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Measurement-based quantum computation
(MBQC)

Topological 
quantum computation

Adiabatic quantum computation
(AQC)

Ancilla-driven quantum computation
(ADQC)

They have their own advantage and disadvantage.
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Figure 4.7: The circuit diagram of the teleportation-based CNOT gate between primal
qubits using a dual qubit as ancilla (left). The control and target qubits of the CNOT gates
are always primal and dual qubits, respectively. The corresponding braiding operation
(right).

tance larger than a length d, which provides a code distance of the logical qubits. Thus,

the logical error probability for the logical CNOT gates decreases exponentially by in-

creasing the characteristic length d of the system. In other words, the CNOT gates are

topologically protected.

We should mention that the braiding operations explained above are not the only

way to perform fault-tolerant operations on the surface code. There are another ap-

proaches to perform logical operations fault-tolerantly for the encoded degrees of freedom

of the surface code. One is the lattice surgery scheme [HFDVM12], where the bound-

ary conditions of two planar surface codes are engineered to perform a logical operation.

Another is to employ twists, which are topological defects introduced by point defects

on lattices [Bom10, Bom11]. All Clifford gates can be implemented by the twist cre-

ation, braiding, and annihilation similarly to the defect pair qubits explained above. All

these different approaches can be view as the logical operations by the code deforma-

tions [DKLP02, RHG06, BMD09] and seem to be a unique feature for the topological

codes contrasting to the transversal logical gate for the concatenated codes.

4.4 Magic state injections and distillation

Unfortunately, the topologically protected CNOT gates do not allow universal quantum

computation, because Clifford circuits can efficiently be simulated classically due to the

Gottesman-Knill theorem [Got98b]. Here, we explain how to perform single-qubit rota-

tions on the defect pair qubit, while, unfortunately, they are not topologically protected.

Suppose we have a defect pair qubit, whose logical operators are given by Z(∂D) and

X(c1). We first consider a logical Z rotation e−i(θ/2)Z(∂D) on the defect pair qubit. To
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We propose a method of manipulating a quantum register remotely with the help of a single
ancilla that “steers” the evolution of the register. The fully controlled ancilla qubit is coupled to
the computational register solely via a fixed unitary two-qubit interaction, E, and then measured
in suitable bases. We characterize all interactions E that induce a unitary, step-wise deterministic
measurement back-action on the register sufficient to implement any arbitrary quantum channel.
Our scheme offers significant experimental advantages for implementing computations, preparing
states and performing generalized measurements as no direct control of the register is required.

PACS numbers: 03.67.-a,03.67.Lx

Introduction.– The two best-known strategies of per-
forming a quantum computation are the gate-based and
measurement-based model (MBQC). In the former, a
computation is performed by actively manipulating in-
dividual register qubits by a network of logical gates.
The required control of the register is very challenging
to realize in experiments. MBQC is an alternative strat-
egy that relies on the powerful effect of measurements
on entangled quantum systems [1, 2]. A computation is
here implemented “passively”, as a sequence of adaptive
single-qubit measurements on an entangled multi-partite
resource state and realized in experiments [3] were single
qubit measurements are “cheap”. Hard work, however,
goes into the construction of the initial resource state.

In this paper we introduce a hybrid model that is tai-
lored to fit many experimental settings. The scheme uti-
lizes a single fully controlled ancilla qubit, which is cou-
pled sequentially to one or, at most, two qubits of a regis-
ter via a fixed entangling operation, E, to enable univer-
sal state preparation [4]. After each coupling the ancilla
is measured in a suitable basis, providing a back-action
onto the register which implements unitary evolution of
the register. Moreover, using an additional, second an-
cilla qubit any Positive Operator Valued Measurement
(POVM), and thus any quantum channel, can be real-
ized. The computation requires no direct control of the
register nor the preparation of a large entangled state.
The processing of information is driven by active manip-
ulation of the ancilla alone and we shall call the model
Ancilla-Driven Quantum Computation (ADQC).

Previous attempts to construct ‘remotely controlled’,
deterministic and universal quantum state preparators
have concluded this to be impossible [5, 6]. These
schemes use, like ours, additional ‘programmable qubits’,
i.e. ancillas, that are coupled to the register with a fixed
interaction. Our results highlight that the existing no-go
theorems do not apply when feedback within the pro-
grammable part is allowed and a final local redefinition
of the computational basis of the register is performed.

The key advantage of ADQC is that register qubits
are only addressed with a single coupling operation, E.
No further operation, neither unitary nor measurement,
is required. This provides architectural advantages for
many experimental situations as the computational reg-
ister can be separated from state preparation and mea-
surement, and does not require bespoke control. This
lends itself to systems where long-lived but static qubits
are addressed by more mobile ancilla qubits subject to
a single entangling interaction. There are many physical
systems which possess the required features and interac-
tions, such as neutral atoms in optical lattices [7], micro
ion trap arrays [8], nuclear-electron spin systems [9] and
cavity QED-superconducting qubits [10]. ADQC is also
advantageous in physical systems where measurements
are destructive, i.e. experiments with photons, as the
measurement never acts on the register and leaves it in-
tact for further manipulation.

Example: Control-Z & Hadamard interaction. – The
idea behind ADQC is simple yet surprisingly powerful,
see Fig. 1. The ancilla, A, is sequentially prepared,
then entangled with a fixed interaction EAR to a register

FIG. 1: Illustration of an ancilla-driven computation on a
register consisting of several qubits. A single ancilla, A, is
sequentially coupled to one, or at most two, register qubits,
R and R′ etc., and measured. The coupling, EAR, is fixed
throughout the computation while the measurements on the
ancilla, indicated by the arrows, can differ.

[2]



Measurement-based quantum computation

MBQC: a computation model specific to quantum computation
• Its computational power is equivalent to that of the quantum circuit model.
• It utilizes entangled states.

[R. Raussendorf and H. J. Briegel, Phys. Rev. Lett. 86, 5188 (2001).]



Measurement-based quantum computation

MBQC: a computation model specific to quantum computation
• Its computational power is equivalent to that of the quantum circuit model.
• It utilizes entangled states.

1. Prepare the cluster state.

[R. Raussendorf and H. J. Briegel, Phys. Rev. Lett. 86, 5188 (2001).]
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Measurement-based quantum computation

MBQC: a computation model specific to quantum computation
• Its computational power is equivalent to that of the quantum circuit model.
• It utilizes entangled states.

2. Measure qubits one by one.

[R. Raussendorf and H. J. Briegel, Phys. Rev. Lett. 86, 5188 (2001).]
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Measurement-based quantum computation

MBQC: a computation model specific to quantum computation
• Its computational power is equivalent to that of the quantum circuit model.
• It utilizes entangled states.

2. Measure qubits one by one.

[R. Raussendorf and H. J. Briegel, Phys. Rev. Lett. 86, 5188 (2001).]

Output

Disadvantage of MBQC
A single quantum gate requires a single qubit.



Measurement-based quantum computation

Advantage of MBQC

[R. Raussendorf and H. J. Briegel, Phys. Rev. Lett. 86, 5188 (2001).]

Output

1. Preparation of cluster state

2. Single-qubit measurements

• Two-qubit operations are necessary.
• This step is independent of quantum 

algorithms.

• Only single-qubit operations are 
necessary.

• This step depends on 
quantum algorithms.
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Universal resource states for MBQC

UNIVERSAL MEASUREMENT-BASED QUANTUM . . . PHYSICAL REVIEW A 92, 012310 (2015)

The most pronounced difference between spin-3/2 and
spin-2 probability weights is that for spin 3/2 all possible
combinations of POVM outcomes do indeed occur with
nonzero probability (except when the lattice is not bicolorable,
i.e., due to geometric frustration). This arises as a consequence
of the bicolorability of the underlying honeycomb lattice. For
the spin-2 case, as already mentioned, certain combinations of
POVM outcomes do not occur, i.e., have probability 0. The
underlying spin lattice L (a square lattice) is still bicolorable
but this is no longer the deciding factor.

Let us summarize the procedure to establish the universality
of the spin-2 AKLT state on the square lattice. The general-
ization of it to the diamond lattice is straightfoward but is not
carried out here.

1. Procedure for establishing universality

(1) Use the weight formula in Lemma 1 to sample typical
POVM outcomes.

(2) Apply the thinning procedure in Sec. III C to obtain
associated random planar graphs. (One should not confuse the
thinning procedure with the deletion used in checking the ro-
bustness of the graph connectivity, presented in the next step.)

(3) Check whether there is a traversing path and record the
probability pspan that this occurs. If so, examine how robust the
connectivity in the graphs. To do this, we employ the idea from
percolation, delete every vertex with probability pdelete, and
record the probability pspan that a traversing path still exists.

If we can demonstrate, from the behavior of pspan vs pdelete
for different sizes L, that there is a phase transition (say
at p∗

delete), then according to the theory of percolation, the
graphs that reside in the phase with pdelete < pdelete∗ (a.k.a. the
supercritical phase) contain macroscopic number of traversing
paths. As we demonstrate in Sec. IV B that this is indeed the
case, and hence the random graph states are universal, implying
the original AKLT state is also universal.

III. REDUCTION FROM AKLT STATES
TO GRAPH STATES

Let us define the AKLT state on a square lattice. It is useful
to view the spin-2 particle at each site as consisting of four
virtual qubits. Each virtual qubit forms a singlet state, |φ〉e =
(|01〉 − |10〉)/

√
2, with its corresponding virtual qubit at the

neighboring site, with the singlets indicated by the dotted lines;
see Fig. 1. In order to yield a local five-level spin-2 particle,
a local projection at each site is made from the Hilbert space
of four virtual qubits to their symmetric subspace, which is
isomorphic to the spin-2 Hilbert space [21].

A. Reduction from spin-2 entities to qubits: The generalized
measurement

The POVM we employ consists of three rank-2 elements
and three additional rank-1 elements [32]:

Fα =
√

2
3

(|Sα = 2〉〈Sα = 2| + |Sα = −2〉〈Sα = −2|), (1a)

Kα =
√

1
3

|φ−
α 〉〈φ−

α |, (1b)

FIG. 1. (Color online) (a) AKLT state on the square lattice. Spin
singlets |φ〉e = (|01〉 − |10〉)/

√
2 of two virtual spins-1/2 are located

on the edges of the square lattice, indicated by dashed lines. A
projection at each lattice site onto the symmetric subspace of four
virtual spins creates the AKLT state. (b) Illustration of domains
and virtual qubits inside domains. Five of the domains are labeled:
CC, Cµ1, Cµ2, Cµ3, and Cµ4.

where α = x,y,z and |φ±
α 〉 ≡ (|Sα = 2〉 ± |Sα = −2〉)/

√
2.

The F ’s are a straightforward generalization from the spin-3/2
case [29], but they do not give rise to the completeness relation,
which is required for conservation of probabilities. By adding
K’s, it can be verified that the completeness relation is satisfied,∑

α F †
αFα +

∑
α K†

αKα = 1, i.e., proving that there are only
six possible outcomes associated with Fα=x,y,z and Kα=x,y,z.
A spin-2 particle in state |#〉 that undergoes such a generalized
measurement becomes either Fα|#〉 or Kα|#〉.

The reduced density matrix for a single site of the AKLT
state is a completely mixed state, and therefore, each unwanted
type occurs on average with probability 1/15. We note that the
outcomes of K result in projection to a 1D subspace (instead
of a 2D subspace that could form the basis of a qubit), they
are thus regarded as “undesired” or “unwanted” outcomes.
An unwanted outcome associated with K thus occurs with
probability perr = 3 × 1/15 = 1/5. However, as we see in
Sec. IV A, not all POVM outcomes associated with sets
of {Fα(v),Kβ(w)} occur with nonzero probability, due to the
correlation present in the AKLT state. Below we discuss the
effect of F and K outcomes.

