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Boson sampling is a fundamentally and practically important task that can be used to demonstrate
quantum supremacy using noisy intermediate-scale quantum devices. In this work, we present
classical sampling algorithms for single-photon and Gaussian input states that take advantage of a
graph structure of a linear-optical circuit. The algorithms’ complexity grows as so-called treewidth,
which is closely related to the connectivity of a given linear-optical circuit. Using the algorithms, we
study approximated simulations for local Haar-random linear-optical circuits. For equally spaced
initial sources, we show that when the circuit depth is less than the quadratic in the lattice spacing,
the efficient simulation is possible with an exponentially small error. Notably, right after this depth,
photons start to interfere each other and the algorithms’ complexity becomes sub-exponential in
the number of sources, implying that there is a sharp transition of its complexity. Finally, when a
circuit is sufficiently deep enough for photons to typically propagate to all modes, the complexity
becomes exponential as generic sampling algorithms. We numerically implement a likelihood test
with a recent Gaussian boson sampling experiment and show that the treewidth-based algorithm

with a limited treewidth renders a larger likelihood than the experimental data.

Sampling from the probability distributions of random
quantum circuits is one of the problems to demonstrate
quantum supremacy using noisy intermediate-scale quan-
tum devices [1-5]. Boson sampling (BS) is one such
sampling problem using linear-optical devices believed
to be hard to classically simulate under some plausible
assumptions [6, 7]. While a scale of experimental BS
grows rapidly due to its importance [8-10], classical sim-
ulation algorithms taking advantage of current BS ex-
periments’ limitations are still restricted. Photon loss
and distinguishability of photons are representative limi-
tations, which have been extensively studied recently and
shown to be detrimental to quantum advantages [11-
17].  Another limitation of current experiments is that
the number of modes is not sufficiently large to reach a
collision-free BS, which may also reduce the complexity
of classical simulation [18, 19].

In this Letter, we focus on limited connectivity of a
linear-optical circuit. In general, typical global Haar-
random linear-optical circuits’ input and output modes
are fully connected, which makes it hard to classically
simulate. One possible implementation of global Haar-
random circuits is to prepare local beam-splitter arrays
[20], which corresponds to the current BS experiments’
setup. However, a deviation from a global Haar-random
unitary is apparent in the recent experiments [8, 9] be-
cause either the circuit depth is small or appropriate en-
semble of beam splitters are not employed [21]. Hence,
there is a chance that the connectivity of the circuit is
limited and that sampling from the underlying system
may not be as difficult as from a global Haar-random
circuit.

We propose classical algorithms using dynamical pro-
gramming [22, 23] taking advantage of a given circuit’s
limited connectivity for single-photon BS (SPBS) and

Gaussian BS (GBS) [6, 7]. Particularly, our algorithms’
complexity depends on connectivity of a relevant matrix’s
graph structure, characterized by the so-called treewidth
[24]. Since the algorithms’ complexity grows as the
treewidth instead of the system size, we may be able
to sample from some linear-optical circuits of a limited
treewidth faster than generic classical algorithms. By ap-
plying our algorithm to local beam-splitter circuits, we
analyze how the algorithms’ complexity grows as a circuit
depth and reveal a hierarchy of the complexity depend-
ing on the depth, namely, polynomial, sub-exponential,
and exponential regimes.

Boson sampling.— Consider an M-mode bosonic sys-
tem consisting of beam-splitter arrays characterized by a
unitary matrix U with N identical sources. Specifically,
the unitary matrix U represents the transformation of
mode operators {a;}}L, as &;- — (A]Td;f] = Zﬁil Ujkdl
for a given beam splitter circuit U. Let S = {s;}¥, C
[M] be the set of input modes for identical sources. If
we measure an output state p after beam splitters with
the photon number basis 7 = @}L, [m;) (m;|, the prob-

ability of an outcome m = (mq,...,mys) is given by
P(m) = Tr(pm). For simplicity, we define an equiva-
lent description of the output as r = (ry,...,ry), where

r;’s represent modes that click. For single-photon state
input, the probability is written as [6]

2
r(US)|2
P(m) = Pe T(rlir)\ _ % )

N
)3y |

o i=1

where the sum is over all permutations o. Here, US is
an N X N matrix obtained by choosing S columns and
r rows, and Per(U) is the permanent of matrix U, which
is related to counting bipartite perfect matchings in the
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FIG. 1. (a) Input (red dots) and output (blue dots) photon
configuration, corresponding bipartite and symmetric graphs
and their tree decompositions of width w = 2. (b) Graph and
its possible tree decomposition of width w = 3.

corresponding graph [25]. Meanwhile, for a squeezed vac-
uum state input, the probability of an outcome m is given
by [7]
|Haf(Byy,)|?

m!\/det(V +1/2)
where B, is a matrix obtained by repeating ith column
and row of B = UDUT for m; times, and Haf(B,,) is
the hafnian of matrix B,,, which is related to counting
perfect matchings in the corresponding graph [26]. Here,
D= @jj\il tanhr;, and V' is the output state’s the covari-
ance matrix. Squeezing parameters are given by r; = r
for j € S, and r; = 0 otherwise.

Let us clarify the relation between graphs and BS (see
Fig. 1 (a)). To compute the (marginal) probability for
an outcome, we consider all possible paths from input
photons to the output configuration, which essentially
corresponds to interference. They can be described by
all perfect matchings of a bipartite graph of US with the
input modes S and output modes r being bipartite vertex
sets and the paths between them being edges for SPBS.
For GBS, vertices of a symmetric graph of B, consist of
an output-photon configuration, and two vertices have an
edge if the two photons can come from the same source.
To compute a probability in this case, we consider all
possible perfect matchings of output photons, which cor-
responds to finding sources from which each pair of pho-
tons come. From this observation, when a given unitary
matrix’s connectivity is limited, we can expect that the
number of possible perfect matchings for each outcome
is small so that the induced graphs’ structure allows to
reduce the complexity.

Computing permanent and loop hafnian using dynam-
ical programming.— Before presenting sampling algo-
rithms, we first introduce classical algorithms comput-
ing the permanent and loop hafnian of a matrix. Here,

P(m) = (2)

loop hafnian is generalized hafnian, related to counting
perfect matchings including loops [27, 28], which is nec-
essary for the sampling algorithm below. The complexity
of the best-known algorithms computing the permanent
and loop hafnian of a general NV x N matrix scales as
2V and 2V/2| respectively [29, 30]. Meanwhile, there
are also various algorithms exploiting a matrix’s struc-
tures [27, 31, 32]. A particularly interesting algorithm is
dynamical programming that computes permanent [23].
A high-level idea of the algorithm is to construct tree de-
composition of bipartite graph for a given matrix, which
reveals the matrix’s structure (see Fig. 1). The algo-
rithm’s complexity grows as so-called treewidth, which
measures connectivity by exploiting the treelike struc-
ture of the graph [22]. We generalize the treewidth-based
algorithm to loop hafnian by using tree decompositions
for a given symmetric matrix and present the following
lemma, including the result in Ref. [23] as:

Lemma 1. If the treewidth of a graph representation of
an N x N matrix is w, then dynamical programming can
compute its permanent and loop hafnian in O(Nw?2%).

We provide the proofs of Lemmas and Theorems in
Ref. [33]. Notably, Lemma 1 shows that the complex-
ity’s exponent does not scale as the matrix size N but
the treewidth w. Therefore, for some structured matri-
ces, the complexity of computing their permanent or loop
hafnian can be highly reduced. For example, a forest,
i.e., disjoint union of trees, has treewidth 1 [34], so the
complexity does not grow exponentially as matrix size.
On the other hand, a complete graph, whose vertices are
all connected, has the treewidth N — 1 (N for bipartite
complete graph) [34]. Note that we recover the same ex-
ponent of the algorithm for a general matrix, i.e., 2%V, for
permanent whereas it has a gap for loop hafnian (2% /2
for general loop hafnian) [27, 30].

Classical sampling algorithms based on treewidth.— We
now introduce classical sampling algorithms of SPBS and
GBS using limited connectivity. Although we have al-
gorithms computing permanent or loop hafnian using a
given graph’s structure, how to use such algorithms for
sampling is not clear. Remarkably, we show that if we
employ as a main routine chain rule of marginal prob-
abilities, such as the Clifford-Clifford algorithm [35] for
SPBS, and a recently proposed GBS algorithm [36], and
use our dynamical programming to compute permanent
or loop hafnian as a subroutine, we can fully utilize the
graph structure of a given circuit including computing
marginal probabilities [33]. For simplicity, we focus on
collision-free events, i.e., m; = {0,1}, while we provide
algorithms for collisions in Ref. [33].

Theorem 1. (Classical sampling algorithm) If the
treewidths of bipartite graphs of US are at most w for
all possible outcome 7, we can classically simulate SPBS
in O(MN?w?2%). Similarly, if symmetric graphs of B,,



have the treewidths at most w for all outcomes m, we
can classically simulate GBS in O(M Nw?2%).

Theorem 1 enables us to recover and generalize some
previously known results. One such example is effi-
cient simulability of shallow 1D GBS, i.e., depth D =
O(log M) by using limited bandwidth of the circuit’s uni-
tary matrix [37, 38]. Since bandwidth is a special case
of treewidth, we recover the result and also find that the
result holds for 1D SPBS. For 2D cases, however, even for
a constant depth, we encounter with an output described
by a graph including VN x v/N grid, whose treewidth
is w = /N [33, 39]. This is consistent with the recent
hardness result of high-dimensional GBS [40].

Approximate sampling.— When an approximation of
a given circuit has limited connectivity, we can expect
that an approximate sampling is possible using this struc-
ture. However, it is not straightforward to apply the
same method if we approximate the circuit matrix by a
nonunitary matrix because the corresponding process or
the output state may no longer be physical. Also, the
chain-rule-based algorithms implicitly assume unitarity
of the process or a legitimate quantum state. We present
a method to overcome this by introducing additional vir-
tual M modes to make the process physical again and
investigate its approximation error in Ref. [33]:

Theorem 2. (Approximate sampling) If a circuit uni-
tary matrix U is approximated by U —dU, one can imple-
ment sampling with the same complexity up to constant
as Theorem 1 with an error of poly(N, ||dU||},/4).

We assess a simulation’s error by total variation dis-
tance ), |P(m)— P,(m)|/2 between an ideal probabil-
ity distribution P(m) and a classical algorithm’s output
probability distribution P,(m) and desire an approxi-
mation error to be O(1/poly(N)). In the following sec-
tion, we study an experimentally relevant physical model,
which is local Haar-random circuits. Since a current GBS
experiment does not employ a specialized ensemble to im-
plement a global Haar-random circuit [9], its setup can
be considered as a typical instance of the model. Also, it
can be interpreted as an extreme case where beam split-
ters’ reflectivities have a large uncertainty. We emphasize
that our approximation method in Theorem 2 is straight-
forwardly applicable to similar dynamics (e.g. Ref. [41]).

Approzimate  sampling  for local Haar-random
circuits.— Consider N identical sources equally
distributed in M = kN7 modes of a d-dimensional
lattice [42] and local Haar-random beam-splitter arrays,
as illustrated in Fig. 2. The lattice consists of d-cube
sublattices of edge length L = (M/N)'/? containing a
single source. For simplicity, let L be a positive integer.

As recently studied, random beam-splitter arrays can
be characterized by a classical random walk [43]. There-
fore, photons propagate diffusively on average. Using
this property, we find an upper-bound on the leakage
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FIG. 2. Initial state in (a) 1D and (c) 2D architectures. Red
dots represent sources. L, represents a sublattice having a
single source so. Beam-splitter arrays in (b) 1D and (d) 2D
architecture. A single round consists of four steps (1)-(4). The
structure can be generalized for d-dimensional architecture,
where a single round consists of 2d steps.

rate from a source at s, up to kL denoted as 14(k) =
2 1Ujse |2, where j is the sum over modes away from «
more than xkL:

Lemma 2. For depth D < dk* k2 N2(v=1/d=¢/2 with
€ > 0, the leakage rate 7, to distance kL is bounded from
above as

Na(k) < exp(—N°) (3)

with a probability 1 — ¢ over Haar-random beam-splitter
arrays, where ¢ is exponentially small in N.

