Stanisic and P. S. Turner, Phys. Rev. A 98, 043839
(2018)!

[36] R. Garcia-Patrén, J. J. Renema, and V. Shches-
novich, “Simulating boson sampling in lossy architec-
tures,” (2018), arXiv:1712.10037v2, 1712.10037.

[37] M. Oszmaniec and D. J. Brod, New Journal of Physics
20, 092002 (2018).

[38] D. Bacon, I. L. Chuang, and A. W. Harrow, in | Proceed-
ings of the Eighteenth Annual ACM-SIAM Symposium
on Discrete Algorithms, SODA ’07 (Society for Indus-
trial and Applied Mathematics, Philadelphia, PA, USA,
2007) pp. 1235-1244.

[39] M. Jerrum, A. Sinclair, and E. Vigoda, J. ACM 51, 671
(2004).

[40] M. Huber and J. Law, in |Proceedings of the Nineteenth
Annual ACM-SIAM Symposium on Discrete Algorithms,
SODA 08 (Society for Industrial and Applied Mathe-
matics, Philadelphia, PA, USA, 2008) pp. 681-689.

[41] S. Aaronson and D. J. Brod, |Phys. Rev. A 93, 012335
(2016)!

[42] H. Wang, W. Li, X. Jiang, Y.-M. He, Y.-H. Li, X. Ding,
M.-C. Chen, J. Qin, C.-Z. Peng, C. Schneider, M. Kamp,
W.-J. Zhang, H. Li, L.-X. You, Z. Wang, J. P. Dowling,
S. Hofling, C.-Y. Lu, and J.-W. Pan, Phys. Rev. Lett.
120, 230502 (2018).

[43] D. J. Brod and M. Oszmaniec, “Classical simulation
of linear optics subject to nonuniform losses,” (2019),
arXiv:1906.06696v1, 1906.06696.

[44] R. Arratia and L. Gordon, Bulletin of Mathematical Bi-
ology 51, 125 (1989).

[45] A. M. Dalzell, A. W. Harrow, D. E. Koh, and R. L.
La Placa, How many qubits are needed for quantum
computational supremacy?, Tech. Rep. MIT-CTP /5019
(Massachusetts Institute of Technology, 2018).

[46] Note that this computation could in the worst case take
O(n—1)"log*(n —1) time, depending on the matrix spar-
sity [40].

[47] Note that m € O(n?) is only sufficient to ensure that the


http://dx.doi.org/ 10.1126/science.1231440
http://dx.doi.org/ 10.1126/science.1231692
http://dx.doi.org/ 10.1038/nphoton.2013.102
http://dx.doi.org/10.1038/nphoton.2013.112
http://dx.doi.org/10.1126/science.aab3642
http://arxiv.org/abs/http://science.sciencemag.org/content/349/6249/711.full.pdf
http://dx.doi.org/10.1038/nphoton.2017.63
http://dx.doi.org/10.1103/PhysRevLett.121.250505
http://dx.doi.org/10.1103/PhysRevLett.121.250505
http://arxiv.org/abs/1812.03158
http://arxiv.org/abs/1910.09930
http://dx.doi.org/ 10.1038/nphys4270
http://dx.doi.org/ 10.1038/nphys4270
http://dx.doi.org/10.1137/1.9781611975031.10
http://dx.doi.org/10.1137/1.9781611975031.10
http://dx.doi.org/10.1137/1.9781611975031.10
http://arxiv.org/abs/http://epubs.siam.org/doi/pdf/10.1137/1.9781611975031.10
http://dx.doi.org/10.1103/PhysRevA.89.063819
http://dx.doi.org/10.1142/S0219749915600175
http://dx.doi.org/10.1142/S0219749915600175
http://arxiv.org/abs/https://doi.org/10.1142/S0219749915600175
http://dx.doi.org/10.1103/PhysRevA.89.022333
http://dx.doi.org/10.1103/PhysRevA.89.022333
http://dx.doi.org/10.1103/PhysRevA.91.012307
http://dx.doi.org/10.1103/PhysRevA.91.013844
http://dx.doi.org/10.1103/PhysRevLett.114.243601
http://dx.doi.org/10.1103/PhysRevLett.114.243601
http://dx.doi.org/10.1103/PhysRevLett.115.243605
http://dx.doi.org/10.1103/PhysRevLett.115.243605
http://dx.doi.org/10.1103/PhysRevA.91.022316
http://dx.doi.org/10.1103/PhysRevX.5.041015
http://dx.doi.org/ 10.1103/PhysRevLett.118.153603
http://dx.doi.org/ 10.1103/PhysRevLett.118.153603
http://dx.doi.org/10.1038/nphoton.2014.135
http://dx.doi.org/10.1038/s41566-018-0097-4
http://dx.doi.org/10.1038/s41566-018-0097-4
http://dx.doi.org/ 10.1103/PhysRevLett.120.220502
http://dx.doi.org/ 10.1103/PhysRevLett.120.220502
http://arxiv.org/abs/1809.01953
http://dx.doi.org/ 10.1103/PhysRevLett.119.170501
http://dx.doi.org/ 10.1103/PhysRevLett.119.170501
http://dl.acm.org/citation.cfm?id=2685179.2685186
http://dl.acm.org/citation.cfm?id=2685179.2685186
http://arxiv.org/abs/1908.10070
http://dx.doi.org/10.1103/PhysRevA.97.062329
http://dx.doi.org/10.1103/PhysRevA.97.062329
http://dx.doi.org/10.1103/PhysRevA.98.043839
http://dx.doi.org/10.1103/PhysRevA.98.043839
http://arxiv.org/abs/1712.10037
http://dx.doi.org/10.1088/1367-2630/aadfa8
http://dx.doi.org/10.1088/1367-2630/aadfa8
http://dl.acm.org/citation.cfm?id=1283383.1283516
http://dl.acm.org/citation.cfm?id=1283383.1283516
http://dl.acm.org/citation.cfm?id=1283383.1283516
http://dx.doi.org/10.1145/1008731.1008738
http://dx.doi.org/10.1145/1008731.1008738
http://dl.acm.org/citation.cfm?id=1347082.1347157
http://dl.acm.org/citation.cfm?id=1347082.1347157
http://dx.doi.org/10.1103/PhysRevA.93.012335
http://dx.doi.org/10.1103/PhysRevA.93.012335
http://dx.doi.org/10.1103/PhysRevLett.120.230502
http://dx.doi.org/10.1103/PhysRevLett.120.230502
http://arxiv.org/abs/1906.06696
http://dx.doi.org/10.1007/BF02458840
http://dx.doi.org/10.1007/BF02458840