For bicolorable graphs, such as the square lattice, any all-F
POVM outcome can occur. We have previously shown that, in
this case, the postmeasurement state

|G0({F })〉 ∼
⊗

v∈L
Fα(v)|ψAKLT〉 (2)

is an encoded graph state [17,29], whose properties are
described below.

(1) Each domain onL supports a single encoded qubit, i.e.,
the domains D ⊂ L are the sites or vertices of the graph G0,
with the encoding as described in Table I. The encoded qubits
form a graph state |G0〉. When there is no confusion, we do
not distinguish between the graph state |G0〉 and its encoded
version |G0〉 and omit the labeling {F }.

(2) The graph G0 has an edge between vertex v(D) and
vertex v(D′), if the domains D and D′ are connected by an
odd number of edges in L.

(3) Let D be a domain of type T ∈ {x,y,z} with nα

neighboring domains of type α. The stabilizer operators for

012310-3

We see that all locations in a square grid are used. Qubits whose measurement could
potentially depend on prior outcomes are shown in white above. Of those, only the
corrections forming part of the T pattern described rely on feed-forward. Hence all of the
other qubits can be measured simultaneously at the beginning of the computation.

This graph state can be viewed as consisting of lanes which carry the computation
forward, attached to which are ‘hairs’ which introduce extra phases. ‘Shaving o↵’ all of
the hairs reveals a state that has a somewhat similar structure to the brickwork state from
Ref. [6]:

While our primitive computational ‘brick’ doesn’t seem to be particularly canonical,
the fact that it is missing some edges from a square lattice could have advantages when
thinking about space-limited architectures. For instance, after dropping the extra ‘dummy’
qubits i1 and o1 and a bit of folding, the resulting 16-qubit pattern fits into the 17-qubit
‘ninja star’ design of the superconducting chip proposed in [32], which is designed primarily
for implementing a 17-qubit surface code:

This means that a proof of concept for this computational model is potentially close at
hand. Looking at the way the ‘E’-shape implements the T-gate we also see that the middle
‘hair’ is actually not necessary. Removing this qubit allows us to fit a universal brick inside
the superconducting chip of Ref. [25].
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5 DEUTSCHE PHYSIKALISCHE GESELLSCHAFT

Figure 2. Lattice definitions. (a) Elementary cell of the cluster lattice L. one
chain of L (dashed lines), and graph edges (solid lines). (b) A pair of electric (‘e’)
or magnetic (‘m’) holes in the code plane each support an encoded qubit. Z

e/m

and X
e/m

denote the encoded Pauli operators Z and X, respectively.

perpendicular 2D slices provide space for a quantum code. The code which fills this plane after
the mapping of the 3D lattice L on to a 2+1 dimensional one is the surface code [24].

The number of qubits which can be encoded in such a code depends solely on the surface
topology. Here we consider a plane with pairs of holes, creating internal boundaries. A hole is
called ‘magnetic’ if a plaquette of the primal code lattice is removed and ‘electric’ if a plaquette
of the dual code lattice is removed. See figure 2(b). More precisely, a magnetic hole is a plaquette
f where the associated stabilizer generator S!(f) = Z(∂f) is not enforced on the code space,
and an electric hole is a site s where the associated stabilizer S+(s) = X(∂ #s) is not enforced on
the code space (‘#’ denotes the duality transformation in 2D). Each hole is the intersection of a
defect strand in the 3D cluster state with a constant-time slice. Note that the holes are related to
but distinct from the excitations introduced in [16]. For the latter, the respective plaquette or site
operators S!(f), S+(s) are enforced, with eigenvalues of (−1).

A pair of holes supports a qubit. For a pair of magnetic holes f, f ′, the encoded spin
flip operator is X

m = X(c1), with {∂c1} = {#f, #f ′}, and the encoded phase flip operator is
Z

m = Z(c1), with c1
∼= ∂f or c1

∼= ∂f ′. The operator Z(∂f + ∂f ′) is in the code stabilizer S,

Z(∂f + ∂f ′) ∈ S. (4)

For a pair of electric holes s, s′ we have X
e = X(c′

1), with c′
1
∼= ∂#s, Z

e = Z(c1), with {∂c1} =
{s, s′}, and

X(∂#s + ∂#s′) ∈ S. (5)

1.2. The simplest gate

Here we illustrate the relation between quantum gates, quantum correlations and correlation
surfaces (two chains). We choose the simplest possible example: the identity gate.

The identity operation is realized by two parallel strands of defect of the same type. We
consider a block-shaped cluster C ⊂ L for the support of the identity gate. One of the spatial
directions on the cluster is singled out as ‘simulated time’. The two perpendicular slices of the
cluster at the earliest and latest times represent the code surfaces I and O for the encoded qubit,
with I, O ⊂ {C1} being an integer number of elementary cells apart. As before, we ask which
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De!nition 1 (Hypergraph states) Let G ≡ (V, E) be a hypergraph, i.e. a pair of a set V of vertices and a set E of hyp-
eredges, where the number |V| of vertices is n. A hyperedge is a set of vertices. A hypergraph state |G〉 corresponding 
to G is de!ned as

∏| ≡









| +

∈

⊗⟩ ⟩^G CZ ,
e E

e
n

where each |+〉 state is placed on each vertex,

≡ ⊗ − ⊗ | 〉〈 |
∼

∈ ∈
CZ I 2 1 1e

i e
i

i e
i

is the generalized controlled-Z (CZ) gate acting on vertices in the hyperedge e, and Ii is the two-dimensional 
identity gate on the ith qubit.

Note that in this paper, we only consider hypergraph states satisfying 2 ≤ |e| ≤ 3 for all e ∈ E, where |e| is the 
number of vertices in the hyperedge e, because such a restriction is enough for the construction of our hypergraph 
state. When |e| = 2 and 3, the generalized CZ gate becomes the conventional CZ gate CZ ≡ |0〉〈0| ⊗ I + |1〉〈1| ⊗ Z 
and the CCZ gate, respectively. Since the CCZ gate is a non-Cli!ord operation, hypergraph states are out of the 
application range of the Gottesman-Knill theorem.

Pauli-X and Z universal hypergraph state. In this subsection, we give an intuitive idea of how to con-
struct the hypergraph state | 〉Gn

d  that enables n-qubit d-depth universal quantum computing with only adaptive X 
and Z-basis measurements. First, we construct a small hypergraph state | 〉G3

1  that can simulate one-depth quan-
tum computing on three input qubits. Second, by entangling the = ( )m n

3
 small hypergraph states | 〉⊗G m

3
1  and 

several single- and two-qubit states, we construct another hypergraph state | 〉Gn
1  that can simulate one-depth 

quantum computing on n input qubits. Finally, by entangling the d hypergraph states | 〉⊗Gn
d1  and several 

single-qubit states, we de"ne the target hypergraph state | 〉Gn
d  on poly(n, d) qubits that can simulate d-depth quan-

tum computing on n input qubits. #at is, our hypergraph state | 〉Gn
d  realizes universal quantum computing only 

with X and Z-basis measurements.

A hypergraph state for one-depth quantum computing on three input qubits. To simulate 
one-depth quantum computing on three input qubits, we de"ne the hypergraph state | 〉G3

1  on 66 qubits, based on 
the hypergraph G3

1 de"ned in Fig. 1. It satis"es the following theorem:

"eorem 1 "e hypergraph state | 〉G3
1  de!ned by Fig. 1 can simulate any quantum circuit of depth one consisting of 

H and CCZ on three input qubits with adaptive X and Z-basis measurements.
Proof. Our idea is that we embed all nine patterns, Ha ⊗ Hb ⊗ Hc and CCZ, where a, b, c ∈ {0, 1}, of applying quan-
tum gates into the hypergraph state | 〉G3

1  and then select one pattern by adaptive X and Z-basis measurements. 
Below, we show #eorem 1 according to two steps.

Step 1: Simulation of H and CCZ up to byproducts.

Figure 1. #e hypergraph G3
1 to de"ne the hypergraph state | 〉G3

1  simulating any quantum circuit of depth one 
consisting of H and CCZ on three input qubits. #e orange rectangle represents a hyperedge connecting three 
vertices, which corresponds to the CCZ gate. #e black lines represent edges connecting two vertices, which 
correspond to the CZ gates. #e hypergraph G3

1 has 66 vertices and is separated into "ve regions. In addition, the 
fourth region is also separated into three parts. Each circled number represents the number of each region. 
Since input (blue) and output (yellow) qubits are prepared in the "rst and the "%h regions, we call them the 
input and output regions, respectively. For example, if we simulate the CCZ gate using | 〉G3

1 , the three input 
qubits corresponding to three blue vertices are "nally teleported to three output qubits corresponding to three 
yellow vertices while CCZ is applied.
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Usefulness of hypergraph states

Due to the Gottesman-Knill theorem, 
it is impossible for graph states.

[J. Miller and A. Miyake, 
npj Quantum Inf. 2, 16036 (2016).]

Trivial 2D SPTO of the 2D cluster state
In this section, we determine the SPTO signature of the 2D cluster
state, stated in Theorem 1.
Theorem 1. The SPTO signature of the 2D cluster state with

respect to on-site Z2ð Þ4 symmetry is Ω Cð Þ
2 ¼ 0 ; 1; 1 ; 0h ih i,

corresponding to trivial 2D SPTO and nontrivial 1D SPTO.
The on-site Z2ð Þ4 symmetry of the cluster state comes from

treating a 2× 2 unit cell as a single site, as shown in Figure 2a. We
refer to the four qubits within a unit cell by the labels NW, NE, SE
and SW. From Equation (1) , we see that the global application of X
to any of these four classes of qubits preserves the cluster state
stabilisers, giving the system Z2ð Þ4 on-site symmetry. This is the
largest on-site symmetry group of the cluster state, and its SPTO
phase with respect to this group sets its SPTO phase with respect
to any on-site symmetry subgroup. We do not discuss SPTO of the
2D cluster state with respect to time reversal, inversion, or lattice
rotations, as these symmetries would not alter Theorem 1.
We prove the 2D part of Theorem 1 by constructing a

finite-depth quantum circuit, shown in Figure 2b, whose gates
each respect the on-site symmetry of the cluster state, but which
disentangles the state to a trivial product state. As the 2D
component of a state’s SPTO signature is invariant under local
symmetric quantum circuits,18 this suffices to prove our claim.
A more careful analysis of the 2D cluster state is needed in order
to prove its nontrivial 1D SPTO. In the Supplementary Information
Section C, we study a projected entangled pair state (PEPS)38

representation of the cluster state, which lets us characterise the
transformation of its boundary under the Z2ð Þ4 symmetry.37 We
find that individual sites along both horizontal and vertical
boundaries transform under a projective representation of Z2ð Þ4,
giving us a ‘smoking gun’ indication of nontrivial 1D SPTO. This
fact, demonstrated rigorously in the Supplementary Information
Section C, completes our proof of Theorem 1.
Importantly, a similar analysis of edge modes can be used to

prove results analogous to Theorem 1 for many other known
universal resource states, including cluster states defined on
various lattices4 and certain 2D AKLT states.10–15 In this sense,
the impact of Theorem 1 is that not just the cluster state, but in
fact the majority of commonly studied universal resource states,
are characterised by the absence of 2D SPTO, with at most
nontrivial 1D SPTO.