For later usage for d = 1, we note that the same in-
equality holds for D < k2k?N2(v=1=¢(log N)?/2 for leak-
age rate to distance kL log N. Motivated by Lemma 2,
our approximate sampling strategy is to discard the ele-
ments of a unitary matrix that are geometrically farther
from sources than kL, i.e., U — U = U — dU and imple-
ment Theorem 2. Since [|dU||F = Y csMa(k) is expo-
nentially small, the sampling error is too. From now on,
we focus on typical circuits, emphasizing that the portion
of atypical circuits is exponentially small.

Consider a special case (k = 1/2) where interference
between photons from different sources is negligible typ-
ically. In this case, for SPBS, possible outputs can be
described by a disconnected graph, in which at most two
vertices are connected; thus, the treewidth is 1. For GBS,
assuming that a single source emits constant number of
photons at most, graphs describing possible outcomes are
again disconnected with constant number of vertices and
have bounded treewidth. One may also show that sam-
pling for this regime is easy by noting that the hafnian
of a low-rank matrix can be efficiently computed without
the assumption [27]. Thus,



FIG. 3. GBS on 2D lattice with N = 36, M = N2, and
v = 2. (a) Red dots represent initial sources. Black solid
line describes the region at which a particular input photon
can typically propagate for D = ©(L*1~9) = O(N'~¢). (b)
Possible tree decomposition of the symmetric graph B,, when
outputs are at the same position with input sources. An upper
bound on the treewidth is @(\/]V) as shown: the first bag
(blue) and the second one (yellow).

Theorem 3. (Efficient-sampling regime) Approximate
BS can be efficiently performed for typical circuits
of depth D < Deusy = dE/IN20-D/d=e/g =
O(N2(r=1/d=€) Especially for d = 1, the upper bound
becomes D < k?k2N2(r=1=¢(log N)?/2.

We note that the distinct upper-bound for 1D arises
because the treewidth O(log N) can be efficiently simu-
lated.

After D > Deasy (or £ > 1/2), photons from a sub-
lattice can now propagate to other lattices so that pho-
tons from different sources start to interfere (see Fig. 3
(a)). Thus, induced graphs have edges between sources
and photons from different sublattices (SPBS) or photons
from different sources (GBS) as shown in Fig. 3 (b). In
this case for 2D architecture, there exists an outcome cor-
responding to a graph containing a grid whose treewidth
is unbounded, i.e., w = V/N. Therefore, the sampling
complexity starts to scale exponentially in N [33],
which reveals a sharp transition of the complexity at
D = Dgysy from polynomial to sub-exponential. Simi-
larly, when photons propagate further and for arbitrary
dimension, i.e., D = @(Nza/dDeasy) with 0 < a < 1
(equivalently x = O(N/9)), we can find a tree decom-
position whose width is ©(N %"’d%l) for any outcomes.
Therefore, we have the following theorem:

Theorem 4. ((sub-)exponential regime) One can
sample from typical linear-optical circuits of D =
O(N?/4Dg,s) with 0 < a < 1 by complexity

a d—1
O(poly(N)20(V 4 70),

Especially when « = 1, any photons can propagate
to all modes, i.e., photons fully interfere each other,
which forms the complete graph for all outcomes, so that
treewidth becomes O(N). Since generic global Haar-
random circuits are fully connected, at least ©(N?7/?) =
O(M?/4) order of depth is required to implement a global
Haar-random circuit using a local Haar-random circuit
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FIG. 4. The complexity diagram for local Haar-random BS.
As the star-marked, a sharp transition occurs for the complex-
ity of our algorithm. Easiness for any circuits (*) is proved in
Ref. [41]. Note that for 1D, the depth that is easy for typical
circuits is larger (see Theorem 3).

and such an input configuration. Fig. 4 summarizes the
result.

Interestingly, the recent GBS experiments’ circuit
depth scales as /M [9, 10], which implies that their cir-
cuit is not sufficient to form a global Haar-random circuit.
Nevertheless, aside from the deviation from global Haar-
random matrices, locality in their circuit is not apparent
because the scale is intermediate while our analysis fo-
cuses on an asymptotic regime. Therefore, our approxi-
mate algorithm might result in a large simulation error
for this intermediate-scale GBS because of a large con-
stant factor of the error.

One may also consider other initial configurations un-
der local Haar-random circuits, for example sources are
concentrated on a certain region. We show that for those
cases, one already needs a depth D = ©O(NDeg,sy) to
reach collision-free regime, and thus collision occurs with
a high probability, while equally spaced sources reach the
collision-free regime when D = O(Deasy) [33].

GBS wvalidation test.— Finally, we implement the like-
lihood test to experimental samples [10] against sam-
ples generated by our treewidth-based approximate al-
gorithm:

Prigea (Samples from experiment)

tio = 1
ratio = log Prigeal(Samples from treewidth algorithm)’

(4)

which is equivalent to the test implemented in Refs. [9,
10]. Thus, we compare the likelihood of each sample set
with respect to the (lossy) ideal probability distribution.

For the treewidth algorithm, we have approximated
local Haar-random with limited propagation (see Fig. 5
(a)) and sampled from the approximated circuit using
Theorem 2. Specifically, we have rearranged the 144
modes one-dimensionally and set a propagation length
K for approximation. Note that setting a propagation
length K implies that the corresponding GBS’s treewidth
isw = 2K +1 and that a complete graph has a treewidth
w = M. To compensate the lost photons from the ap-
proximation, we have increased the squeezing parameters
and thermal photons to have the same average total pho-
ton numbers.

In Fig. 5 (b), we present the likelihood ratio as the
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FIG. 5. Likelihood test for the recent GBS experiment [10].
(a) Rearranged mode-configuration with squeezed states
sources (red dots). For approximated sampling, we discard
elements of a circuit matrix U that is farther than K for
the sources. (b) Log-likelihood ratio of experimental samples
against those from the treewidth algorithm.

number of samples increases for two classically verifiable
instances of the experiments in Ref. [10]. It clearly shows
that the treewidth-based approximate algorithm renders
larger likelihood than the experiment. We also provide
evidence in Ref. [33] for GBS experiments in the quantum
supremacy regime by investigating the likelihood ratio for
marginals that the treewidth-based algorithm might give
a larger likelihood with a limited treewidth. Therefore,
the numerical results imply that a fully connected circuit
is crucial for more rigorous quantum-advantage demon-
stration.

Discussion.— We have presented classical samplers
taking advantage of limited connectivity of a circuit. It is
an interesting open question to find more efficient sam-
pling algorithms than the one based on the treewidth.
Another open problem is to close the gap of complex-
ity for computing loop hafnian between the treewidth-
based algorithm (2V) and the best-known algorithm
(2M/2) [36].

Finally, Theorem 3 shows that typical linear-optical
circuits up to depth D < Degnsy = @(N%(W_l)_s) al-
low an efficient classical simulation except for an ex-
ponentially small fraction of random circuits. Mean-
while, there exists a circuit hard to classically simulate for
D = Q(N 7Tfl“‘e) under reasonable complexity-theoretic
conjectures [6, 41, 44]. Theorem 3 can be compatible
with the hardness results since together the implication
is that the worst-case instances occupy only at most an
exponentially small faction of the space of all linear op-
tical circuits.

We thank Owen Howell, Alireza Seif, Roozbeh

Bassirian, Abhinav Deshpande for interesting and fruitful
discussions. C.0O. and L.J. acknowledge support from the
ARL-CDQI (W911NF-15-2-0067), ARO (W911NF-18-1-
0020, W911NF-18-1-0212), ARO MURI (W911NF-16-
1-0349), AFOSR MURI (FA9550-15-1-0015, FA9550-19-
1-0399), DOE (DE-SC0019406), NSF (EFMA-1640959,
OMA-1936118), and the Packard Foundation (2013-
39273). Y. L. acknowledges National Research Foun-
dation of Korea a grant funded by the Ministry of Sci-
ence and ICT (NRF-2020M3E4A1077861) and KIAS In-
dividual Grant (CG073301) at Korea Institute for Ad-
vanced Study. B.F. acknowledges support from AFOSR
(YIP number FA9550-18-1-0148 and FA9550-21-1-0008).
This material is based upon work partially supported
by the National Science Foundation under Grant CCF-
2044923 (CAREER). We also acknowledge the University
of Chicago’s Research Computing Center for their sup-
port of this work. We acknowledge The Walrus python
library for the open source of Gaussian boson sampling
algorithms [45]

changhun@uchicago.edu

sshaep@kias.re.kr

wjf@uchicago.edu

liang.jiang@uchicago.edu

[1] M. J. Bremner, R. Jozsa, and D. J. Shepherd, Classical

simulation of commuting quantum computations implies

collapse of the polynomial hierarchy, Proceedings of the

Royal Society A: Mathematical, Physical and Engineer-

ing Sciences 467, 459 (2011).

B. Fefferman and C. Umans, The power of quan-

tum Fourier sampling, arXiv preprint arXiv:1507.05592

(2015).

[3] S. Boixo, S. V. Isakov, V. N. Smelyanskiy, R. Babbush,
N. Ding, Z. Jiang, M. J. Bremner, J. M. Martinis, and
H. Neven, Characterizing quantum supremacy in near-
term devices, Nat. Phys. 14, 595 (2018).

[4] J. Preskill, Quantum computing in the NISQ era and
beyond, Quantum 2, 78 (2018).

[5] F. Arute, K. Arya, R. Babbush, D. Bacon, J. C. Bardin,

R. Barends, R. Biswas, S. Boixo, F. G. S. L. Brandao,

D. A. Buell, et al., Quantum supremacy using a pro-

grammable superconducting processor, Nature 574, 505

(2019).

S. Aaronson and A. Arkhipov, The computational com-

plexity of linear optics, in Proceedings of the forty-third

annual ACM symposium on Theory of computing (2011)

pp. 333-342.

[7] C. S. Hamilton, R. Kruse, L. Sansoni, S. Barkhofen,

C. Silberhorn, and I. Jex, Gaussian boson sampling,

Phys. Rev. Lett. 119, 170501 (2017).

H.-S. Zhong, L.-C. Peng, Y. Li, Y. Hu, W. Li, J. Qin,

D. Wu, W. Zhang, H. Li, L. Zhang, Z. Wang, L. You,

X. Jiang, L. Li, N.-L. Liu, J. P. Dowling, C.-Y. Lu, and J.-

W. Pan, Experimental Gaussian boson sampling, Science

Bulletin 64, 511 (2019).

H.-S. Zhong, H. Wang, Y.-H. Deng, M.-C. Chen, L.-C.

Peng, Y.-H. Luo, J. Qin, D. Wu, X. Ding, Y. Hu, et al.,

W — ¥

2

6

[8

9



Quantum computational advantage using photons, Sci-
ence 370, 1460 (2020).

[10] H.-S. Zhong, Y.-H. Deng, J. Qin, H. Wang, M.-C. Chen,
L.-C. Peng, Y.-H. Luo, D. Wu, S.-Q. Gong, H. Su,
et al., Phase-programmable Gaussian boson sampling
using stimulated squeezed light, Physical review letters
127, 180502 (2021).

[11] S. Aaronson and D. J. Brod, Bosonsampling with lost
photons, Phys. Rev. A 93, 012335 (2016).

[12] M. Oszmaniec and D. J. Brod, Classical simulation of
photonic linear optics with lost particles, New J. Phys.
20, 092002 (2018).

[13] R. Garcia-Patrén, J. J. Renema, and V. Shchesnovich,
Simulating boson sampling in lossy architectures, Quan-
tum 3, 169 (2019).

[14] J. Renema, V. Shchesnovich, and R. Garcia-Patron, Clas-
sical simulability of noisy boson sampling, arXiv preprint
arXiv:1809.01953 (2018).

[15] A. E. Moylett, R. Garcia-Patrén, J. J. Renema, and
P. S. Turner, Classically simulating near-term partially-
distinguishable and lossy boson sampling, Quantum Sci-
ence and Technology 5, 015001 (2019).

