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One-way quantum computation focuses on initially generating an entangled cluster state followed by a sequence of
measurements with classical communication of their individual outcomes. Recently, a delayed-measurement approach
has been applied to replace classical communication of individual measurement outcomes. In this work, by considering
the delayed-measurement approach, we demonstrate a modified one-way CNOT gate using the on-cloud superconducting
quantum computing platform: Quafu. The modified protocol for one-way quantum computing requires only three qubits
rather than the four used in the standard protocol. Since this modified cluster state decreases the number of physical qubits
required to implement one-way computation, both the scalability and complexity of the computing process are improved.
Compared to previous work, this modified one-way CNOT gate is superior to the standard one in both fidelity and resource
requirements. We have also numerically compared the behavior of standard and modified methods in large-scale one-way
quantum computing. Our results suggest that in a noisy intermediate-scale quantum (NISQ) era, the modified method shows

a significant advantage for one-way quantum computation.

Keywords: measurement-based quantum computing, quantum entanglement, quantum gates

PACS: 03.65.Ud, 03.67.—a, 03.67.Ac, 03.67.Lx

1. Introduction

Compared to the standard quantum computing propos-
als based on circuit models with unitary-logic gates acting

[1-5]

on physical qubits, one-way quantum computation allows

universal quantum computation by applying a series of single-
qubit measurements on a cluster state or a graph state!®-10]
with classical communication of their individual outcomes.
One-way quantum computing simplifies complex operations
in the circuit model in the sense that the requirements of gate
fidelity and single-qubit coherence can be reduced.!'!!

The scale of one-way quantum computing is not restricted
by the number of available physical qubits and logic gates;
instead, it is restricted by the scale of cluster state that one
can generate.['”) Currently, large-scale 2-dimensional clus-
ter states have been demonstrated in photonic systems.[!3-13]
Note that although in general, the cluster state generation is in-
dependent of the circuit model, the current proposals of large-
scale cluster state generation still rely on applying unitary-
logic gates on physical qubits. Nevertheless, by cooling the
qubits, a cluster state may be generated more efficiently than
the circuit model.!”)

With the concept of a cluster state, one-way quantum
computing!® was initially applied to a one-way CNOT pro-
tocol. Later, a complete set of one-way logic gates was the-
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oretically proposed in Ref. [8]. In addition, the experimen-
tal realizations of one-way logic gates were initially demon-

(161 Qver the past 15 years, numer-

strated in photonic systems.
ous experimental demonstrations of one-way logic gates have
been implemented in different physical systems, e.g., optical

[13.14,17-22 5,123 and nuclear magnetic res-

cavities, ! trapped ion
onance (NMR) system!>*] (see also the review(?]).

More recently, another proposal for a one-way CNOT
gate was proposed in Ref. [26]. In the circuit models, the stan-
dard one-way CNOT gate requires four qubits, while the mod-
ified one only needs three qubits. In this sense, the complexity
of building a one-way CNOT gate decreases because of the
lower circuit depth. Note that the cluster state used in this pro-
posal does not strictly obey the criteria of cluster states. Thus,
we denote it as a modified cluster state.

Since one-way quantum computing is based on cluster
state preparation, the scalability of the system is an essential
factor in achieving practical one-way quantum computing. Su-
perconducting qubits“?7-3!1 are considered one of the promis-
ing systems for building one-way quantum computation. 3211
However, until very recently, the experimental demonstration
of one-way quantum computation in superconducting circuits
was still lacking.[#>~43

In this work, we performed a modified one-way CNOT

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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gate on Quafu. 6] We initially constructed the modified clus-
ter state, and showed that this modified one-way CNOT gate
can be realized using the delayed-measurement method. Thus,
we can decrease the impact of measurement error and over-
come the limitations of a quantum operation controlled by a
classical register. Using the Quafu quantum processor, we
have also compared the modified one-way CNOT gate with its
standard counterpart and verified the advantage of the mod-
ified protocol. To study the properties of the modified one-
way CNOT gate, we have simulated a series of processes
that, respectively, carry out the modified and standard one-way
CNOT gates in the presence of different noises. The numer-
ical results indicate that the modified one-way CNOT gate is
more robust against thermal error and gate error than the stan-
dard one. Also, our simulation results imply the advantage of
the delayed-measurement method in enhancing the robustness
against qubit measurement errors.

This article is organized as follows. Sections 2 and 3
briefly introduce the protocols of the standard and modified
one-way CNOT gates, respectively. Section 4 introduces the
delayed-measurement protocol for realizing a modified one-
way CNOT gate and a standard one-way CNOT gate on a
Quafu superconducting quantum chip, and presents the results.
Section 5 numerically analyzes the advantage of the modified
one-way CNOT gate over the standard one.

2. Standard protocol of one-way CNOT gate

In this paper, we label the qubits with different symbols.
We denote the qubit that carries the input of the target state by
O, and the qubit that carries the output of the target state is
labeled as Qp. The qubit carries the control state is denoted
by Oc. These qubits are called “functional qubits”. In addi-
tion, we use Ja to denote an ancilla qubit. When referring
to physical qubits, including a subset of physical qubits on a
quantum chip, we denote the qubits by Q;, where the subscript
i corresponds to the number of the physical qubit according to
the Quafu website.