The resource state with nontrivial 2D SPTO
In this section, we present a new MQC resource state that is both
Pauli universal and possesses nontrivial 2D SPTO, as summarised
in Theorem 2. This is in contrast to the 2D cluster state, which is
universal but not Pauli universal, and only possesses 1D SPTO. Our
‘Union Jack’ resource state is composed of qubits, each of which is
located at a vertex of the Union Jack lattice shown in Figure 3a. It
is constructed by preparing a þXj i state at every vertex, and then
applying a three-body doubly controlled-Z unitary operation, CCZ,
to every triangular cell in the lattice. CCZ is diagonal in the qubits’
computational basis with non-zero matrix elements

i1i2i3h jCCZ i1i2i3j i ¼ - 1; if ði1; i2; i3Þ ¼ 1; 1; 1ð Þ;
þ1; otherwise;

!
ð2Þ

and belongs to the 3rd level of the Clifford hierarchy C3.
The stabilisers generated by these gates are

S ið Þ
UJ ¼ X ið Þ %

j;kð ÞA tri ið Þ
CZ j;kð Þ; ð3Þ

where (j, k)∈ tri (i) refers to all pairs of sites (j, k) that, together with
i, form a triangle in the lattice of Figure 3a. Our resource state ψUJj i
is the unique state satisfying S ið Þ

UJ ψUJj i ¼ ψUJj i for i= 1, 2, …, n.
Note, however, that it is not a so-called stabiliser state because its
stabiliser group is not contained in the n-qubit Pauli group.
Our resource state is an example of a ‘renormalisation group

fixed point’ state used previously to study properties of Z2 SPTO,
18

and consequently has Z2 symmetry. However, if we redefine a
single site of our system to be a particular 2× 2 unit cell (shown in
Figure 3a), then our system in fact has Z2ð Þ3 symmetry. With
respect to this latter group, our resource state can be seen as an
example of a d= 2 decorated domain wall state,39 a method for
creating systems with d-dimensional Z2 ´G SPTO in terms of
systems with (d− 1)-dimensional G SPTO (here G ¼ Z2ð Þ2). We
should, however, emphasise the importance of our state being
defined on the Union Jack lattice for proving Theorem 2, as the 2D
state in refs 18,39 is essentially defined on a triangular lattice, so
that it disallows the intersection of domain walls under the
procedure we use below for locally converting to a graph
state,40,41 and thus may not be a universal resource state. On
the other hand, our state is also an example of a generalisation of
graph states, called hypergraph states in the quantum information

Figure 2. (a) Part of the 2D cluster state on a square lattice, with 2× 2
unit cells shown. The four generators of the Z2ð Þ4 on-site symmetry
are labelled. (b) Part of the circuit which disentangles the 2D cluster
state. Solid lines indicate a CZ applied between two sites. The gate
VE is shown in centre, which is the product of 6 CZ operations
between sites (4, 8), (8, 12), (12, 14), (14, 10), (10, 6) and (6, 4). Also
shown are portions of the VE gates directly above and below.
Because of the ‘diagonal’ CZ’s of adjacent VE’s cancelling, a global
tiling of these gates applies CZ between all adjacent NE and SE sites.
This tiling is done in two layers, so that the gates in each layer do
not overlap. By applying displaced and rotated versions of these
gates, we arrive at a symmetry-respecting circuit of depth 8, which
disentangles the 2D cluster state to a trivial product state.

Figure 3. (a) The Union Jack lattice on which our resource state is
defined. Every vertex represents a qubit initialised in a þXj i state,
and every triangular cell represents an applied three-body unitary
CCZ. A 2× 2 unit cell is shown, with respect to which our system has
Z2ð Þ3 symmetry generated by X applied to sites a,b or c. The Z2

symmetry of this state is a subgroup of Z2ð Þ3 generated by applying
X to all sites. (b) Measuring the control sites (red) in the
computational basis collapses the remaining system into a random
graph state. The edges of the graph lie on the ‘domain walls’
between different control site outcomes.
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FIG. 2. (a) Denoting the four-qubit hypergraph state with
hyperedges E = {{1, 2, 4}, {2, 3, 4}, {1, 3, 4}} with the vertex
and the box. (b) Pauli-X measurements on vertices 1, 2, 3 by
Pauli-X measurement on the box.
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FIG. 3. Pauli-X-measurements on the given hypergraph
states result in graph states, with a Hadamard gate applied
to its vertex 5. All dashed lines (depicting byproducts) ap-
pear additionally if the product of measurement outcomes on
vertices 1, 2, 3 is �1. (a) Pauli-Z byproduct. (b) Pauli-Z and
CZ byproducts.

non-trivial Pauli-X measurement rule on three-uniform
hypergraph states, we achieve deterministic teleportation
via projecting on CZ gates with unit probability.

Note that Pauli-X measurement on a graph state al-
ways projects onto a graph state, up to local unitary
transformations [50]. For hypergraph states, only Pauli-
Z measurement rule is known [17], while Pauli-X mea-
surements lead, in general, out of the hypergraph state
space. In the Appendix A, we give a su�cient criterion
and a rule for Pauli-X measurements to map hypergraph
states to hypergraph states. This rule for general hy-
pergraph states entirely captures the known graph state
case. It can be derived by the well-known local com-
plementation rule generalized for hypergraph states [37].
Here we only give couple of examples needed later for
MBQC protocol (See Appendix for more).

For ease of notation, we draw a box instead of three
vertices V = {1, 2, 3} and connect it with an edge to an-
other vertex k (� 4) [see Fig. 2 (a)], if every two out of
those three vertices are in a three-qubit hyperedge with
the vertex k. In addition, we say that a box is measured
in the M-basis if all three qubits {1, 2, 3} are measured
in the M-basis [see Fig. 2 (b), where M = X]. The main
two examples of measurement rules are presented in Fig.
3 (a) and (b), where the post-measurement states are
graph states with unit probability. By direct inspection
one can check that there are only two possible local Clif-
ford equivalent post-measurement states when M = X.

(a)

(b)
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FIG. 4. (a) The universal resource state composed of elements
on Fig. 3 (a) and (b). (b) Resource state obtained after mea-
suring all boxes in Pauli-X bases, except the ones attached to
three qubits surrounded by a hyperedge. All dashed circles
represent Pauli-Z byproducts.

IV. UNIVERSAL RESOURCE STATE AND
MBQC SCHEME

Theorem 1. Based on the hypergraph state of Fig. 4 (a),

we propose MBQC with the following features: (i) it is

universal using only Pauli measurements, (ii) it is de-

terministic, (iii) it allows parallel implementations of all

logical CCZ and SWAP gates, among the universal gate

set by CCZ, SWAP, and Hadamard gates, and (iv) its

computational logical depth is the number of global layers

of logical Hadamard gates.

We discuss the points in Theorem 1 individually:
(i) Universality with Pauli measurements only: For the
universal gate set we choose CCZ and Hadamard gates.
We realize the CCZ gate on arbitrary qubits in two steps:
a nearest neighbor CCZ gate (CCZnn) and a SWAP

gate, swapping an order of inputs. Here we assume that
information flows from the bottom to the top.
As a first step we measure almost all boxes in Pauli-X

basis, except the ones attached to the horizontal three
vertices surrounded by a hyperedge CCZ. As a result
we get graph edges connecting di↵erent parts of the new
state, see the transition from Fig. 4 (a) to (b). Getting
these graph edges is a crucial step, since it is partially
responsible for (ii) determinism of the protocol. We use
the resource in Fig. 5 to implement the CCZnn gate. For
CCZnn gate implementation we have to secure indepen-

H

H

H

X X X

Z

Z

Z

:=
Z

CCZ
nn

H

FIG. 5. A nearest-neighbor CCZ gate is implemented up to
{Z,CZ} byproducts. See the Appendix B for details.

The MBQC on graph states can apply 
Clifford gates in parallel.



Usefulness of hypergraph states

Due to the Gottesman-Knill theorem, 
it is impossible for graph states.

[J. Miller and A. Miyake, 
npj Quantum Inf. 2, 16036 (2016).]

Trivial 2D SPTO of the 2D cluster state
In this section, we determine the SPTO signature of the 2D cluster
state, stated in Theorem 1.
Theorem 1. The SPTO signature of the 2D cluster state with

respect to on-site Z2ð Þ4 symmetry is Ω Cð Þ
2 ¼ 0 ; 1; 1 ; 0h ih i,

corresponding to trivial 2D SPTO and nontrivial 1D SPTO.
The on-site Z2ð Þ4 symmetry of the cluster state comes from

treating a 2× 2 unit cell as a single site, as shown in Figure 2a. We
refer to the four qubits within a unit cell by the labels NW, NE, SE
and SW. From Equation (1) , we see that the global application of X
to any of these four classes of qubits preserves the cluster state
stabilisers, giving the system Z2ð Þ4 on-site symmetry. This is the
largest on-site symmetry group of the cluster state, and its SPTO
phase with respect to this group sets its SPTO phase with respect
to any on-site symmetry subgroup. We do not discuss SPTO of the
2D cluster state with respect to time reversal, inversion, or lattice
rotations, as these symmetries would not alter Theorem 1.
We prove the 2D part of Theorem 1 by constructing a

finite-depth quantum circuit, shown in Figure 2b, whose gates
each respect the on-site symmetry of the cluster state, but which
disentangles the state to a trivial product state. As the 2D
component of a state’s SPTO signature is invariant under local
symmetric quantum circuits,18 this suffices to prove our claim.
A more careful analysis of the 2D cluster state is needed in order
to prove its nontrivial 1D SPTO. In the Supplementary Information
Section C, we study a projected entangled pair state (PEPS)38

representation of the cluster state, which lets us characterise the
transformation of its boundary under the Z2ð Þ4 symmetry.37 We
find that individual sites along both horizontal and vertical
boundaries transform under a projective representation of Z2ð Þ4,
giving us a ‘smoking gun’ indication of nontrivial 1D SPTO. This
fact, demonstrated rigorously in the Supplementary Information
Section C, completes our proof of Theorem 1.
Importantly, a similar analysis of edge modes can be used to

prove results analogous to Theorem 1 for many other known
universal resource states, including cluster states defined on
various lattices4 and certain 2D AKLT states.10–15 In this sense,
the impact of Theorem 1 is that not just the cluster state, but in
fact the majority of commonly studied universal resource states,
are characterised by the absence of 2D SPTO, with at most
nontrivial 1D SPTO.

The resource state with nontrivial 2D SPTO
In this section, we present a new MQC resource state that is both
Pauli universal and possesses nontrivial 2D SPTO, as summarised
in Theorem 2. This is in contrast to the 2D cluster state, which is
universal but not Pauli universal, and only possesses 1D SPTO. Our
‘Union Jack’ resource state is composed of qubits, each of which is
located at a vertex of the Union Jack lattice shown in Figure 3a. It
is constructed by preparing a þXj i state at every vertex, and then
applying a three-body doubly controlled-Z unitary operation, CCZ,
to every triangular cell in the lattice. CCZ is diagonal in the qubits’
computational basis with non-zero matrix elements

i1i2i3h jCCZ i1i2i3j i ¼ - 1; if ði1; i2; i3Þ ¼ 1; 1; 1ð Þ;
þ1; otherwise;

!
ð2Þ

and belongs to the 3rd level of the Clifford hierarchy C3.
The stabilisers generated by these gates are

S ið Þ
UJ ¼ X ið Þ %

j;kð ÞA tri ið Þ
CZ j;kð Þ; ð3Þ

where (j, k)∈ tri (i) refers to all pairs of sites (j, k) that, together with
i, form a triangle in the lattice of Figure 3a. Our resource state ψUJj i
is the unique state satisfying S ið Þ

UJ ψUJj i ¼ ψUJj i for i= 1, 2, …, n.
Note, however, that it is not a so-called stabiliser state because its
stabiliser group is not contained in the n-qubit Pauli group.
Our resource state is an example of a ‘renormalisation group

fixed point’ state used previously to study properties of Z2 SPTO,
18

and consequently has Z2 symmetry. However, if we redefine a
single site of our system to be a particular 2× 2 unit cell (shown in
Figure 3a), then our system in fact has Z2ð Þ3 symmetry. With
respect to this latter group, our resource state can be seen as an
example of a d= 2 decorated domain wall state,39 a method for
creating systems with d-dimensional Z2 ´G SPTO in terms of
systems with (d− 1)-dimensional G SPTO (here G ¼ Z2ð Þ2). We
should, however, emphasise the importance of our state being
defined on the Union Jack lattice for proving Theorem 2, as the 2D
state in refs 18,39 is essentially defined on a triangular lattice, so
that it disallows the intersection of domain walls under the
procedure we use below for locally converting to a graph
state,40,41 and thus may not be a universal resource state. On
the other hand, our state is also an example of a generalisation of
graph states, called hypergraph states in the quantum information

Figure 2. (a) Part of the 2D cluster state on a square lattice, with 2× 2
unit cells shown. The four generators of the Z2ð Þ4 on-site symmetry
are labelled. (b) Part of the circuit which disentangles the 2D cluster
state. Solid lines indicate a CZ applied between two sites. The gate
VE is shown in centre, which is the product of 6 CZ operations
between sites (4, 8), (8, 12), (12, 14), (14, 10), (10, 6) and (6, 4). Also
shown are portions of the VE gates directly above and below.
Because of the ‘diagonal’ CZ’s of adjacent VE’s cancelling, a global
tiling of these gates applies CZ between all adjacent NE and SE sites.
This tiling is done in two layers, so that the gates in each layer do
not overlap. By applying displaced and rotated versions of these
gates, we arrive at a symmetry-respecting circuit of depth 8, which
disentangles the 2D cluster state to a trivial product state.