[16] H. Qi, D. J. Brod, N. Quesada, and R. Garcfa-Patrén,
Regimes of classical simulability for noisy Gaussian boson
sampling, Phys. Rev. Lett. 124, 100502 (2020).

[17] C. Oh, K. Noh, B. Fefferman, and L. Jiang, Classical
simulation of lossy boson sampling using matrix product
operators, Phys. Rev. A 104, 022407 (2021).

[18] P. Clifford and R. Clifford, Faster classical boson sam-
pling, arXiv preprint arXiv:2005.04214 (2020).

[19] J. F. Bulmer, B. A. Bell, R. S. Chadwick, A. E.
Jones, D. Moise, A. Rigazzi, J. Thorbecke, U.-U. Haus,
T. Van Vaerenbergh, R. B. Patel, et al., The boundary
for quantum advantage in Gaussian boson sampling, Sci-
ence Advances 8, eabl9236 (2021).

[20] J. Emerson, E. Livine, and S. Lloyd, Convergence con-
ditions for random quantum circuits, Phys. Rev. A 72,
060302 (2005).

[21] N. J. Russell, L. Chakhmakhchyan, J. L. O’Brien, and
A. Laing, Direct dialling of Haar random unitary matri-
ces, New J. Phys. 19, 033007 (2017).

[22] H. L. Bodlaender and A. M. Koster, Combinatorial opti-
mization on graphs of bounded treewidth, The Computer
Journal 51, 255 (2008).

[23] D. Cifuentes and P. A. Parrilo, An efficient tree decompo-
sition method for permanents and mixed discriminants,
Linear Algebra and its Applications 493, 45 (2016).

[24] T. H. Cormen, C. E. Leiserson, R. L. Rivest, and C. Stein,
Introduction to algorithms (MIT press, 2009).

[25] L. Lovész and M. D. Plummer, Matching theory, Vol. 367
(American Mathematical Soc., 2009).

[26] A. Barvinok, Combinatorics and complexity of partition
functions, Vol. 9 (Springer, 2016).

[27] A. Bjorklund, B. Gupt, and N. Quesada, A faster hafnian
formula for complex matrices and its benchmarking on
a supercomputer, Journal of Experimental Algorithmics
(JEA) 24, 1 (2019).

[28] A matrix for which we compute hafnian or loop hafnian
is implicitly assumed to be symmetric.

[29] H. J. Ryser, Combinatorial mathematics, Vol. 14 (Amer-
ican Mathematical Soc., 1963).

[30] A. Bjorklund, Counting perfect matchings as fast as
ryser, in Proceedings of the twenty-third annual ACM-
SIAM symposium on Discrete Algorithms (SIAM, 2012)
pp. 914-921.

[31] A. I Barvinok, Two algorithmic results for the traveling
salesman problem, Mathematics of Operations Research
21, 65 (1996).

[32] M. Schwartz, Efficiently computing the permanent and
hafnian of some banded Toeplitz matrices, Linear Alge-
bra Its Appl. 430, 1364 (2009).

[33] Supplementary material.

[34] F. Harary, Graph theory (CRC Press, 2018).

[35] P. Clifford and R. Clifford, The classical complexity of bo-
son sampling, in Proceedings of the Twenty-Ninth Annual
ACM-SIAM Symposium on Discrete Algorithms (SIAM,
2018) pp. 146-155.

[36] N. Quesada, R. S. Chadwick, B. A. Bell, J. M. Arrazola,
T. Vincent, H. Qi, R. Garcia, et al., Quadratic speed-up
for simulating Gaussian boson sampling, PRX Quantum
3, 010306 (2022).

[37] For a given matrix a, the bandwidth is the smallest k
such that a;; = 0 for all 4, j such that |i — j| > k.

[38] H. Qi, D. Cifuentes, K. Brddler, R. Israel, T. Kala-
jdzievski, and N. Quesada, Efficient sampling from shal-
low Gaussian quantum-optical circuits with local inter-
actions, arXiv preprint arXiv:2009.11824 (2020).

[39] R. Diestel, Graph theory 3rd ed, Graduate texts in math-
ematics 173 (2005).

[40] A. Deshpande, A. Mehta, T. Vincent, N. Quesada,
M. Hinsche, M. Ioannou, L. Madsen, J. Lavoie, H. Qi,
J. Eisert, D. Hangleiter, B. Fefferman, and I. Dhand,
Quantum computational advantage via high-dimensional
Gaussian boson sampling, Science Advances 8, eabi7894
(2022).

[41] A. Deshpande, B. Fefferman, M. C. Tran, M. Foss-Feig,
and A. V. Gorshkov, Dynamical phase transitions in sam-
pling complexity, Phys. Rev. Lett. 121, 030501 (2018).

[42] Our main results are valid even if initial sources are not
equally distributed but separated by a minimum distance
of ©(L) from each other.

[43] B. Zhang and Q. Zhuang, Entanglement formation
in continuous-variable random quantum networks, npj
Quantum Information 7, 33 (2021).

[44] N. Maskara, A. Deshpande, A. Ehrenberg, M. C. Tran,
B. Fefferman, and A. V. Gorshkov, Complexity phase
diagram for interacting and long-range bosonic hamilto-
nians, arXiv preprint arXiv:1906.04178 (2019).

[45] B. Gupt, J. Izaac, and N. Quesada, The walrus: a library
for the calculation of hafnians, hermite polynomials and
Gaussian boson sampling, Journal of Open Source Soft-
ware 4, 1705 (2019).



2110.01564v2 [quant-ph] 22 Feb 2022

.
.

arxiv

S1.

S52.

S3.
S4.

S5.

S6.
S7.
S8.
S9.

S10.

Classical simulation of boson sampling based on graph structure :

Material

Changhun Oh,! Youngrong Lim,? Bill Fefferman,® and Liang Jiang'

Supplemental

L Pritzker School of Molecular Engineering, University of Chicago, Chicago, Illinois 60637, USA
2‘Sjchool of Computational Sciences, Korea Institute for Advanced Study, Seoul 02455, Korea
8 Department of Computer Science, University of Chicago, Chicago, Illinois 60637, USA

(Dated: February 23, 2022)

CONTENTS

Dynamical Programming Algorithm (Proof of Lemma 1)
A. Dynamical Programming Algorithm (permanent)
1. Tree decomposition of a bipartite graph
2. Collision-free cases
3. Collision events
B. Dynamical Programming Algorithm (loop hafnian)
1. Tree decomposition of a symmetric graph
2. Collision-free cases
3. Collision events

Sampling algorithms
A. Clifford-Clifford algorithm (single-photon boson sampling)

B. Gaussian boson sampling classical algorithm
C. Proof of Theorem 1

Error of photon-number truncation

Approximation method

A. Approximation of a unitary matrix
B. Single-photon state approximation
C. Gaussian state approximation

D. Proof of Theorem 2

Diffusive dynamics of random beam-splitter arrays

A. Classical random walk behavior of random beam-splitter arrays

B. Proof of Lemma 2

Proof of Theorem 3

Constant-depth 2D circuit

Upper bound on the treewidth of induced graphs (Proof of Theorem 4)

Other initial configuration for boson sampling using local Haar-random beam splitters

Numerical method for Likelihood test

References

0O OO =N

13
13
13
14

14
15

16
16
16
17
17
18
19
20

21



S1. DYNAMICAL PROGRAMMING ALGORITHM (PROOF OF LEMMA 1)

In this section, we prove Lemma 1 by explicitly providing algorithms to compute permanent or loop hafnian of an
N x N matrix with the complexity O(Nw?2®).

Before providing our algorithms, we note that methods using tree decomposition and treewidth have broad applica-
tions to many areas in computer science and applied mathematics [1, 2]. There are many computational problems and
corresponding algorithms whose complexity depends on the treewidth instead of the system size. Remarkably, algo-
rithms based on the treewidth are believed to be almost optimal for specific problems in that only a tiny improvement
of the tree algorithm makes fail the Exponential Time Hypothesis [3].

We also note that in general, the exact computation of the treewidth for an arbitrary graph is NP-hard problem [4].
Nevertheless, we still have good approximation algorithms of treewidth [2], and for fixed k, a linear-time algorithm
whether the treewidth at most k and finding the corresponding tree decomposition [5]. In addition, a reasonable
upper bound on the treewidth is enough in practical situations.

A. Dynamical Programming Algorithm (permanent)
1. Tree decomposition of a bipartite graph

We generalize the algorithm computing permanent by using tree decomposition proposed in Ref. [6] to apply collision
cases in single-photon boson sampling. Let us first recall the algorithm of Ref. [6]. Consider an M x M matrix U. Let
A and X denote the subset of its rows and columns, respectively, i.e., A = {aq,...,ar} and X = {ry,..., 7}, where
a;’s and r;’s are in [M] = {1,..., M}. For collision-free cases, redundant elements do not appear in A and X, while
we can apply the algorithm even when there is redundancy by extending matrix U by repeating the corresponding
rows and columns and treating them as distinct row and column elements. However, since the algorithm proposed
in Sec. S1 A 3 is more efficient than the latter for collision cases and for simplicity, we assume that they are distinct.
Now, we define a bipartite graph G(U, A, X) for the matrix U as a graph having vertices A U X and edges (a,x) if
Ug,» # 0.

We now introduce a tree decomposition (T, x) of a bipartite graph G. Tree decomposition of a graph G needs to
satisfy the following conditions:

-1) The union of {a(t)}ier is the whole row set A.

i-2) The union of {x(¢)}+er is the whole column set X.

ii) For every edge (a,x) of G, there exists a node t of T with a € a(t), = € x(¢).

iii-1) For every a € A, the set {t : a € a(t)} forms a subtree of T.

iii-2) For every x € X, the set {t : x € x(¢)} forms a subtree of T'.

The width w of a tree decomposition is the largest of |a(t)| + |x(¢)| — 1 among all nodes ¢, and the treewidth is the
smallest width w over all possible tree decompositions for a given graph. Here, the subtree rooted in t is the tree that
consists of t and its descendants.

We now define a partial permanent for some sets D C A and Y C X as

per(D, Y) = Z H Ua 7(a)s (Sl)

r€BPM(G) a€D
where the sum is over all bipartite perfect matchings 7 : D — Y. If |D| # |Y|, then per(D,Y) = 0 because they

cannot constitute a perfect matching. Here, the goal is to compute Per(U“l’ k) = per(A, X) (see Sec. S2A) using
the tree decomposition and analyze the complexity.

2. Collision-free cases

Now we present the recursion formula to compute Per(U3t%%) [6]:

Lemma 3. Let U be a matrix with associated graph G. Let (T, «,x) be a tree decomposition of G. Let ¢ be an
internal node of T', and let D and Y be such that

a(Ti)\alt) c D Ca(Ti), x(T)\x(t) cY Cx(Ti), |D|=[Y]. (52)



Then,

l

per(D,Y) = Z per(Dy,Yy) H per*(D,,Ye,), (S3)
DtaDCj ,Y},,ch ]:1

where the sum is over all D = (Dy, D, ,...),Y = (Y, Y,,...) such that:

D=D,U(D,U---UD.), Y=YU(Y,U---UYg), (S4)
a(Te;) \ a(t) € D, C a(Te;), D;C aft), (Sh)
X(Te;) \ x(t) € Ye; € x(Te,), Vi C x(D). (S6)

Here, [ is the number of children of the node ¢, and we define

per*(D,Y) = Z H Ua,r(a)> (S7)

T a€D

where the sum is over all bijections 7w : D — Y such that = N (a(t) x x(¢)) = 0.
We provide a proof sketch and more detailed proof can be found in Ref. [6]. Let us consider a matching 7 : D —» Y
and decompose elements as

D=(DNa(t) U(DNAT.,) \a®)U---U(DNa(T,) \ alb)), (38)
Y = (VX)L (Y 0 (Te) \ X)) U+ U (Y A x(To) \ x(2). (39)

Using definition of tree decomposition, one can find that the matching can be decomposed as
m=mUme, U U, (S10)

in such a way that m; C (D Na(t)) x (Y Nx(¢)) and for each child ¢ we have that 7. C (D N a(T,)) x (Y N x(Te)),
where 7., N (a(t) x x(t)) = 0. Also, the decomposition is unique. By defining Y; and Y, to be the range of 7; and =,
respectively, and D; and D., to be the domains of 7; and 7.,, they satisfy Eq. (S4). Therefore, matchings between
D and Y can be decomposed as Eq. (S10), which leads to Eq. (S3).