probability of seeing collisions from a Haar-random inter-
ferometer are small [56]. The classical hardness of Boson
Sampling is also dependent on entries of U being drawn
independently with high probability. To ensure this, m
could be required to be as large as n® [3]. However, it is
widely believed, and often referenced in Boson Sampling
experiments, that m = n? should be sufficient [3, [GHIT].
S. Slussarenko, M. M. Weston, H. M. Chrzanowski, L. K.
Shalm, V. B. Verma, S. W. Nam, and G. J. Pryde, Na-
ture Photonics , 1749 (2017)!

F. Marsili, V. B. Verma, J. A. Stern, S. Harrington, A. E.
Lita, T. Gerrits, I. Vayshenker, B. Back, M. D. Shaw,
R. P. Mirin, and S. W. Nam, Nature Photonics , 210
(2013).

Y.-M. He, H. Wang, S. Gerhardt, K. Winkler, J. Jurkat,
Y. Yu, M.-C. Chen, X. Ding, S. Chen, J. Qian, Z.-C.
Duan, J.-P. Li, L.-J. Wang, Y.-H. Huo, S. Yu, S. Hofling,

15

C.-Y. Lu, and J.-W. Pan, “Polarized indistinguishable
single photons from a quantum dot in an elliptical mi-
cropillar,” (2018), arXiv:1809.10992v1, 1809.10992!

[51] J. Wu, Y. Liu, B. Zhang, X. Jin, Y. Wang,
H. Wang, and X. Yang, National Science Re-
view 5, 715 (2018), |http://oup.prod.sis.lan/nsr/article-
pdf/5/5/715/26664080/nwy079.pdf.

[62] M. Reck, A. Zeilinger, H. J. Bernstein, and P. Bertani,
Phys. Rev. Lett. 73, 58 (1994).

[63] W. R. Clements, P. C. Humphreys, B. J. Metcalf, W. S.
Kolthammer, and I. A. Walmsley, |Optica 3, 1460 (2016).

[54] V. Shchesnovich, “Noise in BosonSampling and the
threshold of efficient classical simulability,”  (2019),
arXiv:1902.02258v4, 1902.02258|

[55] V. S. Shchesnovich, personal communication (2019).

[56] A. Arkhipov and G. Kuperberg, “The bosonic birthday
paradox,” (2011), arXiv:1106.0849v1, [1106.0849.


http://dx.doi.org/10.1038/s41566-017-0011-5
http://dx.doi.org/10.1038/s41566-017-0011-5
http://dx.doi.org/10.1038/nphoton.2013.13
http://dx.doi.org/10.1038/nphoton.2013.13
http://arxiv.org/abs/1809.10992
http://dx.doi.org/10.1093/nsr/nwy079
http://dx.doi.org/10.1093/nsr/nwy079
http://arxiv.org/abs/http://oup.prod.sis.lan/nsr/article-pdf/5/5/715/26664080/nwy079.pdf
http://arxiv.org/abs/http://oup.prod.sis.lan/nsr/article-pdf/5/5/715/26664080/nwy079.pdf
http://dx.doi.org/10.1103/PhysRevLett.73.58
http://dx.doi.org/10.1364/OPTICA.3.001460
http://arxiv.org/abs/1902.02258
http://arxiv.org/abs/1106.0849

	Classically simulating near-term partially-distinguishable and lossy boson sampling
	Abstract
	Introduction
	Preliminaries
	Partial distinguishability in first quantization
	Classical simulation of fully (in)-distinguishable lossless Boson Sampling
	Expanding in terms of fixed points
	Classical simulation of lossy Boson Sampling

	Expanding in terms of states
	The pi are binomially distributed
	Classical simulation

	Average case error
	Worst case error
	Incorporating loss
	Empirical Errors
	Comparison at same level of truncation
	Comparison of runtimes
	Comparison at same runtime

	Non-uniform loss
	Conclusion
	Note Added

	Acknowledgments
	References