Figure 3. (a) The Union Jack lattice on which our resource state is
defined. Every vertex represents a qubit initialised in a þXj i state,
and every triangular cell represents an applied three-body unitary
CCZ. A 2× 2 unit cell is shown, with respect to which our system has
Z2ð Þ3 symmetry generated by X applied to sites a,b or c. The Z2

symmetry of this state is a subgroup of Z2ð Þ3 generated by applying
X to all sites. (b) Measuring the control sites (red) in the
computational basis collapses the remaining system into a random
graph state. The edges of the graph lie on the ‘domain walls’
between different control site outcomes.
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Fact 1

Any quantum computation (with classical output) can be realized by combining
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H ⌘ |+ih0|+ |�ih1|
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<latexit sha1_base64="tiD7Nk16mdTX6z5uB4T4KGX0hI0=">AAACF3icbVDLSgMxFM3UV62vUZdugkUQhDIjoi6LbnRXwT6gU0omvW1DM5kxyRTKTP/Cjb/ixoUibnXn35hOu9DWA5d7OOdeknv8iDOlHefbyi0tr6yu5dcLG5tb2zv27l5NhbGkUKUhD2XDJwo4E1DVTHNoRBJI4HOo+4PriV8fglQsFPd6FEErID3BuowSbaS2Xbr14CFmw9TxJBE9Dh7PGnbSk9Sd09y0bRedkpMBLxJ3Ropohkrb/vI6IY0DEJpyolTTdSLdSojUjHIYF7xYQUTogPSgaaggAahWkt01xkdG6eBuKE0JjTP190ZCAqVGgW8mA6L7at6biP95zVh3L1sJE1GsQdDpQ92YYx3iSUi4wyRQzUeGECqZ+SumfSIJ1SbKggnBnT95kdROS+55yb07K5avZnHk0QE6RMfIRReojG5QBVURRY/oGb2iN+vJerHerY/paM6a7eyjP7A+fwDQt5+x</latexit>

I ⌘ |0ih0|+ |1ih1|

<latexit sha1_base64="SibAYpex650F6oqE0YFqXOU1vL8="></latexit>

|±i ⌘
|0i± |1i

p
2

.

[Y. Shi, arXiv:qunt-ph/0205115 (2002).]

[YT, T. Morimae, and M. Hayashi, Sci. Rep. 9, 13585 (2019).]



Fact 1

Any quantum computation (with classical output) can be realized by combining
<latexit sha1_base64="oBwA7Lz68D7X1XQ8kQhlU4bZY3Y=">AAACFnicbVDLSgMxFM3UV62vqks3wSIIpWVGRF0W3XRZwT6gM5RMetuGZjJjkimUab/Cjb/ixoUibsWdf2P6WNjWA5d7OOdeknv8iDOlbfvHSq2tb2xupbczO7t7+wfZw6OaCmNJoUpDHsqGTxRwJqCqmebQiCSQwOdQ9/t3E78+AKlYKB70MAIvIF3BOowSbaRWtlB24TFmg1HelUR0Obh82uxRflRYlLAzamVzdtGeAq8SZ05yaI5KK/vttkMaByA05USppmNH2kuI1IxyGGfcWEFEaJ90oWmoIAEoL5meNcZnRmnjTihNCY2n6t+NhARKDQPfTAZE99SyNxH/85qx7tx4CRNRrEHQ2UOdmGMd4klGuM0kUM2HhhAqmfkrpj0iCdUmyYwJwVk+eZXULorOVdG5v8yVbudxpNEJOkXnyEHXqITKqIKqiKIn9ILe0Lv1bL1aH9bnbDRlzXeO0QKsr19esZ99</latexit>

H ⌘ |+ih0|+ |�ih1|
<latexit sha1_base64="wXarRgK3mup5FBDYOAsFwk9OTFs="></latexit>

CCZ ⌘ |0ih0|⌦ I⌦2 + |1ih1|⌦ CZ
<latexit sha1_base64="tiD7Nk16mdTX6z5uB4T4KGX0hI0=">AAACF3icbVDLSgMxFM3UV62vUZdugkUQhDIjoi6LbnRXwT6gU0omvW1DM5kxyRTKTP/Cjb/ixoUibnXn35hOu9DWA5d7OOdeknv8iDOlHefbyi0tr6yu5dcLG5tb2zv27l5NhbGkUKUhD2XDJwo4E1DVTHNoRBJI4HOo+4PriV8fglQsFPd6FEErID3BuowSbaS2Xbr14CFmw9TxJBE9Dh7PGnbSk9Sd09y0bRedkpMBLxJ3Ropohkrb/vI6IY0DEJpyolTTdSLdSojUjHIYF7xYQUTogPSgaaggAahWkt01xkdG6eBuKE0JjTP190ZCAqVGgW8mA6L7at6biP95zVh3L1sJE1GsQdDpQ92YYx3iSUi4wyRQzUeGECqZ+SumfSIJ1SbKggnBnT95kdROS+55yb07K5avZnHk0QE6RMfIRReojG5QBVURRY/oGb2iN+vJerHerY/paM6a7eyjP7A+fwDQt5+x</latexit>

I ⌘ |0ih0|+ |1ih1|

<latexit sha1_base64="SibAYpex650F6oqE0YFqXOU1vL8="></latexit>

|±i ⌘
|0i± |1i

p
2

.

[Y. Shi, arXiv:qunt-ph/0205115 (2002).]

Our idea: we embed these three quantum gates into a hypergraph state.
<latexit sha1_base64="q8IBjAQ3VMAcUQNJXs2NHGxHPec="></latexit>

| i

<latexit sha1_base64="R7P1U+hePPBb6e8Xy2jElmY/qHE=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomIeix66bEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8P/PbT6g0j+WDmSToR3QoecgZNVZq1Pqlsltx5yCrxMtJGXLU+6Wv3iBmaYTSMEG17npuYvyMKsOZwGmxl2pMKBvTIXYtlTRC7WfzQ6fk3CoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDWz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m6INwVt+eZW0LivedcVrXJWrd3kcBTiFM7gAD26gCjWoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwBn3GM0g==</latexit>

H

<latexit sha1_base64="g001Ww3cqNcDF7aUSr4LtyixFAk=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GOxF48V7Qe2oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1Bqw8GHu/NMDMvSATXxnW/nMLK6tr6RnGztLW9s7tX3j9o6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WBcn/ntR1Sax/LeTBL0IzqUPOSMGivd1esP/XLFrbpzkL/Ey0kFcjT65c/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TEKgMSxsqWNGSu/pzIaKT1JApsZ0TNSC97M/E/r5ua8MrPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW375L2mdVb2Lqnd7Xqld53EU4QiO4RQ8uIQa3EADmsBgCE/wAq+OcJ6dN+d90Vpw8plD+AXn4xvQc41+</latexit>

CCZ

<latexit sha1_base64="71DMhHkJlS/olet9yA/9B1EuEMY=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomIeix60VsL9gPaUDbbSbt2swm7G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hoduq3nlBpHssHM07Qj+hA8pAzaqxUv++Vym7FnYEsEy8nZchR65W+uv2YpRFKwwTVuuO5ifEzqgxnAifFbqoxoWxEB9ixVNIItZ/NDp2QU6v0SRgrW9KQmfp7IqOR1uMosJ0RNUO96E3F/7xOasJrP+MySQ1KNl8UpoKYmEy/Jn2ukBkxtoQyxe2thA2poszYbIo2BG/x5WXSPK94lxWvflGu3uRxFOAYTuAMPLiCKtxBDRrAAOEZXuHNeXRenHfnY9664uQzR/AHzucPoPWM0w==</latexit>

I

<latexit sha1_base64="R7P1U+hePPBb6e8Xy2jElmY/qHE=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomIeix66bEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8P/PbT6g0j+WDmSToR3QoecgZNVZq1Pqlsltx5yCrxMtJGXLU+6Wv3iBmaYTSMEG17npuYvyMKsOZwGmxl2pMKBvTIXYtlTRC7WfzQ6fk3CoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDWz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m6INwVt+eZW0LivedcVrXJWrd3kcBTiFM7gAD26gCjWoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwBn3GM0g==</latexit>

H

<latexit sha1_base64="g001Ww3cqNcDF7aUSr4LtyixFAk=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GOxF48V7Qe2oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1Bqw8GHu/NMDMvSATXxnW/nMLK6tr6RnGztLW9s7tX3j9o6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WBcn/ntR1Sax/LeTBL0IzqUPOSMGivd1esP/XLFrbpzkL/Ey0kFcjT65c/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TEKgMSxsqWNGSu/pzIaKT1JApsZ0TNSC97M/E/r5ua8MrPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW375L2mdVb2Lqnd7Xqld53EU4QiO4RQ8uIQa3EADmsBgCE/wAq+OcJ6dN+d90Vpw8plD+AXn4xvQc41+</latexit>

CCZ

<latexit sha1_base64="71DMhHkJlS/olet9yA/9B1EuEMY=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomIeix60VsL9gPaUDbbSbt2swm7G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hoduq3nlBpHssHM07Qj+hA8pAzaqxUv++Vym7FnYEsEy8nZchR65W+uv2YpRFKwwTVuuO5ifEzqgxnAifFbqoxoWxEB9ixVNIItZ/NDp2QU6v0SRgrW9KQmfp7IqOR1uMosJ0RNUO96E3F/7xOasJrP+MySQ1KNl8UpoKYmEy/Jn2ukBkxtoQyxe2thA2poszYbIo2BG/x5WXSPK94lxWvflGu3uRxFOAYTuAMPLiCKtxBDRrAAOEZXuHNeXRenHfnY9664uQzR/AHzucPoPWM0w==</latexit>

I

<latexit sha1_base64="R7P1U+hePPBb6e8Xy2jElmY/qHE=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomIeix66bEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8P/PbT6g0j+WDmSToR3QoecgZNVZq1Pqlsltx5yCrxMtJGXLU+6Wv3iBmaYTSMEG17npuYvyMKsOZwGmxl2pMKBvTIXYtlTRC7WfzQ6fk3CoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDWz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m6INwVt+eZW0LivedcVrXJWrd3kcBTiFM7gAD26gCjWoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwBn3GM0g==</latexit>

H

<latexit sha1_base64="g001Ww3cqNcDF7aUSr4LtyixFAk=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GOxF48V7Qe2oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1Bqw8GHu/NMDMvSATXxnW/nMLK6tr6RnGztLW9s7tX3j9o6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WBcn/ntR1Sax/LeTBL0IzqUPOSMGivd1esP/XLFrbpzkL/Ey0kFcjT65c/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TEKgMSxsqWNGSu/pzIaKT1JApsZ0TNSC97M/E/r5ua8MrPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW375L2mdVb2Lqnd7Xqld53EU4QiO4RQ8uIQa3EADmsBgCE/wAq+OcJ6dN+d90Vpw8plD+AXn4xvQc41+</latexit>

CCZ

<latexit sha1_base64="71DMhHkJlS/olet9yA/9B1EuEMY=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomIeix60VsL9gPaUDbbSbt2swm7G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hoduq3nlBpHssHM07Qj+hA8pAzaqxUv++Vym7FnYEsEy8nZchR65W+uv2YpRFKwwTVuuO5ifEzqgxnAifFbqoxoWxEB9ixVNIItZ/NDp2QU6v0SRgrW9KQmfp7IqOR1uMosJ0RNUO96E3F/7xOasJrP+MySQ1KNl8UpoKYmEy/Jn2ukBkxtoQyxe2thA2poszYbIo2BG/x5WXSPK94lxWvflGu3uRxFOAYTuAMPLiCKtxBDRrAAOEZXuHNeXRenHfnY9664uQzR/AHzucPoPWM0w==</latexit>

I

[YT, T. Morimae, and M. Hayashi, Sci. Rep. 9, 13585 (2019).]