Here, by using inclusion-exclusion principle, one can find that [6]

per* (D, Y.) = > (—1)!Prelper(Dye, Yie)per(Dec, Yee), (S11)

D¢cUD¢c=De,
YicUYeo=Ye,
DieCaft),YieCx(1)

where |Dy.| is the number of elements in D;.. More explicitly, observe that for D;. C Dy Na(t) and Y. C Y; N x(¢),

PeT(Dtm mc)per(Dc \ Dtm Yc \ Y;‘,(‘) = Z H Ua,ﬂ';‘ (a)» (812)
75 (Dte,Yie) a€EDc

where the sum is over perfect matchings between D. and Y;, 7 that contains a perfect matching between D;. and
Yic. Recall that per*(D,,Y.) is the sum over matchings that do not contain any matching between «(t) and x(t), i.e
per*(D.,Y.) = Zﬂ*(@ﬂ) [lucp,. Uax(a) Thus, inclusion-exclusion principle leads to Eq. (S11). Therefore, one can

equivalently rewrite Eq. (S3) as

l

per(D,Y) = Zper Dy, Yy) H | tej | per(Dse;, Yie;)per(Dee;, Yee, ), (S13)
D,y j=1

where the sum is over D = (Dy, Dye,y Decyy .- ) and Y = (Y3, Yie,, Yooy, - - - ) satisfying

D =D;U(De; UDee, U+~ UDte, UDee,), Y=Y U(Yie, UYee, U--- UV, UYe,), (S14)
a(Te;)\ a(t) C Dee; C a(Te;), Dy Caft), Die; Caft)Nalte,), (S15)

It proves Lemma 3. Using the recursive relation, we finally obtain the quantity of per(4, X).



Now, let us analyze the complexity. We first need to compute per(D;,Y;) for all node t’s. For a node ¢, since
D, C a(t) and Y; C x(t), one can evaluate all per(A4, X) with A C D and X C Y in O(w?2%) [6]: Consider an nj x ny
matrix U. Let Ag and Xy be its row and column set, respectively, and S = {(D,Y) C Ag x Xp : |D| = |Y|}. Then,
one can compute per(D,Y) for all (D,Y) € S recursively as follows. Consider (D,Y) with |D| = |Y| = i. Then,
letting ag be the first element in D, we can compute its permanent by using (D', Y”’) with |D'| = |Y'| =i -1,

per(D,Y) = Z Ugg.zPer(D \ ag, Y \ z). (517)
€Y

Since the loop is over at most ny elements and finding the sets D \ ag and Y\ = costs at most O(ny + ny), Thus, its
complexity is O((ny + ng)?2m+n2).

Once we know all the values of per(Dy, Y:), per(Dyc;, Yic; ), and per(Dec;, Yec,), we can then evaluate per(D,Y’) for
all D and Y in O(lw?2") by using a subset convolution over the subsets of a(t) x x(t) [7]. Therefore, the complexity

of computing Per(U21 %) is O(kw?2") since the sum of the number of children of all nodes is O(k).

3. Collision events

In general, more than a single photon can be detected in the same mode, i.e., 7;’s are not necessarily distinct. In
this case, although we may still employ the algorithm in the previous section, we can further develop the algorithm
to be more efficient. We first set a threshold of the total number of photons in a mode ¢, i.e., the maximum number
of photons in an output mode is ¢, and we declare the overload if we have more than ¢ photons. We note that when
M = w(N?), the probability of collision is highly suppressed, i.e., ¢ = 1 is sufficient [8]. To take into account collisions
properly, we modify the definition of graphs by additionally assigning photon numbers at each vertices.
photon boson sampling, i.e. a;’s are diétiflct, for generality, we assume that «;’s may not be distinct as well. Again,
let A={ay,...,ap}and X = {ry,...,r;} with treating o;’s and r;’s are distinct, and we consider bipartite matchings
between A and X. We introduce weight vectors n and m such that n; is the number of repetition of ¢ in A and m; is
the number of repetition of i in X for ¢ € [M] for later usage. For boson sampling, n and m may correspond to an
input photon and output photon configuration (of marginals), respectively (see Sec. S2 A). Therefore, n; € {0,1} for
single-photon boson sampling. Let Gy, m = G(U, 4, X) be the underlying graph structure of U, with row and column
vertex sets A and X.

Meanwhile, for A and X, we define A and X to be the sets without redundancy of A and X, respectively. We
now define some generalized bipartite perfect matchings of G that allow multiple edges between vertices in A and
X. We represent a list of repeated edges as a vector 7, i.e., 7 is a vector indexed by £ = A x X and for each
ij € E the entry 7;; indicates the number of times that edge ij appears. The degree vector of a € A is the vector
deg 3 (a) with coordinates deg 5(a) = Y, ¢ Tax, and the degree vector of # € X is the vector degx () with coordinates
degg () = Y ,c4 Tae- For weight vectors n and m, we define an (n, m)-matching of Gy, m as a vector 7 such that
degj(a;) = n; and deg g (z;) = m; for all a; € A and z; € X. Let BPMg(n, m) be the set of all (n, m)-matchings of
G.

Let Gpm be the graph associated to U. We may view its row vertices as (i,l;), where i € A, [; € [n;], and
column vertices as pairs (j, k;), where j € X, and k; € [m;]. The edges are between the vertices. Given a bipartite
perfect matching # € BPM(Gy, m ), there is a natural way to obtain an (n, m)-matching 7 € BPMg(n, m). Namely,
for each edge [(4,1;), (j,k;)] in @ we drop the second coordinate and obtain the edge ij. This gives a function
[ : BPM(Gp m) — BPMg(n, m). Thus, one can easily show that the fiber f~! consists of m!n!/7! elements. Then,

In!
Z H Ua,ﬂ(a) = Z ,rn;_,:l H H Ua,T(a)~ (818)

TEBPM(Gp,m) aEA TEBPMg(n,m) " acAT(a)

Per(Up:0")

Tk

Note that the product over 7(a) appears because a € A can be connected multiple vertices on X.
From now on, we assume that the weight vectors m and m are fixed. Given another weight vectors d < m and
y < m (component-wise), the associated scaled partial permanent is defined as

1 1
per(d,y) = @Per(U;f) = Z ; H H Ua,r(a)a (819)

7€BPMg(d,y)  acsupp(d) 7(a)

.....

and y, respectively. Then, the permanent that we want to compute is written as

Per(Uyy,) = nlmlper(n,m). (520)



Let us also define sat(d) = {i € [M] : d; = n;} for a given n, and sat(y) = {i € [M] : y; = m;} and supp(y) = {i €
[M] : y; # 0} for a given m. With a tree decomposition (7, o, x) for Gy, m, we now provide the recursive relation to
compute Per(U).

Lemma 4. Let U be a matrix with associated graph G. Let (T, «,x) be a tree decomposition of G. Let ¢t be an
internal node of T', and let d and y be such that

a(Ti) \ a(t) Csat(d) C supp(d) C o(Tt), x(Tt) \ x(t) Csat(y) Csupp(y) C x(Tt), |d] = |yl (521)

where |d| = Zf\il d;, and |y| is similar. Then,

l

per(d,y)= Y per(di,y) [ [ per*(de;. ve,). (S22)
di,dc, Yt Ye j=1

where the sum is over (d;,d.,,...,d.,) and (Y¢, Ye,, - - -, Ye,) such that:

l l

d=di+> de,, y=yi+> Yo, (S23)
j=1 j=1
a(T, ]) \at) C sat(dcj) - supp(dcj) - a(TCJ.), supp(d;) C a(t), (S24)
X(Te;) \ x(t) Csat(ye,;) Csupp(ye;) C x(T;), supp(y:) C x(1), (525)
supp(d;) Usupp(d,, ) U - - - LUsupp(d,, ) = supp(d), (526)
supp(y:) L supp(ye, ) U - - - L supp(ye, ) = supp(y). (527)
Here, per*(d., y.) is defined as

§ 1

per (dcayc) = ; H H Ua,T(a)7 (828)

TE€BPMg (de,ye)  a€supp(de) 7(a)
where 7 N (a(t) x x(t)) = 0.

Proof. Let us consider d and y satisfying Eq. (521) and a generalized matching 7 € BPM¢g(d,y). Here, 7 C D x Y
with D = supp(d) and Y = supp(y). Consider the following decompositions:

D=(Dna)u(Dna(le,)\a@)U---U(DNa(l,) \ at)), (S29)
Y= nx@®)u nx(Te,) \x@)U---0 nx(Te)\ x(t). (S30)
Let 7 be the submatching of 7 with domain contained in DNa(t) and range contained in Y Nx/(¢). If some a € DNa(t)
is not in the domain of 7, there is a child ¢ such that a € a(T;) and 7(a) C x(T¢) by definition of tree decomposition.

Also, if z € Y Nx(t) is not in the range of 7, then there is a child ¢ such that = € x(7%.) and 77(z) C «(T.). Similarly,
we have

T(DNa(T,)\ at) CY Nx(T) (S31)
7Y na(T) \ x(t)) € DNa(T,). (S32)

Hence, we can decompose
T=Tm Ut U U, (S33)

in such a way that 7 C (D N a(t)) x (Y N x(¢)) and for each child ¢ we have that 7. C (D N a(T,)) x (Y N x(T:))
and 7. N (a(t) X x(t)) = 0. One can easily check that this decomposition is unique. Now, we decompose given weight
vectors d and y following the decomposition, which leads to the conditions (523)-(S27). Thus for a given generalized
matching 7 we decompose it, which leads to Eq. (522). Also, when submatchings satisfying Eqgs. (523)-(527) are
given, we can combine them to constitute a matching 7. O

Again, we show that

per* (dcayc) = Z (_1)|dm|per(dtc7 ytc>per(dccaycc>7 <S34)

dic,dec YtesYee



where the sum is over di., dec, Yic, Yeo satisfying

dtc + dcc - da Yte + Yee = Yo, Supp(dtc) - Od(t), Supp(ytc) C X(t) (835)
supp(d,.) = supp(dec) Usupp(dse), supp(ye) = supp(Yee) U supp(yic)- (S36)

To show that, observe that for some d;. < d. and y;. < y. (elementwise) with supp(d:.) C «(t) and supp(y:.) C x(t)
and supp(d.) = supp(d.) U supp(d. — dy.),supp(y.) = supp(y.) U supp(ye — Yic),

1
per(dtcv ytc)per(dc - dtca Ye — ytc) = Z = H H Ua,‘rc(a)a (837)

Te:
Te(dte,Yte) EBPM(de,yc) ¢ a€supp(d.) 7(a)

where the sum is over 7, that contains a generalized perfect matching between d;. and y;.. Since per*(d.,y.)
corresponds to the sum over generalized perfect matchings that do not contain any matching between «(t) and x(t),
by using inclusion-exclusion principle, we obtain the expression of (S34). Therefore, we can rewrite Eq. (S22) as

l
per(d,y) Zper (di,yt) H D)% Iper(die, , Yie, )per(dec, s Yee,) (S38)

where the sum is over d, y¢, dic;, Yic;, dec;» Yee; such that

l l
d=d;+ Y (dic; +dec;), supp(de) Ca(t), y=vi+ Y (Y, + Yee,),  supp(yy) C x(t), (S39)
= =

1 j=1
)

= supp(d;) Usupp(dsc, ) U - - - Usupp(dyc, ) L supp(dec; ) U - - - U supp(dee, ), (540)

= supp(y¢) Usupp(Yee, ) U+ - - L supp (Y, ) L supp(¥Yee, ) U -+ - L supp(¥ec, ), (541)
( ;)\ a(t) Csat(de,) C bupp(dCCj) CaTe,), x(Te )\X( ) C sat(Yee;) C supp(Yee;) € X(Te;), (542)
supp(dic,) C a(t) Na(te;),  supp(yee,) C x(t) N x(te,)- (543)

Using the recursive relation, we can finally compute Per(U?, = n!m/!per(n,m).

We now analyze the complexity. First, at node ¢ we need to compute per(d;,y;) for all d; < d and y; < y with
|di| = |y:|. Let us consider ny X ng matrix U with a weight vector n and m. Let d < n and y < m with D = supp(d)
and Y = supp(y) and |d| = |y| = i. We set the upper threshold as c. As previous, we use a recursive relation: Letting
ao be the first element of D,

d,
per(d,y) = FPe r(Ud) = d' ‘ Z Usg, zPer(U ) = d'y' Z Ugg.o(d — doy)(y — yu)per(d — duy, ¥y — Ys)s
z€Y z€Y

(S44)

where d,, and y, are weight vector corresponding ao and x, respectively. Thus, one can compute per(d,y) for
|d| = |y| = i using per(d’,y’) for |d'| = |y’'| =i — 1. Here, the loop is over at most ny elements and finding the sets
d—d,, and y — y, costs at most O(ny + nz). Since the number of elements of pairs of d and y is O((c + 1)"11"2),
the complexity of computing permanent of all d and y is O((ny + n2)?(c + 1)1 +72),

Once we know all the values of per(dy,y;), per(dic,, Yic,), and per(dec;, Yec,; ), per(d,y) for all d and y can be
computed in O(lw(2c¢+1)" log ¢) by using a (non-circular) convolution [9]. Therefore, the total complexity to compute
per(n,m) for a k x k matrix is O(kw(2¢c+ 1)" logc).

B. Dynamical Programming Algorithm (loop hafnian)
1. Tree decomposition of a symmetric graph

Now, we provide a classical algorithm using dynamical programming to compute a loop hafnian of a symmetric
matrix. We define a symmetric graph G(B, X) for a symmetric matrix B, where vertices X represent columns (or
rows) of B and the graph edge ij if B;; # 0 for ¢, j € X. We then define a tree decomposition of symmetric graph G
to compute the loop hafnian of matrix B, which is written as

Haf(B)= > ][ B (S45)

TEPM(G) ijeT



where PM(G) is the set of perfect matchings of G. Tree decomposition of a symmetric graph is (7, x) such that

i) The union of {x(¢)}:er is the whole column set X.

ii) For every edge (x;,x;) of G, there exists a node ¢t of T with z;,z; € x(¢).

iii) For every x € X, the set {t : v € x(¢)} forms a subtree of T

The width w of a tree decomposition is the largest of |x(¢)| — 1 among all nodes ¢, and the treewidth of a graph is
the smallest width over all possible tree decompositions of the graph.

We now define the partial loop hafnian of a subgraph D of G,

haf(D) = > ][] Bis- (S46)

w€EPMg (D) ijET

2. Collision-free cases

Again, we first assume that m; € {0,1} for all ¢’s, i.e., collision-free cases. Note that the loop hafnian that we want
to compute is written as (see Sec. S2B)

1Haf(By,) = Ihaf(X), (S47)

where B, is obtained by repeating ith column and row of B for m; times.
We first present the recursion relation:

Lemma 5. Let B be a matrix with associated symmetric graph G. Let (T, x) be a tree decomposition of G. Let ¢
be an internal node of T, and let Y be such that

X(Ti) \ x(t) C Y C x(T). (S48)

Then,
lhaf(y ZlhafYt thaf* %) (S49)

where the sum is over all Y = (Y3, Y.,,...,Y,,) such that:
Y:Ku(nl |_|-~‘|_|Y:3L), X(ch)\X(t) CY—CJ' CX(TC]‘)7 Y CX(t)' (850)

Proof. Consider a matching m € PM¢(Y) with x(T3) \ x(t) C Y C x(T;). Consider an element of the matching,
ij € w. If both ¢ and j are in x(t), we let ij € 7 and 4,j € Y;. Otherwise, i.e., i € x(t) but j & x(t), or i &€ x(¢)
but j € x(¢), or 4,5 & x(t), by definition of tree decomposition, there exists a chlld such that ¢,j € x(T¢), and we let
ij € m. and i,j € Y.. Such a way guarantees that the decomposition satisfies the condition (S50). Then, we obtain a
unique decomposition 7 = m; U me, - - Um,.

Conversely, for given matchings 7 and 7,,..., 7., defined as above, if we combine them, we can construct a
matching 7 € PM¢(Y). Thus,

haf(Bm) = > [ Bi=>. > 11 B li[ > II Bs

rePMc(Y) ijen Y \mePMg (i) ijEm J=1m., EPMa(Ye,) ij€me;
!
= Thaf(y;) [ [ haf*(Y2,), (S51)
y Jj=1
where Thaf*(Y;,) is the sum for matchings 7., satisfying ., N (x(t) x x(t)) = 0. O

Finally, by using inclusion-exclusion formula, similarly to permanent,

oo Y (-Dhaf(Yiaf(Ye\ Yie) = > [] By, (S52)

i YieCYenx(t) wr ijem.
Yie|=i



where the sum is over 7’s satisfy 7+ N (x(¢) x x(¢)) = 0. To show this, observe that for some Y;. C x(t) NY,

Thaf(Yie)haf(Yo \ Yie) = > [] Bins (S53)

e(Yie) JRET.

where the sum is over 7. that contains a perfect matching for Y;.. Since we want to compute the sum over perfect
matchings that do not contain any matching between Y;., using inclusion-exclusion formula, we obtain Eq. (S52).
Thus, using the recursive relation of Eq. (S52), one can compute 1Haf(B,,) = lhaf(X).

Let us analyze the complexity. First, the complexity of computing lhaf(Y;) for all ¥; at node ¢ can be obtained as
follows: Let B be an n x n symmetric matrix. Let X be the set of columns and consider Y C X. Then, letting ag be
the first element of Y,

haf(Y)= > [] Bi=)_ Baswe > II Bis = D Bagalhaf(Y \ {ag, z}). (S54)

TePM(Y) ijE™ €Y ' €PM(Y \{ao,z}) ijen’ €Y

For each Y, we loop over at most n elements, and for each we need O(n) to find the set Y \ {ag,z}. Thus, we can
compute lhaf(Y) for all Y in O(n?2").

When the values of Ihaf(Y;) and lhaf(Y;,) are given, one can compute lhaf(Y’) as the permanent case by using a
subset convolution, the complexity of which is given by O(lw?2%). Therefore, at node ¢, the complexity of computing
all Y is O(lw?2%), and the complexity of computing 1Haf(B,,) is O(kw?2%).

3. Collision events

Let us consider cases with collision events. To do that, let B be a symmetric matrix and a weight vector m =
(mq,...,mpr) is given. The goal is to compute the loop hafnian of B,,, obtained by repeating i’s row and column
for m; times. Let G be the underlying graph structure of B. More explicitly, vertex set X is composed of i’s for m;
times, treating i’s as distinct. We again define X to be the set of i € [M] such that m; > 0, i.e., removing redundancy
from X.

We define a generalized perfect matching of X that allows repeated edges. We represent a list of repeated edges
as a vector 7 indexed by E, and for each ¢j € E the entry 7;; indicates the number of times that edge ij appears.
The degree vector of 7 is deg(7) with coordinates deg(7); = >_;c(ay Tij- For a given weight vector m, we define an
m-matching of G as a list 7 such that deg(r) = m. Let PMg(m) be the set of all m-matchings of G.

Following Ref. [10], we define

) = <H Ty..(Byi ) I B |, (S55)

ek 7€ Ey
where E; C E consists of the loops, and Ey = F \ Ej, and the sequence {Tj(a)}ren satisfies the following recursion:
To(a) =1, Ti(a)=a, Tr(a)=a(Tk-1(a)+ (k—1)Tx_2(a)). (856)

In particular, Ty (a) represents the loop hafnian of a constant matrix with an element a. We can now rewrite a loop
hafnian as

1
Haf(Bm) =m! > —=B(7), (S57)
TE€PM¢(m) T
define a rescaled loop hafnian as
1 1
lhaf(y) = —lhaf(By) = > —B(7). (S58)
v TEPMg(y)

To show Eq. (S57), we again find a way to reduce a matching of a graph G(B,X) to a generalized m-matching
allowing multiple edges. We can rewrite vertices of G as (4,1;) by introducing I; € m; for redundancy. For an edge
between (,[;) and (j,1;) of a matching m, we drop the second indices and obtain an edge of a generalized matching 7.
Such a way defines a function f : PMg(m) and for a given generalized matching 7 € PMg(m), one can easily check
that fiber f~1(7) consists of m!/7! elements. By taking into account the loops, we finally obtain Eq. (S57).

Now, we present the recursive relation:



Lemma 6. Let B be a matrix with associated graph G. Let (T, x) be a tree decomposition of G. Let ¢ be an internal
node of T', and let y be such that

xX(Ty) \ x(t) C sat(y) C supp(y) C x(T3). (S59)

Then,
Thaf(y) = > lhaf(y H Ihaf* (y., ) (S60)

Yt,Yec
where the sum is over (Y, Ye,,-- -, Ye,) such that:
1
Y=Y+ Y, supp(ye) C x(t), x(To,)\ x(t) Csat(ye,) C supp(ye,) C x(Te,), (S61)
j=1

supp(y:) U supp(ye, ) U - - - U supp(ye,) = supp(y). (S62)

Here,

haf*(ye) = Y [ Bis» (S63)

Te ©JET
where the sum is over perfect matchings 7. satisfying 7. N (x(¢) x x(¢)) = 0.

Proof. Consider y satisfying (S59) and a matching 7 with deg(7) = y. Let Y = supp(y). First, we define a
submatching 7 = 7N (x(¢) x x(t)). We let i, j € Y; for such ij. On the other hand, for ij € 7, if i & x(¢) and j € x(¢t),
ori € x(t) and j & x(t), or i € x(¢) and j & x(¢), one can find a child ¢ such that i,j € x(7¢) by definition of tree
decomposition. We then define 7. such that ij € 7. and let ij € Y.. Therefore, we now have a unique decomposition
of a matching,

T=n U, U UTg. (S64)

Also, the decomposition of y into y; and y.,’s following that of ¥ guarantees the condition (S61), (S62). Conversely,
if submatchings 7 and 7.,’s are given that satisfy the above conditions, we can combine them to construct a matching
7. Therefore, we obtain Eq. (S60). O

In a similar way as previous cases, one can rewrite

haf'(ye) =Y Y (=1 haf(y;)haf(yc). (865)

i Yiei|supp(yie)|=i

where the sum is over y;. such that

Yo = Yte + Yee,  SUPP(Yee) Usupp(Yee) = supp(ye), supp(yee) C x(t). (566)

Therefore, one can rewrite (S60) as

Thaf(y) =) Ihaf(y;) H Ihaf(y;., )lhaf(ye., ), (S67)
Jj=1

where the sum is over y;, Yte;, and dec; such that

l

Y=Y+ > (Y, + Yee,)s  supp(y) = supp(ys) Usupp(yie, ) U - - - U supp(Yie, ) U SUpp(Yee, ) U - - - U supp(Yee,),
j=1
(S68)

supp(ye) C x(t), supp(yee,) C x(t) N x(te;),  x(Te,) \ x(t) C sat(Yee,) C supp(Yee,) C X(T; ). (S69)

Using the recursive relation, we can compute 1Haf(B,,) = lhaf(m)/m/!.
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Let us analyze its complexity. At node t, all lhaf(y;) can be computed recursively as follows: Let B be an n X n
symmetric matrix. Consider y C X and y such that supp(y) =Y. Then, letting ag be the first element of Y,

Ihaf(y) = IHaf — > IIBi= Ji Z Bag s > 11 B: (S70)

: rePM(Y) ijET z€Y 7ePM(Y \{ao,z}) ijEn

y| Z Ba, o 1Haf(By - Yao, .= 7, Z By, (Y = Yao,)'Thaf(y — ya.2) (S71)
z€Y €Y

where yq, 5 is the weight vector corresponding to {ag,z}. For each y, we loop over at most n elements, and for each
we need O(n) to find the set Y \ {ag, z}. Thus, we can compute lhaf(y) for all y in O(n%(c+ 1)").