Fact 1

Any quantum computation (with classical output) can be realized by combining
<latexit sha1_base64="oBwA7Lz68D7X1XQ8kQhlU4bZY3Y=">AAACFnicbVDLSgMxFM3UV62vqks3wSIIpWVGRF0W3XRZwT6gM5RMetuGZjJjkimUab/Cjb/ixoUibsWdf2P6WNjWA5d7OOdeknv8iDOlbfvHSq2tb2xupbczO7t7+wfZw6OaCmNJoUpDHsqGTxRwJqCqmebQiCSQwOdQ9/t3E78+AKlYKB70MAIvIF3BOowSbaRWtlB24TFmg1HelUR0Obh82uxRflRYlLAzamVzdtGeAq8SZ05yaI5KK/vttkMaByA05USppmNH2kuI1IxyGGfcWEFEaJ90oWmoIAEoL5meNcZnRmnjTihNCY2n6t+NhARKDQPfTAZE99SyNxH/85qx7tx4CRNRrEHQ2UOdmGMd4klGuM0kUM2HhhAqmfkrpj0iCdUmyYwJwVk+eZXULorOVdG5v8yVbudxpNEJOkXnyEHXqITKqIKqiKIn9ILe0Lv1bL1aH9bnbDRlzXeO0QKsr19esZ99</latexit>

H ⌘ |+ih0|+ |�ih1|
<latexit sha1_base64="wXarRgK3mup5FBDYOAsFwk9OTFs="></latexit>

CCZ ⌘ |0ih0|⌦ I⌦2 + |1ih1|⌦ CZ
<latexit sha1_base64="tiD7Nk16mdTX6z5uB4T4KGX0hI0=">AAACF3icbVDLSgMxFM3UV62vUZdugkUQhDIjoi6LbnRXwT6gU0omvW1DM5kxyRTKTP/Cjb/ixoUibnXn35hOu9DWA5d7OOdeknv8iDOlHefbyi0tr6yu5dcLG5tb2zv27l5NhbGkUKUhD2XDJwo4E1DVTHNoRBJI4HOo+4PriV8fglQsFPd6FEErID3BuowSbaS2Xbr14CFmw9TxJBE9Dh7PGnbSk9Sd09y0bRedkpMBLxJ3Ropohkrb/vI6IY0DEJpyolTTdSLdSojUjHIYF7xYQUTogPSgaaggAahWkt01xkdG6eBuKE0JjTP190ZCAqVGgW8mA6L7at6biP95zVh3L1sJE1GsQdDpQ92YYx3iSUi4wyRQzUeGECqZ+SumfSIJ1SbKggnBnT95kdROS+55yb07K5avZnHk0QE6RMfIRReojG5QBVURRY/oGb2iN+vJerHerY/paM6a7eyjP7A+fwDQt5+x</latexit>

I ⌘ |0ih0|+ |1ih1|

<latexit sha1_base64="SibAYpex650F6oqE0YFqXOU1vL8="></latexit>

|±i ⌘
|0i± |1i

p
2

.

[Y. Shi, arXiv:qunt-ph/0205115 (2002).]

Our idea: we embed these three quantum gates into a hypergraph state.

<latexit sha1_base64="g001Ww3cqNcDF7aUSr4LtyixFAk=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GOxF48V7Qe2oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1Bqw8GHu/NMDMvSATXxnW/nMLK6tr6RnGztLW9s7tX3j9o6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WBcn/ntR1Sax/LeTBL0IzqUPOSMGivd1esP/XLFrbpzkL/Ey0kFcjT65c/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TEKgMSxsqWNGSu/pzIaKT1JApsZ0TNSC97M/E/r5ua8MrPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW375L2mdVb2Lqnd7Xqld53EU4QiO4RQ8uIQa3EADmsBgCE/wAq+OcJ6dN+d90Vpw8plD+AXn4xvQc41+</latexit>

CCZ
<latexit sha1_base64="g001Ww3cqNcDF7aUSr4LtyixFAk=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GOxF48V7Qe2oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1Bqw8GHu/NMDMvSATXxnW/nMLK6tr6RnGztLW9s7tX3j9o6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WBcn/ntR1Sax/LeTBL0IzqUPOSMGivd1esP/XLFrbpzkL/Ey0kFcjT65c/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TEKgMSxsqWNGSu/pzIaKT1JApsZ0TNSC97M/E/r5ua8MrPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW375L2mdVb2Lqnd7Xqld53EU4QiO4RQ8uIQa3EADmsBgCE/wAq+OcJ6dN+d90Vpw8plD+AXn4xvQc41+</latexit>

CCZ
<latexit sha1_base64="g001Ww3cqNcDF7aUSr4LtyixFAk=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GOxF48V7Qe2oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1Bqw8GHu/NMDMvSATXxnW/nMLK6tr6RnGztLW9s7tX3j9o6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WBcn/ntR1Sax/LeTBL0IzqUPOSMGivd1esP/XLFrbpzkL/Ey0kFcjT65c/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TEKgMSxsqWNGSu/pzIaKT1JApsZ0TNSC97M/E/r5ua8MrPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW375L2mdVb2Lqnd7Xqld53EU4QiO4RQ8uIQa3EADmsBgCE/wAq+OcJ6dN+d90Vpw8plD+AXn4xvQc41+</latexit>

CCZ
<latexit sha1_base64="R7P1U+hePPBb6e8Xy2jElmY/qHE=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomIeix66bEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8P/PbT6g0j+WDmSToR3QoecgZNVZq1Pqlsltx5yCrxMtJGXLU+6Wv3iBmaYTSMEG17npuYvyMKsOZwGmxl2pMKBvTIXYtlTRC7WfzQ6fk3CoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDWz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m6INwVt+eZW0LivedcVrXJWrd3kcBTiFM7gAD26gCjWoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwBn3GM0g==</latexit>

H

<latexit sha1_base64="71DMhHkJlS/olet9yA/9B1EuEMY=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomIeix60VsL9gPaUDbbSbt2swm7G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hoduq3nlBpHssHM07Qj+hA8pAzaqxUv++Vym7FnYEsEy8nZchR65W+uv2YpRFKwwTVuuO5ifEzqgxnAifFbqoxoWxEB9ixVNIItZ/NDp2QU6v0SRgrW9KQmfp7IqOR1uMosJ0RNUO96E3F/7xOasJrP+MySQ1KNl8UpoKYmEy/Jn2ukBkxtoQyxe2thA2poszYbIo2BG/x5WXSPK94lxWvflGu3uRxFOAYTuAMPLiCKtxBDRrAAOEZXuHNeXRenHfnY9664uQzR/AHzucPoPWM0w==</latexit>

I

<latexit sha1_base64="R7P1U+hePPBb6e8Xy2jElmY/qHE=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomIeix66bEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8P/PbT6g0j+WDmSToR3QoecgZNVZq1Pqlsltx5yCrxMtJGXLU+6Wv3iBmaYTSMEG17npuYvyMKsOZwGmxl2pMKBvTIXYtlTRC7WfzQ6fk3CoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDWz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m6INwVt+eZW0LivedcVrXJWrd3kcBTiFM7gAD26gCjWoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwBn3GM0g==</latexit>

H

<latexit sha1_base64="71DMhHkJlS/olet9yA/9B1EuEMY=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomIeix60VsL9gPaUDbbSbt2swm7G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hoduq3nlBpHssHM07Qj+hA8pAzaqxUv++Vym7FnYEsEy8nZchR65W+uv2YpRFKwwTVuuO5ifEzqgxnAifFbqoxoWxEB9ixVNIItZ/NDp2QU6v0SRgrW9KQmfp7IqOR1uMosJ0RNUO96E3F/7xOasJrP+MySQ1KNl8UpoKYmEy/Jn2ukBkxtoQyxe2thA2poszYbIo2BG/x5WXSPK94lxWvflGu3uRxFOAYTuAMPLiCKtxBDRrAAOEZXuHNeXRenHfnY9664uQzR/AHzucPoPWM0w==</latexit>

I

<latexit sha1_base64="R7P1U+hePPBb6e8Xy2jElmY/qHE=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomIeix66bEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8P/PbT6g0j+WDmSToR3QoecgZNVZq1Pqlsltx5yCrxMtJGXLU+6Wv3iBmaYTSMEG17npuYvyMKsOZwGmxl2pMKBvTIXYtlTRC7WfzQ6fk3CoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDWz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m6INwVt+eZW0LivedcVrXJWrd3kcBTiFM7gAD26gCjWoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwBn3GM0g==</latexit>

H

<latexit sha1_base64="71DMhHkJlS/olet9yA/9B1EuEMY=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomIeix60VsL9gPaUDbbSbt2swm7G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hoduq3nlBpHssHM07Qj+hA8pAzaqxUv++Vym7FnYEsEy8nZchR65W+uv2YpRFKwwTVuuO5ifEzqgxnAifFbqoxoWxEB9ixVNIItZ/NDp2QU6v0SRgrW9KQmfp7IqOR1uMosJ0RNUO96E3F/7xOasJrP+MySQ1KNl8UpoKYmEy/Jn2ukBkxtoQyxe2thA2poszYbIo2BG/x5WXSPK94lxWvflGu3uRxFOAYTuAMPLiCKtxBDRrAAOEZXuHNeXRenHfnY9664uQzR/AHzucPoPWM0w==</latexit>

I

<latexit sha1_base64="B4KAgeYxoFdtrodW6rTMOqq1/TU="></latexit>

HCCZ| i

[YT, T. Morimae, and M. Hayashi, Sci. Rep. 9, 13585 (2019).]



Our idea: we embed these three quantum gates into a hypergraph state.

<latexit sha1_base64="g001Ww3cqNcDF7aUSr4LtyixFAk=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GOxF48V7Qe2oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1Bqw8GHu/NMDMvSATXxnW/nMLK6tr6RnGztLW9s7tX3j9o6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WBcn/ntR1Sax/LeTBL0IzqUPOSMGivd1esP/XLFrbpzkL/Ey0kFcjT65c/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TEKgMSxsqWNGSu/pzIaKT1JApsZ0TNSC97M/E/r5ua8MrPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW375L2mdVb2Lqnd7Xqld53EU4QiO4RQ8uIQa3EADmsBgCE/wAq+OcJ6dN+d90Vpw8plD+AXn4xvQc41+</latexit>

CCZ
<latexit sha1_base64="g001Ww3cqNcDF7aUSr4LtyixFAk=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GOxF48V7Qe2oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1Bqw8GHu/NMDMvSATXxnW/nMLK6tr6RnGztLW9s7tX3j9o6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WBcn/ntR1Sax/LeTBL0IzqUPOSMGivd1esP/XLFrbpzkL/Ey0kFcjT65c/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TEKgMSxsqWNGSu/pzIaKT1JApsZ0TNSC97M/E/r5ua8MrPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW375L2mdVb2Lqnd7Xqld53EU4QiO4RQ8uIQa3EADmsBgCE/wAq+OcJ6dN+d90Vpw8plD+AXn4xvQc41+</latexit>

CCZ
<latexit sha1_base64="g001Ww3cqNcDF7aUSr4LtyixFAk=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GOxF48V7Qe2oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1Bqw8GHu/NMDMvSATXxnW/nMLK6tr6RnGztLW9s7tX3j9o6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WBcn/ntR1Sax/LeTBL0IzqUPOSMGivd1esP/XLFrbpzkL/Ey0kFcjT65c/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TEKgMSxsqWNGSu/pzIaKT1JApsZ0TNSC97M/E/r5ua8MrPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW375L2mdVb2Lqnd7Xqld53EU4QiO4RQ8uIQa3EADmsBgCE/wAq+OcJ6dN+d90Vpw8plD+AXn4xvQc41+</latexit>

CCZ
<latexit sha1_base64="R7P1U+hePPBb6e8Xy2jElmY/qHE=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomIeix66bEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8P/PbT6g0j+WDmSToR3QoecgZNVZq1Pqlsltx5yCrxMtJGXLU+6Wv3iBmaYTSMEG17npuYvyMKsOZwGmxl2pMKBvTIXYtlTRC7WfzQ6fk3CoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDWz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m6INwVt+eZW0LivedcVrXJWrd3kcBTiFM7gAD26gCjWoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwBn3GM0g==</latexit>

H

<latexit sha1_base64="71DMhHkJlS/olet9yA/9B1EuEMY=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomIeix60VsL9gPaUDbbSbt2swm7G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hoduq3nlBpHssHM07Qj+hA8pAzaqxUv++Vym7FnYEsEy8nZchR65W+uv2YpRFKwwTVuuO5ifEzqgxnAifFbqoxoWxEB9ixVNIItZ/NDp2QU6v0SRgrW9KQmfp7IqOR1uMosJ0RNUO96E3F/7xOasJrP+MySQ1KNl8UpoKYmEy/Jn2ukBkxtoQyxe2thA2poszYbIo2BG/x5WXSPK94lxWvflGu3uRxFOAYTuAMPLiCKtxBDRrAAOEZXuHNeXRenHfnY9664uQzR/AHzucPoPWM0w==</latexit>

I

<latexit sha1_base64="R7P1U+hePPBb6e8Xy2jElmY/qHE=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomIeix66bEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8P/PbT6g0j+WDmSToR3QoecgZNVZq1Pqlsltx5yCrxMtJGXLU+6Wv3iBmaYTSMEG17npuYvyMKsOZwGmxl2pMKBvTIXYtlTRC7WfzQ6fk3CoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDWz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m6INwVt+eZW0LivedcVrXJWrd3kcBTiFM7gAD26gCjWoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwBn3GM0g==</latexit>

H

<latexit sha1_base64="71DMhHkJlS/olet9yA/9B1EuEMY=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomIeix60VsL9gPaUDbbSbt2swm7G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hoduq3nlBpHssHM07Qj+hA8pAzaqxUv++Vym7FnYEsEy8nZchR65W+uv2YpRFKwwTVuuO5ifEzqgxnAifFbqoxoWxEB9ixVNIItZ/NDp2QU6v0SRgrW9KQmfp7IqOR1uMosJ0RNUO96E3F/7xOasJrP+MySQ1KNl8UpoKYmEy/Jn2ukBkxtoQyxe2thA2poszYbIo2BG/x5WXSPK94lxWvflGu3uRxFOAYTuAMPLiCKtxBDRrAAOEZXuHNeXRenHfnY9664uQzR/AHzucPoPWM0w==</latexit>

I

<latexit sha1_base64="R7P1U+hePPBb6e8Xy2jElmY/qHE=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomIeix66bEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8P/PbT6g0j+WDmSToR3QoecgZNVZq1Pqlsltx5yCrxMtJGXLU+6Wv3iBmaYTSMEG17npuYvyMKsOZwGmxl2pMKBvTIXYtlTRC7WfzQ6fk3CoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDWz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m6INwVt+eZW0LivedcVrXJWrd3kcBTiFM7gAD26gCjWoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwBn3GM0g==</latexit>

H

<latexit sha1_base64="71DMhHkJlS/olet9yA/9B1EuEMY=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomIeix60VsL9gPaUDbbSbt2swm7G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hoduq3nlBpHssHM07Qj+hA8pAzaqxUv++Vym7FnYEsEy8nZchR65W+uv2YpRFKwwTVuuO5ifEzqgxnAifFbqoxoWxEB9ixVNIItZ/NDp2QU6v0SRgrW9KQmfp7IqOR1uMosJ0RNUO96E3F/7xOasJrP+MySQ1KNl8UpoKYmEy/Jn2ukBkxtoQyxe2thA2poszYbIo2BG/x5WXSPK94lxWvflGu3uRxFOAYTuAMPLiCKtxBDRrAAOEZXuHNeXRenHfnY9664uQzR/AHzucPoPWM0w==</latexit>

I

<latexit sha1_base64="B4KAgeYxoFdtrodW6rTMOqq1/TU="></latexit>

HCCZ| i

We realize

• “Moving” operation

• “Cutting” operation

by using MBQC on hypergraph states.

[YT, T. Morimae, and M. Hayashi, Sci. Rep. 9, 13585 (2019).]



Fact 2: Gate teleportation & break operation

• Gate teleportation (“moving” operation)

• Break operation (“cutting” operation)

[R. Raussendorf and H. J. Briegel, Phys. Rev. Lett. 86, 5188 (2001).]

<latexit sha1_base64="35B6lY4xy7OUOlKAmH3jyYW+MQA=">AAAB6HicdVDJSgNBEO1xjXGLevTSGARPoTtIllvQi8cEzALJEHo6NUmbnoXuHiEM+QIvHhTx6id582/sSSKo6IOCx3tVVNXzYim0IeTDWVvf2Nzazu3kd/f2Dw4LR8cdHSWKQ5tHMlI9j2mQIoS2EUZCL1bAAk9C15teZ373HpQWUXhrZjG4ARuHwhecGSu1esNCkZQIIZRSnBFarRBL6vVamdYwzSyLIlqhOSy8D0YRTwIIDZdM6z4lsXFTpozgEub5QaIhZnzKxtC3NGQBaDddHDrH51YZYT9StkKDF+r3iZQFWs8Cz3YGzEz0by8T//L6ifFrbirCODEQ8uUiP5HYRDj7Go+EAm7kzBLGlbC3Yj5hinFjs8nbEL4+xf+TTrlEKyXauiw2rlZx5NApOkMXiKIqaqAb1ERtxBGgB/SEnp0759F5cV6XrWvOauYE/YDz9gkEto0Y</latexit>

X
H| i

<latexit sha1_base64="xuyVNTvwFN13hXYzCEGxAJ+x6EY="></latexit><latexit sha1_base64="xuyVNTvwFN13hXYzCEGxAJ+x6EY="></latexit><latexit sha1_base64="xuyVNTvwFN13hXYzCEGxAJ+x6EY="></latexit><latexit sha1_base64="xuyVNTvwFN13hXYzCEGxAJ+x6EY="></latexit>

| i
<latexit sha1_base64="28XfF90KGOpdVx/Lk+dZsBxL2sE="></latexit><latexit sha1_base64="28XfF90KGOpdVx/Lk+dZsBxL2sE="></latexit><latexit sha1_base64="28XfF90KGOpdVx/Lk+dZsBxL2sE="></latexit><latexit sha1_base64="28XfF90KGOpdVx/Lk+dZsBxL2sE="></latexit>

<latexit sha1_base64="L8xtx3xiH03+hHYIOthWrUSpC2I=">AAAB8HicbVBNS8NAEJ34WetX1aOXxSIIQklE1GPRi8cK9kPaUDbbSbt0swm7G6HE/govHhTx6s/x5r9x2+agrQ8GHu/NMDMvSATXxnW/naXlldW19cJGcXNre2e3tLff0HGqGNZZLGLVCqhGwSXWDTcCW4lCGgUCm8HwZuI3H1FpHst7M0rQj2hf8pAzaqz08HTaUVT2BXZLZbfiTkEWiZeTMuSodUtfnV7M0gilYYJq3fbcxPgZVYYzgeNiJ9WYUDakfWxbKmmE2s+mB4/JsVV6JIyVLWnIVP09kdFI61EU2M6ImoGe9ybif147NeGVn3GZpAYlmy0KU0FMTCbfkx5XyIwYWUKZ4vZWwgZUUWZsRkUbgjf/8iJpnFW8i4p3d16uXudxFOAQjuAEPLiEKtxCDerAIIJneIU3RzkvzrvzMWtdcvKZA/gD5/MHr2qQVg==</latexit>

|+i

Z
<latexit sha1_base64="ixF3Nv4mlWzV4mwJ6/tc+vUVhwU="></latexit><latexit sha1_base64="ixF3Nv4mlWzV4mwJ6/tc+vUVhwU="></latexit><latexit sha1_base64="ixF3Nv4mlWzV4mwJ6/tc+vUVhwU="></latexit><latexit sha1_base64="ixF3Nv4mlWzV4mwJ6/tc+vUVhwU="></latexit>

| i
<latexit sha1_base64="28XfF90KGOpdVx/Lk+dZsBxL2sE="></latexit><latexit sha1_base64="28XfF90KGOpdVx/Lk+dZsBxL2sE="></latexit><latexit sha1_base64="28XfF90KGOpdVx/Lk+dZsBxL2sE="></latexit><latexit sha1_base64="28XfF90KGOpdVx/Lk+dZsBxL2sE="></latexit>

| i
<latexit sha1_base64="28XfF90KGOpdVx/Lk+dZsBxL2sE="></latexit><latexit sha1_base64="28XfF90KGOpdVx/Lk+dZsBxL2sE="></latexit><latexit sha1_base64="28XfF90KGOpdVx/Lk+dZsBxL2sE="></latexit><latexit sha1_base64="28XfF90KGOpdVx/Lk+dZsBxL2sE="></latexit>

<latexit sha1_base64="L8xtx3xiH03+hHYIOthWrUSpC2I=">AAAB8HicbVBNS8NAEJ34WetX1aOXxSIIQklE1GPRi8cK9kPaUDbbSbt0swm7G6HE/govHhTx6s/x5r9x2+agrQ8GHu/NMDMvSATXxnW/naXlldW19cJGcXNre2e3tLff0HGqGNZZLGLVCqhGwSXWDTcCW4lCGgUCm8HwZuI3H1FpHst7M0rQj2hf8pAzaqz08HTaUVT2BXZLZbfiTkEWiZeTMuSodUtfnV7M0gilYYJq3fbcxPgZVYYzgeNiJ9WYUDakfWxbKmmE2s+mB4/JsVV6JIyVLWnIVP09kdFI61EU2M6ImoGe9ybif147NeGVn3GZpAYlmy0KU0FMTCbfkx5XyIwYWUKZ4vZWwgZUUWZsRkUbgjf/8iJpnFW8i4p3d16uXudxFOAQjuAEPLiEKtxCDerAIIJneIU3RzkvzrvzMWtdcvKZA/gD5/MHr2qQVg==</latexit>

|+i

[YT, T. Morimae, and M. Hayashi, Sci. Rep. 9, 13585 (2019).]



Output stateInput state

[YT, T. Morimae, and M. Hayashi, Sci. Rep. 9, 13585 (2019).]