On the other hand, for given values of lhaf(y;) and lhaf(y,,), Ihaf(y) for all y can be computed using a convolution
with a fast Fourier transform, the complexity of which is given by O(lw(2¢ + 1)*) [9]. Therefore, the complexity at

node t is given by O((2¢ + 1)%) for all y at node .

S2. SAMPLING ALGORITHMS
A. Clifford-Clifford algorithm (single-photon boson sampling)

In this section, we recall the Clifford-Clifford algorithm to simulate single-photon boson sampling [11]. Let us
consider single-photon state input,

) = [ ] aflo), (S72)

jes
where S represents the set of the position of input single photons. The Clifford-Clifford algorithm employs a standard
Monte-Carlo method, which uses marginal probabilities. Consider a sampling from a probability distribution of

p(r) = p(r1,...,ra). The probability to obtain an outcome (ry,...,7ry) can be decomposed as the conditional
probabilities

p(ri,..,rar) = p(ra)p(relre) - - p(ralr, - ra-1)- (S73)
Thus, by sampling from r; to rj; in order using conditional probabilities, which are obtained by marginal probabilities
as
FAGIION

(1, Tho) (S74)

p(,rk|/rl7 L 7rk71) =

we can sample from a target probability distribution as well.

In order to compute marginal probabilities of single-photon boson sampling, we introduce an expanded sample space
for sampling from the photon number distribution of an output state following Ref. [11]. First, a photon number
outcome m = (my,...,myr), where m; represents the number of output photons in ith mode, can be equivalently
described by z = (z1,...,2zn) with z; < 29 < .-+ < zp, where z represents the modes where a photon is detected.
The probability to obtain z is written as

p(z) = ﬁmerwfn% (575)

where U is a matrix obtained by choosing z; rows and columns corresponding to input modes j € S. Here, the

number of different instances of z is (N "%I _1). By expanding the sample space, we define

() = g Per(US) P, (576)

where r = (r1,...,7x) € [M]" is an unordered tuple. Note that p(z) = N!q(z)/u(2z) and that Per(US) = Per(U?).
Thus, sampling from ¢(r) and sorting r in ascending order is equivalent to sampling directly from p(z). We expand
the sampling space even further with an auxiliary array e = (1, . .., an ), where « is a permutation of S. By defining

blre, ... milo) = |Per (U, (S77)

one can prove that ¢(r) = Eq[¢(r|a)] [11], where the expectatlon is taken over uniform «, and we use for sampling
p(r|a) = d(ri|a)d(re|ri, a) - - d(rylry, ..., ry-1, o). (S78)

Therefore, one may perform boson sampling by computing a marginal probability ¢(ry ..., rg|a).
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B. Gaussian boson sampling classical algorithm

In this section, we present a Gaussian boson sampling classical algorithm and show that such a algorithm can
be used to take advantage of graph structure of a given circuit. Let us first briefly review a phase-space method
to handle Gaussian states (See Refs. [12-15] for more details about Gaussian states.). Gaussian states are defined
as ones that are described by a Gaussian distribution in phase space. Since it follows a Gaussian distribution, an
M-mode Gaussian state can be fully characterized by its 2M x 2M (Wigner) covariance matrix V and M-dimensional
first-moment vector d. The first-moment vector and covariance matrix of a given quantum state p are defined as
d; = Tr[pQJ] and Vj, = Tr[p {QJ dJ,Qk - dk}]/2 with a quadrature-operator vector Q = (Z1,D15 - Ery DM )s

satisfying the canonical commutation relation [Qj,Qk] = 1§, where

Q=1y® (_01 (1)) . (S79)

In addition, the dynamics of the quantum state under Gaussian unitary transformations can be equivalently char-
acterized by the symplectic transformation of its covariance matrix, namely, UpU '« SVST where symplectic
matrices conserve the canonical commutation relation, STQS = Q. A squeezing operation and a beam splitter oper-
ation are a Gaussian unitary transformation. Therefore, we describe beam splitter arrays by using their symplectic
transformation.

For Gaussian boson sampling, we first begin with a vacuum state, the covariance matrix of which is given by
Lopr/2. We then apply a squeezing symplectic transformation on source modes in S, which is written as Sgq =
@M, diag(e",e"") where r; = 7 for i € S and r; = 0 otherwise. We assume a momentum-squeezing operation with
a real positive squeezing parameter r > 0 without loss of generality. Thus, the covariance matrix of the input state
is written as Viy = Ssqlan Sy, /2 = ®M diag(e?™,e~2"%)/2. In addition, beam splitters are also Gaussian unitary
operations, so that beam splitter operations between two modes can be characterized by symplectic matrices Sgg,
which is formally written as

cosf € sin 6
Sps = <€i¢> sinf cosf > © Lo (S80)

The symplectic matrix corresponding to given beam splitter arrays of depths D can be efficiently computed by matrix
multiplications of 2M x 2M beam splitter symplectic matrices.

We now present more details about Gaussian boson sampling and its classical algorithm. We consider N number of
sources in M bosonic modes with beam splitter arrays. We write a (complex) covariance matrix $;; = Tr[p{&;, €;}]/2
of the final Gaussian state p with £= (a1y...,anm, dJ{, cee d;rw) to follow a notational convention used in Refs. [16, 17].
Note that a covariance ¥ can be easily obtained by a (Wigner) covariance matrix V, ¥ = FV F where F changes
the order of quadrature operators as (&1,p1,...,%an,Pam) to (Z1,..., T, D1, - - -, Par) and multiply % (} jz) ® L.

In the case of Gaussian states of a covariance matrix ¥ and a zero displacement, the probability of each outcome

(n1,n2,...,na) obtained by the measurement in photon-number basis is given by [16]
1 Haf(A,,
P(my,ma,...,my) = af(Am) , (S81)
\/det(Z + ]12]\/[/2) my!--mpy!
where
A= Xullons — (54 Tang/2) Y, Xm= (0 M (S82)
M{L2ns 2M ) m 1y 0 )

Here, Ay, is a matrix obtained by repeating the jth and (j + M)th row and column of A for n; times for 1 < j < M,
and Haf(A) is the hafnian of a matrix A [18].

We supply a recently proposed classical algorithm to simulate Gaussian boson sampling in Ref. [19]. We first
decompose a covariance matrix as Vo = V + W, with V = SST/2 and W > 0, where S is a symplectic matrix so
that V is a covariance matrix of a pure state. Thus, the Gaussian state of Vi, can be interpreted as a mixture of
states obtained by applying a random displacement sampled from a normal distribution of W to a pure Gaussian
state of V. Hence, by applying a random displacement p sampled by a normal distribution with a covariance matrix
W, we sample a pure Gaussian state having a covariance matrix V' and a mean vector p.

We then sample (z1,p1,...,Zum,pn) from a normal distribution with the covariance matrix V +1/2 and transform
the sample to a complex vector (as, . .., an) with a; = (z;+ip;)/V/2. Based on the sample (a3, ..., a},), we compute
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conditional probability p(m|a3, ..., a%,), which can be computed by the conditional covariance matrix and mean
vector. More explicitly, for k € [M],

1 IHaf( Al 1 IHaf(By))|?
P(ma,...,mg|aks1,. .., an) = ' ( )' = | '( )|' , (S83)
\/det(z(k)+]]_2k/2) myl. .. myg! \/det(z(k)+]]_2k/2) myl. .. mg!
where IHaf(A) is the loop hafnian of a matrix A [20] and (%) is the conditional covariance matrix for (ai1, ..., aar),
and we have used the block structure of A®) and A®) as
AP = X 1o, — (5P +19,/2)" ] = B® @ B®", (S84)
A® — tdiag(A® A1) = BI g B (585)

where fdiag(A,~) is a matrix filling the diagonal elements of A by the vector v, and v = (£ + 1/2) 'a and (¥
is obtained similarly to A®*). Here, Bﬁ,’i) is obtained by repeating ¢th column and row for m; times from marginal

probabilities. By directly computing the loop hafnian of Bﬁﬁ) for 0 < m1 < Mpax, we sample nj. Since m; can
be infinitely large in principle, we choose an upper-threshold of m; carefully (See Sec. S3). After obtaining mj, we
discard @ and continue to sample ne by computing p(mj, mo|ag,...,a},) for 0 < mg < mf . . We continue the
procedure and finally obtain a sample (m],...,m},).

We now show that such a algorithm can be exploited to take advantage of graph structure by showing that marginal
probabilities also enjoy the same structure. Let us simplify the expression A*) and B*). We recall that for a block
matrix of partitions A and B,

M- (MA MAB) , (S86)

the Schur complement is defined as M/Mg = M4 — M5(Mg)~'Mpg4 [21]. Especially, the Schur complement has a
property that

(M~Y)a = (M/Mp)~". (S87)

According to the algorithm above, we only need to be able to sample from a conditional (by heterodyne detection) pure
Gaussian state to simulate Gaussian boson sampling. Especially, the conditional covariance matrix from heterodyne

detection on B is given by Vf(tB) =(V+1/2)/(V+1/2)g—1/2 [15]. Let us define fo) = fo) +1/2. One can easily
check that we can rewrite fo) = @Q/Qp. When we have a Gaussian state with a covariance matrix V' and a mean
vector d, the mean vector of a conditional probability after obtaining p; by heterodyne detection is given by [15]

A = dg+ Vas(Vs +1/2) " (us — ds). (S88)

Now, to compute a marginal probability, we invert fo) as

-1
AAEX[n—(Qf>) }:X[ﬂ—(Q‘l)A]:X(IL—Q‘l)A. (S89)
—1
Here, we have used the Schur complement’s property of Eq. (S87), (QEP) =(Q/Qp)~' = (Q1) . After rewriting
Q=UaUHNTUaU")"+1/2, we can find Q' = (U@ U*)(T +1/2)"1(U & U*)!, where

@M sinh?®r; ®M . sinhr; coshr; 1 1 — @M. tanhr;
T = i=1 v i=1 ? 4 T4+1/2 — i=1 ).
(@%1 sinh r; cosh r; @iﬂil sinh? i » (T+1/2) — @f‘il tanh r; 1 (590)

Thus, A4 = B4 @ B, with B4 = [U(&; tanhr;)UT] 4. Finally, Ay = fdiag(A4,v.4) and By = fdiag(B.a,y4). Here,

—_ -1 ®) ond o®
Y4 =[Q ]AaA and oy
the loop hafnian of B4 and its graph can be obtained by simply discarding vertices for part B (conditioning part),
marginal probabilities follow the graph structure of a probability.

is a complex mean vector transformed from dff). Since marginal probabilities depend on
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C. Proof of Theorem 1

To simulate single-photon boson sampling, we implement the Clifford-Clifford algorithm by computing marginal
probabilities ¢(ry,...,rg|a) with k =1,..., N. At each k € [N], we compute M marginal probabilities, corresponding
to Per(Ugt:5%%), so the maximal complexity is O(MNw?2"). One can easily see that the bipartite graphs corre-
sponding to marginal probabilities are minors of a bipartite graph for a probability. Since we iterate for k € [N],
the total complexity of sampling is at most O(M N?w?2%). For Gaussian boson sampling, at each step k € [M], we
need to compute total two marginal probabilities corresponding to the conditional covariance matrices, i.e., zero and
a single photon, and each of those is a loop hafnian of k x k matrix, having the maximal complexity O(Nw?2%).

Thus, the total complexity is O(M Nw?2%).