<latexit sha1_base64="R7P1U+hePPBb6e8Xy2jElmY/qHE=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomIeix66bEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8P/PbT6g0j+WDmSToR3QoecgZNVZq1Pqlsltx5yCrxMtJGXLU+6Wv3iBmaYTSMEG17npuYvyMKsOZwGmxl2pMKBvTIXYtlTRC7WfzQ6fk3CoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDWz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m6INwVt+eZW0LivedcVrXJWrd3kcBTiFM7gAD26gCjWoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwBn3GM0g==</latexit>

H

<latexit sha1_base64="g001Ww3cqNcDF7aUSr4LtyixFAk=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GOxF48V7Qe2oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1Bqw8GHu/NMDMvSATXxnW/nMLK6tr6RnGztLW9s7tX3j9o6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WBcn/ntR1Sax/LeTBL0IzqUPOSMGivd1esP/XLFrbpzkL/Ey0kFcjT65c/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TEKgMSxsqWNGSu/pzIaKT1JApsZ0TNSC97M/E/r5ua8MrPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW375L2mdVb2Lqnd7Xqld53EU4QiO4RQ8uIQa3EADmsBgCE/wAq+OcJ6dN+d90Vpw8plD+AXn4xvQc41+</latexit>

CCZ

<latexit sha1_base64="71DMhHkJlS/olet9yA/9B1EuEMY=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomIeix60VsL9gPaUDbbSbt2swm7G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hoduq3nlBpHssHM07Qj+hA8pAzaqxUv++Vym7FnYEsEy8nZchR65W+uv2YpRFKwwTVuuO5ifEzqgxnAifFbqoxoWxEB9ixVNIItZ/NDp2QU6v0SRgrW9KQmfp7IqOR1uMosJ0RNUO96E3F/7xOasJrP+MySQ1KNl8UpoKYmEy/Jn2ukBkxtoQyxe2thA2poszYbIo2BG/x5WXSPK94lxWvflGu3uRxFOAYTuAMPLiCKtxBDRrAAOEZXuHNeXRenHfnY9664uQzR/AHzucPoPWM0w==</latexit>

I



Break operation

Output stateInput state

Z
<latexit sha1_base64="ixF3Nv4mlWzV4mwJ6/tc+vUVhwU="></latexit><latexit sha1_base64="ixF3Nv4mlWzV4mwJ6/tc+vUVhwU="></latexit><latexit sha1_base64="ixF3Nv4mlWzV4mwJ6/tc+vUVhwU="></latexit><latexit sha1_base64="ixF3Nv4mlWzV4mwJ6/tc+vUVhwU="></latexit>

Z
<latexit sha1_base64="ixF3Nv4mlWzV4mwJ6/tc+vUVhwU="></latexit><latexit sha1_base64="ixF3Nv4mlWzV4mwJ6/tc+vUVhwU="></latexit><latexit sha1_base64="ixF3Nv4mlWzV4mwJ6/tc+vUVhwU="></latexit><latexit sha1_base64="ixF3Nv4mlWzV4mwJ6/tc+vUVhwU="></latexit>

Z
<latexit sha1_base64="ixF3Nv4mlWzV4mwJ6/tc+vUVhwU="></latexit><latexit sha1_base64="ixF3Nv4mlWzV4mwJ6/tc+vUVhwU="></latexit><latexit sha1_base64="ixF3Nv4mlWzV4mwJ6/tc+vUVhwU="></latexit><latexit sha1_base64="ixF3Nv4mlWzV4mwJ6/tc+vUVhwU="></latexit>

Z
<latexit sha1_base64="ixF3Nv4mlWzV4mwJ6/tc+vUVhwU="></latexit><latexit sha1_base64="ixF3Nv4mlWzV4mwJ6/tc+vUVhwU="></latexit><latexit sha1_base64="ixF3Nv4mlWzV4mwJ6/tc+vUVhwU="></latexit><latexit sha1_base64="ixF3Nv4mlWzV4mwJ6/tc+vUVhwU="></latexit>

Z
<latexit sha1_base64="ixF3Nv4mlWzV4mwJ6/tc+vUVhwU="></latexit><latexit sha1_base64="ixF3Nv4mlWzV4mwJ6/tc+vUVhwU="></latexit><latexit sha1_base64="ixF3Nv4mlWzV4mwJ6/tc+vUVhwU="></latexit><latexit sha1_base64="ixF3Nv4mlWzV4mwJ6/tc+vUVhwU="></latexit>

<latexit sha1_base64="R7P1U+hePPBb6e8Xy2jElmY/qHE=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomIeix66bEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8P/PbT6g0j+WDmSToR3QoecgZNVZq1Pqlsltx5yCrxMtJGXLU+6Wv3iBmaYTSMEG17npuYvyMKsOZwGmxl2pMKBvTIXYtlTRC7WfzQ6fk3CoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDWz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m6INwVt+eZW0LivedcVrXJWrd3kcBTiFM7gAD26gCjWoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwBn3GM0g==</latexit>

H

<latexit sha1_base64="g001Ww3cqNcDF7aUSr4LtyixFAk=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GOxF48V7Qe2oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1Bqw8GHu/NMDMvSATXxnW/nMLK6tr6RnGztLW9s7tX3j9o6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WBcn/ntR1Sax/LeTBL0IzqUPOSMGivd1esP/XLFrbpzkL/Ey0kFcjT65c/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TEKgMSxsqWNGSu/pzIaKT1JApsZ0TNSC97M/E/r5ua8MrPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW375L2mdVb2Lqnd7Xqld53EU4QiO4RQ8uIQa3EADmsBgCE/wAq+OcJ6dN+d90Vpw8plD+AXn4xvQc41+</latexit>

CCZ

<latexit sha1_base64="71DMhHkJlS/olet9yA/9B1EuEMY=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomIeix60VsL9gPaUDbbSbt2swm7G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hoduq3nlBpHssHM07Qj+hA8pAzaqxUv++Vym7FnYEsEy8nZchR65W+uv2YpRFKwwTVuuO5ifEzqgxnAifFbqoxoWxEB9ixVNIItZ/NDp2QU6v0SRgrW9KQmfp7IqOR1uMosJ0RNUO96E3F/7xOasJrP+MySQ1KNl8UpoKYmEy/Jn2ukBkxtoQyxe2thA2poszYbIo2BG/x5WXSPK94lxWvflGu3uRxFOAYTuAMPLiCKtxBDRrAAOEZXuHNeXRenHfnY9664uQzR/AHzucPoPWM0w==</latexit>

I

[YT, T. Morimae, and M. Hayashi, Sci. Rep. 9, 13585 (2019).]



Output stateInput state

Z
<latexit sha1_base64="ixF3Nv4mlWzV4mwJ6/tc+vUVhwU="></latexit><latexit sha1_base64="ixF3Nv4mlWzV4mwJ6/tc+vUVhwU="></latexit><latexit sha1_base64="ixF3Nv4mlWzV4mwJ6/tc+vUVhwU="></latexit><latexit sha1_base64="ixF3Nv4mlWzV4mwJ6/tc+vUVhwU="></latexit>

Z
<latexit sha1_base64="ixF3Nv4mlWzV4mwJ6/tc+vUVhwU="></latexit><latexit sha1_base64="ixF3Nv4mlWzV4mwJ6/tc+vUVhwU="></latexit><latexit sha1_base64="ixF3Nv4mlWzV4mwJ6/tc+vUVhwU="></latexit><latexit sha1_base64="ixF3Nv4mlWzV4mwJ6/tc+vUVhwU="></latexit>

Z
<latexit sha1_base64="ixF3Nv4mlWzV4mwJ6/tc+vUVhwU="></latexit><latexit sha1_base64="ixF3Nv4mlWzV4mwJ6/tc+vUVhwU="></latexit><latexit sha1_base64="ixF3Nv4mlWzV4mwJ6/tc+vUVhwU="></latexit><latexit sha1_base64="ixF3Nv4mlWzV4mwJ6/tc+vUVhwU="></latexit>

Z
<latexit sha1_base64="ixF3Nv4mlWzV4mwJ6/tc+vUVhwU="></latexit><latexit sha1_base64="ixF3Nv4mlWzV4mwJ6/tc+vUVhwU="></latexit><latexit sha1_base64="ixF3Nv4mlWzV4mwJ6/tc+vUVhwU="></latexit><latexit sha1_base64="ixF3Nv4mlWzV4mwJ6/tc+vUVhwU="></latexit>

Z
<latexit sha1_base64="ixF3Nv4mlWzV4mwJ6/tc+vUVhwU="></latexit><latexit sha1_base64="ixF3Nv4mlWzV4mwJ6/tc+vUVhwU="></latexit><latexit sha1_base64="ixF3Nv4mlWzV4mwJ6/tc+vUVhwU="></latexit><latexit sha1_base64="ixF3Nv4mlWzV4mwJ6/tc+vUVhwU="></latexit>

<latexit sha1_base64="35B6lY4xy7OUOlKAmH3jyYW+MQA=">AAAB6HicdVDJSgNBEO1xjXGLevTSGARPoTtIllvQi8cEzALJEHo6NUmbnoXuHiEM+QIvHhTx6id582/sSSKo6IOCx3tVVNXzYim0IeTDWVvf2Nzazu3kd/f2Dw4LR8cdHSWKQ5tHMlI9j2mQIoS2EUZCL1bAAk9C15teZ373HpQWUXhrZjG4ARuHwhecGSu1esNCkZQIIZRSnBFarRBL6vVamdYwzSyLIlqhOSy8D0YRTwIIDZ dM6z4lsXFTpozgEub5QaIhZnzKxtC3NGQBaDddHDrH51YZYT9StkKDF+r3iZQFWs8Cz3YGzEz0by8T//L6ifFrbirCODEQ8uUiP5HYRDj7Go+EAm7kzBLGlbC3Yj5hinFjs8nbEL4+xf+TTrlEKyXauiw2rlZx5NApOkMXiKIqaqAb1ERtxBGgB/SEnp0759F5cV6XrWvOauYE/YDz9gkEto0Y</latexit>

X

<latexit sha1_base64="35B6lY4xy7OUOlKAmH3jyYW+MQA=">AAAB6HicdVDJSgNBEO1xjXGLevTSGARPoTtIllvQi8cEzALJEHo6NUmbnoXuHiEM+QIvHhTx6id582/sSSKo6IOCx3tVVNXzYim0IeTDWVvf2Nzazu3kd/f2Dw4LR8cdHSWKQ5tHMlI9j2mQIoS2EUZCL1bAAk9C15teZ373HpQWUXhrZjG4ARuHwhecGSu1esNCkZQIIZRSnBFarRBL6vVamdYwzSyLIlqhOSy8D0YRTwIIDZdM6z4lsXFTpozgEub5QaIhZnzKxtC3NGQBaDddHDrH51YZYT9StkKDF+r3iZQFWs8Cz3YGzEz0by8T//L6ifFrbirCODEQ8uUiP5HYRDj7Go+EAm7kzBLGlbC3Yj5hinFjs8nbEL4+xf+TTrlEKyXauiw2rlZx5NApOkMXiKIqaqAb1ERtxBGgB/SEnp0759F5cV6XrWvOauYE/YDz9gkEto0Y</latexit>

X
H

<latexit sha1_base64="0oVyCPfsrRPrmCS5nRhzOMSsiKw="></latexit><latexit sha1_base64="0oVyCPfsrRPrmCS5nRhzOMSsiKw="></latexit><latexit sha1_base64="0oVyCPfsrRPrmCS5nRhzOMSsiKw="></latexit><latexit sha1_base64="0oVyCPfsrRPrmCS5nRhzOMSsiKw="></latexit>

HH = I
<latexit sha1_base64="R4EgYhzsv/AgFnr/8kNs0iSD+WQ="></latexit><latexit sha1_base64="R4EgYhzsv/AgFnr/8kNs0iSD+WQ="></latexit><latexit sha1_base64="R4EgYhzsv/AgFnr/8kNs0iSD+WQ="></latexit><latexit sha1_base64="R4EgYhzsv/AgFnr/8kNs0iSD+WQ="></latexit>

<latexit sha1_base64="R7P1U+hePPBb6e8Xy2jElmY/qHE=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomIeix66bEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8P/PbT6g0j+WDmSToR3QoecgZNVZq1Pqlsltx5yCrxMtJGXLU+6Wv3iBmaYTSMEG17npuYvyMKsOZwGmxl2pMKBvTIXYtlTRC7WfzQ6fk3CoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDWz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m6INwVt+eZW0LivedcVrXJWrd3kcBTiFM7gAD26gCjWoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwBn3GM0g==</latexit>