S3. ERROR OF PHOTON-NUMBER TRUNCATION

In this section, we analyze the influence of photon-number truncation in squeezed states. When we have N squeezed
vacuum states and measure them in photon-number basis, the probability to generate a total of k photon pair events
(2k photons) is given by the negative binomial distribution [16, 22]

Nyk-1
Py(k) = <2 +k; )secth tanh?* r. (S91)

Note that beam splitter arrays do not change the probability distribution of total photon numbers. The tail probability
of the negative binomial distribution is given by [23]

(S92)

_ _ 2
Pr(k > ostechzr) < exp {aN(ll/a)} )

2

While increasing a constant a decreases the truncation error exponentially, the order of the complexity of sampling does
not change. Any accuracy can be achieved by increasing o with a constant factor which reduces error exponentially.
In order to make the truncation error to be smaller than e for sufficiently large o, we may choose aNsech’r =
2sech?rlog(1/€) = Mmax.

S4. APPROXIMATION METHOD
A. Approximation of a unitary matrix

Let U be a true unitary transformation matrix. Our approximation strategy is U — U = U — dU, where we have
removed unitary matrix elements for jump more than diffusive dynamics. Note that U is no longer unitary in general.
We provide an approximation algorithm and the upper bound of its simulation error.

We first extend U to a unitary matrix in 2M x 2M. Using singular value decomposition, U = RDV, we transform
U — U = U/k to make the singular values smaller than 1, i.e., s is chosen to be the maximum smgular value or 1
if the maximum singular value is smaller than 1, and define U = RDV = RDV/k. Note that in practice one may
merely replace singular values larger than 1 by 1, while we divide them by the maximum for simplicity of the proof.
By Mirsky’s theorem [24], we have

(61 —01)* < Z —0;)? < ||dU||% (S93)

where o;’s are singular values of U, ie., 0; = 1 and 0;’s are singular values of U in descending order. Thus,
(k —1)? < ||dU||%. Defining u =k — 1, p? < ||dU||%. Now we extend the matrix U to a 2M x 2M unitary matrix

W= U RV1 - D2V
“\RV1-D2V -U '

We also extend a true unitary matrix into a 2M x 2M matrix as Uspys = U @ (—=U). One can check that Usps and W
are close if the approximation of U is small:

[dW[[% = IW = Uzn [} = Te(W = Uang) ' (W = Uaar) = 2|0 = U||% + Te(1 - D?), (595)

(S94)
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where
~ 2
UfUQ:LfU <||U—-dU - (1 Ull% = ||dU + uU||% < (VM + 1)?||dU]||? S96
| % ) <| A+ @)U = l[dU + pU||z < ( + D)7dU ||, (596)
F
and
D2 M & 5 M 5 \2 5o\ 2
TT(1-D)=Tr(1- —— | = 14— )(1— L )< <1+ ! ) (1— ! > S97
I ) r( (1+,u)2> ;( 1+u 14w/~ ; 1+p ; 1+ p (897)
M 5 \?2
<D0 <1 + 1 w) (VM +1)||dU||p < 2VM (VM 4 1)||dU|| . (S98)

i=1

Here, the first inequality follows from the Cauchy-Schwarz inequality, and the second inequality follows from the
Mirsky’s theorem and the fact that 4;/(1 + ) <1 is the singular values of D. Hence,

laW |7 < 2(VM + 1)°||dU | % + 2V M (VM + D)[[dU]|r < 2(VM + 1)*(|[dU|% + [|dU | ). (599)

B. Single-photon state approximation

_ Our approximation algorithm operates as follows: We first approximate a unitary matrix by a nonunitary matrix
U = U — dU and obtain the extended 2M x 2M unitary matrix W as Sec. S4 A. We then employ the Clifford-Clifford
algorithm. Running the algorithm, at kth step, we compute ¢(rq,...,rg|a) as Eq. (S77) for r from 1 to M for

given r1,...,7r_1. For those cases, the graph structure of an approximated matrix U can be employed so that it can
be computed by using dynamical programming. More specifically, the relevant bipartite graph has vertices for the
sources and (r1,...,7%), depends only on U. Since we do not cover all outcomes 7, from M +1 to 2M, the probability
sum over 1y = 1,..., M can be less than zero, meaning that we have a chance to detect photons outside of the first M

modes. For these cases, we return “out”, and otherwise we continue. Such a way guarantees that we obtain photons
only at the first M modes as we desire.
Let us analyze the total variation distance:

1 1
TVD = 9 Z ‘Pideal(@ - PapprOX($)| + 5 Z (Pidea1($> - PapprOX(QUD (SlOO)
r=x ) PO T#£x 0 DO
1 N
< 5 3 Pucst(s) — Papprox()] < > WV (s101)

where z); @ 0 represents outcomes for which photon numbers are zero other than the first M modes. The second
inequality is from Ref. [25], which states that the TVD is bounded by the operator norm of two unitary transformation
matrices, and the last inequality follows from the definition of the operator norm and Frobenious norm.

C. Gaussian state approximation
For Gaussian boson sampling as well, we first extend an approximated matrix U =U —dU to W and transform it
to a symplectic matrix. Our Gaussian state’s covariance matrix is then written as
Van = Sw (D @ 12,/2)S, (S102)
where the added 1,;/2 represent vacuum. The true extended covariance matrix can be written as
Var = (Su @ S_u)(D & 1a/2)(Su & S_v) " (5103)

First, we show that the distance between the approximated and true covariance matrices are bounded by the Frobenius
norm of unitary matrices,

[Varr = Vaur||p = [[SDST = SDS™||p < 2| = S|elIDlle|S|F = IS = S|lr/2M[N coshdr + (M — N)]
< 2||dW ||/ M[N cosh4r + (M — N)]. (S104)




15

Finally, since we only care about the output photons at the first M modes, we postselect such outcomes. This can
be implemented by first computing the probability to obtain nonzero photons for the additional M modes and sample
from the binary. If photons click for the modes, then we return “out”, otherwise we proceed the algorithm by using
conditional covariance matrix for the first M modes. Such a way leads to the TVD as

1 1 -
TVD = 2 Z | Pdeat () — PapprOX(x)‘ < 9 Z | Pdeal (7) — PapprOX(x)l < \/1 — F(Vam, Vanr)

x DO TaM
< (N cosh 4r/2) Y/ |[Varsr — Varr |42 < W[4 2poly(IV). (S105)

Here, the second and third inequalities are found as follows: Recall that total variation distance can be bounded by
quantum infidelity 1 — F' [26],

2 S IP@) ~ Pul@)] < 56— pull < VT— For ). (5106)

Quantum fidelity between two M-mode Gaussian states characterized by covariance matrices Vi, Vo and zero means,
one of which is pure, can be written as [27, 28]

1

Vdet(Vy + Va)

where we used a covariance matrix instead of quantum state p in the argument because a covariance matrix completely
characterizes a quantum state in our case. The following lemma shows that the quantum infidelity between two
Gaussian states characterized by V; and V5 can be bounded by the Frobenius norm || - ||z of their difference matrix
X=V-".

F(V1,Va) = (5107)

Lemma 7. Let V7 be a covariance matrix of a Gaussian state in bosonic modes M obtained by applying beam
splitter arrays on single-mode squeezed states of squeezing parameter r and V5 be a covariance matrix of a Gaussian
state. For small || X||p, the quantum infidelity between the two Gaussian states is bounded by 1 — F(V;,V,) <

I X || 7/ N coshdr/2.

Proof. Note that the covariance matrix V; can be decomposed as Vi = S(123,/2)S™ by a symplectic matrix S satisfying
SQST = 0 and that the symplectic matrix can be decomposed as S = OSsq, where O represents a symplectic matrix
corresponding to beam splitter arrays and Ssq represents squeezing operators to generate squeezed vacuum sources.
We then have

1 2M
det(V; + Vo) = det(2V; — X) = det(laps — STIXS™T) < <1 - WTr[S_lXS_TH)

-2

1 2M 1
< (14 gIXUels s e) < (1= SIS E) ($108)

where for the first inequality, we have used the symmetric property of X and the inequality of arithmetic geometric
means and the fact that

Te[ST1XS™T) = Te[S™H(Vy — V2)S™ ) = Tr[laar /2 — S™1VaS™ 1] = Tr[1aa /2 — Vo] < 0. (S109)

The Cauchy-Schwarz inequality has been used for the second inequality. For the last inequality, we used (1+z/M)M <
(1-— :c)*l for 0 < z < 1. Then, the quantum fidelity between Gaussian states with covariance matrices Vi and V5 is
approximated as

1 1
1-FWVi,Va)=1— —— < | X|#|IS TS | r = /N cosh dr/2| X|| . S110
(V1, Va) det(vl+%)_2\\ Bl IF /21X F (S110)

O

D. Proof of Theorem 2

According to Theorem 1, we can perform exact samplings in O(M N?w?2%) (single-photon boson sampling up to
threshold) and in O(M Nw?2%) (Gaussian boson sampling) for collision-free cases. Therefore, by Eq. (S100) and
Eq. (5105), we can do approximate samplings in the same complexity with error O(poly(N)||dW||r) in terms of the
total variation distance. Finally, by Eq. (S99), |[dW||r < /[|[dU||% + [|[dU| r up to poly(N), thus this proves the
theorem.
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S5. DIFFUSIVE DYNAMICS OF RANDOM BEAM-SPLITTER ARRAYS

A. Classical random walk behavior of random beam-splitter arrays

Let us consider two modes dl(cD)T and dECDH)T at depth D, which are written as

M

(D D) A (0 D (0

a/(i) "= E :U,;j)ag» . and ‘l§g+)1T = E :Uk+1J 5 " (S111)
Jj=1

After applying a beam splitter between them, the modes are transformed as

M M
&I(CDH)T =" [ cosh Z U}ig)dgo)f + e sing Z U,gg)dgoﬁ , (S112)
= =1
&;(fffm _ it COSQZUlgljlego)T —idbo Sm@ZUéfijAgo , (S113)

where cosf and sinf represent the beam splitter’s transmissivity and reflectivity, respectively, and we obtain the
following relation

UIE’IJJH) (U(D) cos 6 + e’%U,gjLi sin 9) , (S114)
U,gff]l) = 2 (U,gfz) cosf — ’¢0U£ﬂ 4 sin 0) (S115)

After averaging the transmissivity cosf over the uniform distribution of 6 € [0,27), and the phases ¢, ¢1 and, ¢
over the uniform distribution of [0, 27), we obtain

ENUSD 1)+ U I17)
2 9

EJUSTV? = EIUST D) =

k+1,s (8116)

which shows that the transmission and reflection rate of a random beam-splitter array follows a random walk behavior.

B. Proof of Lemma 2

We provide the proof of Lemma 2 in this section. We first note that on average the random beam-splitter circuits
can be characterized by a symmetric random walk and that the goal is to find an upper-bound on the leakage rate. We
observe that the leakage rate assuming an infinite number of modes is always larger than one with boundaries because
boundaries makes the walker return to the initial lattice. Thus, it is sufficient to find an upper-bound assuming an
infinite number of modes.

For one-dimensional random walk, the probability of propagating farther than [ in step t is given by

2
P <2exp (—;) . (S117)

Thus, the leakage rate for d-dimensional case can be upper-bounded as

Efn <1-— [1 — 2exp (-Zﬂd < 2dexp (—Z) : (S118)

—

where 1 = 17(5, (;) is a function of parameters (6, (E) for beam splitter arrays, which are random variables following a
uniform distribution on [0, 27).
Using Markov’s inequality, we obtain

P(n>a)< Eln] _ exp <—l2> . (S119)
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FIG. S1. Examples of 2D constant-depth circuit diagrams. First depth (black), second (red), third (blue), and fourth one
(green). Examples of 5 x 5 circuit appearing (a) elementary wall in a depth-3 circuit, (b) grid graph in a depth-4 circuit. Both
have unbounded treewidth ©(N).

Since we are interested in the leakage rate of a source, we set | = kL = kk'/INO=D/4 with L = (M/N)/4

for a d-dimensional case. Taking into account the dimension of the circuit, we set ¢t = D/d. Especially for depth

D < de/dchN%tl)*e/Q and a = exp(—N€) with an arbitrary € > 0, we find

1
P[n > exp(—N°)] < 2dexp Kl - —> Ne] . (S120)
1
Thus, the probability is exponentially small in N when ¢; < 1. In other words, except for an exponentially small

probability for (5, q;), the leakage rate 77(9_'7 qg) is exponentially small.
In addition, for d = 1, if we set | = kLlog N = kkN7~'log N, we can similarly obtain for D < ¢; k22 N2~ =¢(log N')2/2

Ply > exp(—N¢)] < 2dexp [(1 - c_11> Ne] . (S121)

S6. PROOF OF THEOREM 3

In this section, we provide the proof of Theorem 3. First, let us consider single-photon boson sampling. By the
assumption, D < Deagy = dk2/dN2(7_1)/d_€/8. It corresponds k = 1/2, so that | = L/2; thus, the sources are confined
at the initial sublattices under the approximate matrix U. Since the photons are detected at their initial sublattices
for typical circuits, the corresponding outcomes are represented by disjoint graphs with two vertices (input photon and
output photon for each sublattice). Therefore, the graph has treewidth w = 1. Thus the complexity is O(M N?) by
Theorem 1. Now we check whether the error satisfies the condition O(1/poly(NN)). We start with the total variation

distance as
TVD < poly(N)y/||dU||% + ||dU||r < O(1/poly(N)), (S122)

where we use Theorem 2 for the first equality, and Lemma 2 for the second inequality. Therefore, the approximate
boson sampling can be efficiently performed.

Now, let us move to the Gaussian boson sampling. The only difference is that a Gaussian source, i.e., squeezed
vacuum state, can emit multiple photons so that output can be many photons even confined in the same sublattice.
We still assume that this multiplicity is at most a constant ¢ without loss of generality. Then in a single sublattice,
at most ¢ photons can be detected, which leads the treewidth ¢ — 1 because it yields the complete graph in the
symmetric tree decomposition. Although each sublattice has a complete graph, there are only disjoint graphs, and
total treewidth is bounded, i.e., w < ¢ — 1. Consequently, the sampling complexity is O(M N) by Theorem 1, and the
error analysis is the similar to the case of single-photon boson sampling.

S7. CONSTANT-DEPTH 2D CIRCUIT

In this section, we briefly show that for 2D structures, only constant-depth is enough to achieve unbounded treewidth
of induced graphs. Let us focus on a dense circuit, i.e., L = 1, in a 2D lattice, with local interactions. We can draw
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FIG. S2. (a) Virtual tree decomposition including all modes, which will be used to construct real bags of a symmetric tree
decomposition. The former is the latter’s child. Here, we assume that a photon from source can jump up to 3 modes away.
M =144 and N = 16 (b) An example output distribution. (c) Corresponding symmetric graph. (d) True tree decomposition
taking into account true outcomes only. An upper bound on the treewidth is w = 8.

2D circuit diagrams Fig. S1, in which vertices represent input positions of the circuit, and edges correspond the
connectivity by local interaction. In Fig. S1 (a), a graph with unbounded treewidth already appears for depth-3,
called elementary wall [29]. If we step one depth more, we can obtain a grid (Fig. S1 (b)). Both have the treewidth
w = O(N) with N is the height of the wall or length of the grid. One can find that there exist output configurations
including the graph of circuit diagrams, which indicates that the treewidths of circuit diagrams are lower bounds
on the maximal treewidths of the induced graphs over possible outcomes. Thus, the corresponding bipartite graph
(symmetric graph) for single-photon (Gaussian) boson sampling has at least this unbounded treewidth.

It is worth mentioning that the simulability of constant-depth circuits in the literature. For linear optical circuits
with single-photon inputs, all depth-2 circuits are easy, some depth-4 circuits are hard, and the depth-3 case is
unknown [30]. By our argument, some depth-3 circuits are hard using our treewidth-based algorithm. In addition,
for a 2D Gaussian local random boson sampling, constant-depth hardness is suggested under certain conjectures [31].
For qubit circuits, there exist depth-3 circuits with treewidth Q(n) by using expander graph [32].

S8. UPPER BOUND ON THE TREEWIDTH OF INDUCED GRAPHS (PROOF OF THEOREM 4)

In this section, we explicitly give examples of boson sampling in 2D and prove Theorem 4 by finding the upper bound
of treewidth we need. Fig. S2 shows an example of a 2D Gaussian boson sampling and its tree decomposition. Fig. S2
(a) shows a possible virtual tree decomposition before we obtain an output photon distribution. When output photons
are clicked as shown in Fig. S2 (b), the corresponding symmetric graph is given by Fig. S2 (¢). Finally, we can find
the tree decomposition of an output distribution by obtaining an overlap of the virtual tree decomposition and output
photons. Here, depending on how far a photon can propagate, we have to adjust the size of each bag accordingly. When
a photon can propagate up to kL (assuming « is a nonzero integer for simplicity), for the virtual tree decomposition,
the size of a bag is upper-bounded by /M x (2x + 1)L, and it contains at most /M /L x (2 +1)L/L = (2k +1)N'/?
sources. One can easily check that even if photons outside of a bag propagate into the bag, the number of photons
that can be clicked has the same scaling as the number of sources. Thus, the width is given by w = ©@(kN Y ).

If we let k = O(N®/?), w = @(NHTO). The latter corresponds to the diffusive dynamics with D = ©(N®Deagy ).
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(d)

FIG. S3. (a) Virtual tree decomposition including all modes (red: input modes, blue: output modes), which will be used to
construct real bags of a bipartite tree decomposition. Here, we assume that a photon from source can jump up to 3 modes away.
The colored region represents the first bag. M = 144 and N = 16 (b) An example output distribution. (c) Corresponding
bipartite graph. We depict edges only from the first input mode for simplicity. (d) An equivalent graph including grids by
rearrangement of the vertices. An upper bound on the treewidth is w = 9.

ol
g

FIG. S4. 3 x 3 grid graph and its tree decomposition using band structure (left). The first bag (blue) has element {1,2,3,4}
and the second bag (yellow) has element {2,3,4,5}. The width of this tree decomposition is 3 (right), which is exactly equal
to the treewidth.

Fig. S3 is for a similar case but single-photon boson sampling and bipartite tree decomposition. We remark here that
our description represents an upper bound on the treewidth. The exact treewidth is hard to find in general, but we
illustrate that for the 2D grid case, the band decomposition is enough for the exact treewidth, as shown in Fig. S4.
Finally, let us consider an arbitrary dimension d. One may find a similar virtual tree decomposition. For example, if
a photon can jump up to xL, the size of bags is upper-bounded by M4 x M/4x...x (2k+1)L = M(4=1/dx (25 +1)L,
and the number of sources is at most (M% x (26+1)L)/L% = (9(/<5Nd%1 ). Therefore, the width is @(KN%). When
k= O(N) (D= O(N?*4Dg,s,) for diffusive dyanmics), the width is given by @(N%“‘%). It proves Theorem 4.

S9. OTHER INITIAL CONFIGURATION FOR BOSON SAMPLING USING LOCAL HAAR-RANDOM
BEAM SPLITTERS

When we want to conduct an experiment or simulate for boson sampling that is believed to be hard [8], we need to
ensure collision-free cases, i.e., M = w(N?) or v > 2 in the main text. We first emphasize that there is a possibility
that the sampling for M = O(N?) is not as difficult as for M = w(N?) [33, 34]. Let us focus on achieving such
conditions with two representatives examples of different initial configurations in 2D systems, as shown in Fig. S5.
Here, we again assume local Haar-random circuits, which is motivated from the recent experimental setup [35, 36].
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FIG. S5. Examples of different initial configurations. We assume M = ©(N?). (a) v'N x v/N grid shape of initial sources, (b)
1 x N strip shape of sources.

Also we assume that + is slightly larger than 2, which is the experimentally favorable and minimal condition to achieve
collision-free cases. We have shown that when D = O(N7~°), any modes can interact with all modes regardless of
an initial configuration. Especially when the initial sources are equally distributed as we analyzed, the photons can
be detected on all M modes when D = O(Deasy) = O(N?717¢), ie., all M = O(N7) modes are effectively involved.
Therefore, for example, when ~ is slightly greater than 2, we only need an almost linear depth of N to achieve
collision-free cases. On the other hand, when all input modes are concentrated at the center or the corner of the
VM x /M lattice as VN x v/N sublattice as shown in Fig. S5 (a), at D = ©(Deasy), photons can propagate up to
O(N(=1/2) and the number of effective modes is at most ©(N?~1). Thus, a linear depth is not enough to achieve
collision-free cases and we need a larger depth when 7 is slightly larger than 2. To make the effective number of modes
to be M = w(N?), the required depth is D = w(N?7¢) = w(N377 Deasy); the modes around edges do not effectively
contribute before the depth. A difference from the equally distributed case is that even though initial sources can
interact each other at a smaller depth, since the initial sources are dense, it does not guarantee collision-free case
when D = O(N?7¢) = O(N377 Dgasy). One can also show a similar behavior of another example shown in Fig. S5 (b).
Finally, it is worth noting that if we do not assume local Haar-random circuits, there is an ensemble that reaches a
global Haar-random and collision-free outcomes with a lower depth [37]. Nevertheless, we emphasize again that a local
Haar-random circuit is the experimental setup currently used for quantum supremacy demonstration, and that under
this assumption, it is advantageous to choose the equally spacing initial state to minimize the depth for collision-free.

S10. NUMERICAL METHOD FOR LIKELIHOOD TEST

In this section, we elaborate the numerical method that we have conducted to show that our treewidth-based
algorithm gives a larger likelihood than GBS experiments. The recent GBS experiment has used two layers of 2-
dimensional beam-splitter arrays for 144 modes. To reveal the locality of the given circuit, we first rearranged the 144
modes one-dimensionally as shown in Fig. 5(a). In this procedure, we have randomly shuffled the input and output
modes to find the best configuration for local approximation. For each case, we approximate the unitary matrix of
the circuit by imposing a spatial locality, i.e., photons from a source can propagate only for K steps. It means that
we discard some elements of the matrix that correspond to the coupling between modes over than K steps from each
source. We then choose a configuration that gives the best fidelity between an approximated Gaussian state with
the propagation length K and the ideal Gaussian state. For this procedure, because the approximation effectively
decreases the number of photons, we have increased the squeezing parameters and also thermal photons of the input
state to have the same mean photon number as the experiment. We note that the likelihood test is equivalent to the
test implemented in Refs. [35, 36].

More specifically, we compute the log-likelihood ratio:

P . Nsamp (%)
Tideal (Samples from experiment) _ Z 1 Prideal (Mexp)
)

()’
i=1 Prideal(mtree)

ratio = (5123)

1
8 Prigeal(Samples from treewidth algorithm

where samples from experiments are written as {mg()p ;V:Simp, and samples from treewidth algorithm are written as

{mﬁge}f;;‘mp, and Ngamp is the number of samples.

For the numerical demonstration, we have chosen the experimental data of focal waist 65um and power P =
0.15,0.3,0.6,1.0,1.65 W. In the main text, we have presented the first two cases, which are classically verifiable since
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FIG. S6. Log-likelihood ratio for different powers and different number of marginal modes. We have averaged over 60, 20, 10,
30, 20 different choices of marginal modes for each point for (a)-(e), respectively.

the classical simulation is possible. For the larger powers, we have tested for the many different randomly chosen
marginal modes and averaged the score, and the results are presented in Fig. S6. First, we observe how the score
changes for the classically verifiable cases in Fig. S6(a)(b). While the overall behavior is not monotonic, the largest
likelihood ratio is attained for the smallest number of marginal modes. Now for the quantum supremacy regime,
the behavior is almost consistent with the classically verifiable cases in the sense that the score decreases up to 60
marginal modes. Due to the computational cost, we cannot test for larger number of marginals and ultimately for full
distribution, but based on the classically verifiable cases, we expect that our classical algorithm may have a better
likelihood than the experiment. It is worth emphasizing that we had to choose a larger K to attain a larger likelihood
from our treewidth-based algorithm as the power grows, which is due to the fact that for a large number of photons,
more photons can propagate further even under the same unitary matrix, so that the approximation error inevitably
increases (e.g. Eq. (5110)).
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