H

<latexit sha1_base64="g001Ww3cqNcDF7aUSr4LtyixFAk=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GOxF48V7Qe2oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1Bqw8GHu/NMDMvSATXxnW/nMLK6tr6RnGztLW9s7tX3j9o6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WBcn/ntR1Sax/LeTBL0IzqUPOSMGivd1esP/XLFrbpzkL/Ey0kFcjT65c/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TEKgMSxsqWNGSu/pzIaKT1JApsZ0TNSC97M/E/r5ua8MrPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW375L2mdVb2Lqnd7Xqld53EU4QiO4RQ8uIQa3EADmsBgCE/wAq+OcJ6dN+d90Vpw8plD+AXn4xvQc41+</latexit>

CCZ

<latexit sha1_base64="71DMhHkJlS/olet9yA/9B1EuEMY=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomIeix60VsL9gPaUDbbSbt2swm7G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hoduq3nlBpHssHM07Qj+hA8pAzaqxUv++Vym7FnYEsEy8nZchR65W+uv2YpRFKwwTVuuO5ifEzqgxnAifFbqoxoWxEB9ixVNIItZ/NDp2QU6v0SRgrW9KQmfp7IqOR1uMosJ0RNUO96E3F/7xOasJrP+MySQ1KNl8UpoKYmEy/Jn2ukBkxtoQyxe2thA2poszYbIo2BG/x5WXSPK94lxWvflGu3uRxFOAYTuAMPLiCKtxBDRrAAOEZXuHNeXRenHfnY9664uQzR/AHzucPoPWM0w==</latexit>

I

Gate teleportation

[YT, T. Morimae, and M. Hayashi, Sci. Rep. 9, 13585 (2019).]



[YT, T. Morimae, and M. Hayashi, Sci. Rep. 9, 13585 (2019).]

Quantum 
computation

Universal hypergraph state

Correction of nonlocal byproduct operators



[YT, T. Morimae, and M. Hayashi, Sci. Rep. 9, 13585 (2019).]

<latexit sha1_base64="pnjn5QhKS8OxRoKNQ9okt6lADjc=">AAAB7nicbVBNSwMxEJ34WetX1aOXYBHqpexKUY9FL96sYD+gXUs2m21Ds9klyQpl6Y/w4kERr/4eb/4b03YP2vpg4PHeDDPz/ERwbRznG62srq1vbBa2its7u3v7pYPDlo5TRVmTxiJWHZ9oJrhkTcONYJ1EMRL5grX90c3Ubz8xpXksH8w4YV5EBpKHnBJjpfZdJZCPtbN+qexUnRnwMnFzUoYcjX7pqxfENI2YNFQQrbuukxgvI8pwKtik2Es1SwgdkQHrWipJxLSXzc6d4FOrBDiMlS1p8Ez9PZGRSOtx5NvOiJihXvSm4n9eNzXhlZdxmaSGSTpfFKYCmxhPf8cBV4waMbaEUMXtrZgOiSLU2ISKNgR38eVl0jqvuhdV975Wrl/ncRTgGE6gAi5cQh1uoQFNoDCCZ3iFN5SgF/SOPuatKyifOYI/QJ8/JH+Oyg==</latexit>

O(dn4) .



[YT, T. Morimae, and M. Hayashi, Sci. Rep. 9, 13585 (2019).]

<latexit sha1_base64="pnjn5QhKS8OxRoKNQ9okt6lADjc=">AAAB7nicbVBNSwMxEJ34WetX1aOXYBHqpexKUY9FL96sYD+gXUs2m21Ds9klyQpl6Y/w4kERr/4eb/4b03YP2vpg4PHeDDPz/ERwbRznG62srq1vbBa2its7u3v7pYPDlo5TRVmTxiJWHZ9oJrhkTcONYJ1EMRL5grX90c3Ubz8xpXksH8w4YV5EBpKHnBJjpfZdJZCPtbN+qexUnRnwMnFzUoYcjX7pqxfENI2YNFQQrbuukxgvI8pwKtik2Es1SwgdkQHrWipJxLSXzc6d4FOrBDiMlS1p8Ez9PZGRSOtx5NvOiJihXvSm4n9eNzXhlZdxmaSGSTpfFKYCmxhPf8cBV4waMbaEUMXtrZgOiSLU2ISKNgR38eVl0jqvuhdV975Wrl/ncRTgGE6gAi5cQh1uoQFNoDCCZ3iFN5SgF/SOPuatKyifOYI/QJ8/JH+Oyg==</latexit>

O(dn4) .

+ Sorting network

Optimal size (up to log factor)
<latexit sha1_base64="p4GtUp9XxXflDl1lJYqLyl+VclY=">AAAB83icbVBNS8NAEJ34WetX1aOXxSLUS0lE1GPRizcr2A9oQtlsNu3SzW7Y3Qgl9G948aCIV/+MN/+N2zYHbX0w8Hhvhpl5YcqZNq777aysrq1vbJa2yts7u3v7lYPDtpaZIrRFJJeqG2JNORO0ZZjhtJsqipOQ0044up36nSeqNJPi0YxTGiR4IFjMCDZW8u9rkfC5HORictavVN26OwNaJl5BqlCg2a98+ZEkWUKFIRxr3fPc1AQ5VoYRTidlP9M0xWSEB7RnqcAJ1UE+u3mCTq0SoVgqW8Kgmfp7IseJ1uMktJ0JNkO96E3F/7xeZuLrIGcizQwVZL4ozjgyEk0DQBFTlBg+tgQTxeytiAyxwsTYmMo2BG/x5WXSPq97l3Xv4aLauCniKMExnEANPLiCBtxBE1pAIIVneIU3J3NenHfnY9664hQzR/AHzucPo2GRbg==</latexit>

O(dn log n)
[H. Yamasaki, K. Fukui, YT, S. Tani, and M. Koashi, 
arXiv:2006.05416 (2020).]

+ Catalytic transformation

Strict universality
with three Pauli measurements

[YT, arXiv:2312.16433 (2023).]

Input
qubits

Output
qubits

Input
qubits

Output
qubits

<latexit sha1_base64="ezvo7oripUIexQS7Zt6jEyW2Z70="></latexit>

Y

<latexit sha1_base64="cDJwhmLGyNkKBY9SRxGF8/k5ZPM="></latexit>

(a)

<latexit sha1_base64="9UhHWoA8/PNLZRNxfm08IM345AU="></latexit>

(b)
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Comparison with graph states

Computational 
universality

Strict universality Class

Graph states Stabilizer 
states

Hypergraph states Non-stabilizer 
states

Advantage of hypergraph states

Q. How hard to estimate the fidelity between ideal and actually-
prepared hypergraph states? 



Comparison with graph states

Computational 
universality

Strict universality Class

Graph states Stabilizer 
states

Hypergraph states Non-stabilizer 
states

Advantage of hypergraph states

[YT and T. Morimae, Phys. Rev. X 8, 021060 (2018).]



Verification of hypergraph states
[YT and T. Morimae, Phys. Rev. X 8, 021060 (2018).]

<latexit sha1_base64="s4zMQOclKC32d6gLOi0l1N2I9Wg=">AAACAXicbVDLSsNAFJ34rPUVdSO4GSyCIJTEB7osduOygn1gE8tketsOnUzCzEQosW78FTcuFHHrX7jzb5y2WWjrgQuHc+7l3nuCmDOlHefbmptfWFxazq3kV9fWNzbtre2aihJJoUojHslGQBRwJqCqmebQiCWQMOBQD/rlkV+/B6lYJG70IAY/JF3BOowSbaSWvVsu3z4ceZKILoe71Is0C0Hhk2HLLjhFZww8S9yMFFCGSsv+8toRTUIQmnKiVNN1Yu2nRGpGOQzzXqIgJrRPutA0VBCzx0/HHwzxgVHauBNJU0Ljsfp7IiWhUoMwMJ0h0T017Y3E/7xmojsXfspEnGgQdLKok3CsIzyKA7eZBKr5wBBCJTO3YtojklBtQsubENzpl2dJ7bjonhWd69NC6TKLI4f20D46RC46RyV0hSqoiih6RM/oFb1ZT9aL9W59TFrnrGxmB/2B9fkD8dOWkQ==</latexit>

CCZ|+i⌦3

1

2 3

1

3

1

3

Ex.)



Verification of hypergraph states
[YT and T. Morimae, Phys. Rev. X 8, 021060 (2018).]

<latexit sha1_base64="s4zMQOclKC32d6gLOi0l1N2I9Wg=">AAACAXicbVDLSsNAFJ34rPUVdSO4GSyCIJTEB7osduOygn1gE8tketsOnUzCzEQosW78FTcuFHHrX7jzb5y2WWjrgQuHc+7l3nuCmDOlHefbmptfWFxazq3kV9fWNzbtre2aihJJoUojHslGQBRwJqCqmebQiCWQMOBQD/rlkV+/B6lYJG70IAY/JF3BOowSbaSWvVsu3z4ceZKILoe71Is0C0Hhk2HLLjhFZww8S9yMFFCGSsv+8toRTUIQmnKiVNN1Yu2nRGpGOQzzXqIgJrRPutA0VBCzx0/HHwzxgVHauBNJU0Ljsfp7IiWhUoMwMJ0h0T017Y3E/7xmojsXfspEnGgQdLKok3CsIzyKA7eZBKr5wBBCJTO3YtojklBtQsubENzpl2dJ7bjonhWd69NC6TKLI4f20D46RC46RyV0hSqoiih6RM/oFb1ZT9aL9W59TFrnrGxmB/2B9fkD8dOWkQ==</latexit>

CCZ|+i⌦3

1

2 3

1

3

1

3

They are testable 
as with graph states.

Ex.)



Verification of hypergraph states
[YT and T. Morimae, Phys. Rev. X 8, 021060 (2018).]

<latexit sha1_base64="3qprjDsQnSTzI1dM5lMc2BDhZb0=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMegB3OMYB6YLGF20psMmZ1dZmaFEPMXXjwo4tW/8ebfOEn2oIkFDUVVN91dQSK4Nq777eRWVtfWN/Kbha3tnd294v5BQ8epYlhnsYhVK6AaBZdYN9wIbCUKaRQIbAbDm6nffESleSzvzShBP6J9yUPOqLHSw1P1tqOo7AvsFktu2Z2BLBMvIyXIUOsWvzq9mKURSsME1brtuYnxx1QZzgROCp1UY0LZkPaxbamkEWp/PLt4Qk6s0iNhrGxJQ2bq74kxjbQeRYHtjKgZ6EVvKv7ntVMTXvljLpPUoGTzRWEqiInJ9H3S4wqZESNLKFPc3krYgCrKjA2pYEPwFl9eJo2zsndR9u7OS5XrLI48HMExnIIHl1CBKtSgDgwkPMMrvDnaeXHenY95a87JZg7hD5zPH299kMQ=</latexit>

|HGi

<latexit sha1_base64="+oZt70J32HKVEd/1B3HnZ73w31Y="></latexit>

hHG|⇢|HGi � 1�O (1/n)

: Hypergraph state

It increases only 
a polynomial number of samples.



Verification of hypergraph states
[YT and T. Morimae, Phys. Rev. X 8, 021060 (2018).]

• Qudit hypergraph states [H. Zhu and M. Hayashi, Phys. Rev. Applied 12, 054047 (2019).], and

• Continuous-variable hypergraph states.

[K. Akimoto, S. Tsuchiya, R. Yoshii, and YT, Phys. Rev. A 106, 012405 (2022).]

[H. Zhu and M. Hayashi, Phys. Rev. Applied 12, 054047 (2019).]

[YT, A. Mantri, T. Morimae, A. Mizutani, and J. F. Fitzsimons, npj Quantum Inf. 5, 27 (2019).]