In order to realize a standard one-way CNOT gate, we
first prepare the four-qubit cluster state by applying a series
of conventional CZ gates, Ucz =1 ® |0) (0] +Z® |1) (1], on
the superposed state |[+) = (]0) 4 |1))/+/2 of Q4 and Qo (as
shown in Fig. 1). Here, Z represents a Pauli-Z operation. This
state is defined in the computational basis |0) and |1). After
entangling all the qubits, we measure Q; and Qa on the oy
basis, and obtain the results s; and s;, respectively. Here, s1,
s2 =0 (1) corresponds to the eigenstate |+) (|—)) of the oy

01
ox:{loy (M

for the physical qubits Q; and @, respectively. Finally, we

operator,

apply a series of Pauli gates on qubits Qo and Qc which are

decided by s and s;:
Up = Z M1 x5 o 78 2
F 0 o ®Zc; @

where Z; = 0,; and X; = 0 ; denote the Pauli-Z and Pauli-X
operations acting on the functional qubit Q;. In this way, the
state on Qg is transformed to the expected output of the tar-
get state, and the state on Q¢ remains the same as the input of
the control state. Here, Ur is called a feedforward operation
because it is determined by the measurement outcomes s; and

Control

S$2.

Target in Target out

(o)

Fig. 1. The basic idea of the standard one-way CNOT gate. Qubits Qr and
Qo serve as the input and output ports of the target state, respectively. Q¢
serves as the control qubit, and Q4 is an ancilla qubit. The CZ gate is
represented by the arrow starting from the control qubit and pointing to
the target qubit.

In our previous work, ! to realize this one-way CNOT
gate on an on-cloud IBMQ superconducting quantum pro-
cessor, which by that time did not support feedforward
operations, we have replaced feedforward operations with
delayed-measurement operations. The basic idea of delayed-
measurement operation (see Fig. 2) is that a conditional single-
qubit Hermitian operation controlled by the measurement re-
sult of another qubit can be replaced by a quantum controlled-
gate between the two qubits before the measurement opera-
tion.

(a) Feedforward

"B

U — U

(b) Delayed —measurement

—

Fig. 2. Delayed-measurement method (b) compared to feedforward
method (a).

We would like to emphasize an important advantage of
the delayed-measurement operation over the corresponding
feedforward operation, including its indirect realization via

d.[47-51 To carry out a feedforward

the post-selection metho
operation, we need to measure a qubit, and the specific fur-
ther operation is decided by the measurement result. Thus,
the measurement error here would lead to an incorrect opera-
tion in the next step. However, for the delayed-measurement
operation, the measurement operation acts only as a collapse

operation on the possible superposition state on the measured
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qubit, regardless of the readout. Thus, the measurement er-
ror would not affect the operations required after the measure-
ment. Moreover, the delayed-measurement protocol avoids the
limitation of many quantum processors, including the BAQIS
Quafu processors, which yet cannot carry out quantum opera-
tions controlled by the classical register.

3. Modified one-way quantum computing with
Bell state

Before introducing the modified one-way CNOT gate of
one-way quantum computing, we first introduce the concept
of the Bell gate, which will be useful in the following discus-
sion. A Bell gate U ﬁe” constructs different Bell states on the
physical qubits Q; and Oy based on the initially input states:

10);10) = 5 (10);10), +11); 1)),
10); 110 = J5(10); 1)+ 11),10),), )
115100 = J5(11);10), = 10),1),),
111 = J5 (1) 11, = 10)10),),
where [0) ;, [1) ;, [0);, and |1), denote the initial input states of

the physical qubit Q; and Qy. A Bell gate can be realized based
on a quantum logic circuit, as shown in Fig. 3. We first apply a
Z-flip gate and a Hadamard gate on qubits Q; and Qy, respec-
tively, followed by a controlled-Z (CZ) gate between qubits Q;
and Q. Then, we apply another Hadamard gate on qubit Q,
and again carry out a CZ gate on the two qubits. Finally, after
applying a Hadamard gate on qubit Oy, we achieve a Bell gate
between qubits Q; and Q.

|¢>_1 Z H

lo); — H H —

Fig. 3. Circuit model of the Bell gate with input states [y); and [¢),.
Here, Z and H represent the Z-flip and Hadamard gates, respectlvely Two
solid circles connected by a solid line denote a two-qubit CZ gate.

Note that the theoretical proposal suggests that a Bell gate
can be implemented by qubit-cavity systems in the ultrastrong
coupling regime.®? This signifies that although the Bell gate
brings a quarter of the total circuit depth in the circuit model,
the circuit depth may significantly decrease by applying a Bell
gate in the qubit-cavity system.

Based on the Bell gate, reference [26] presents their pro-
tocol for the modified one-way CNOT gate. As described in
Fig. 4, the modified one-way CNOT gate can be achieved by
considering only three qubits Q;, Qo, and Qc. The quantum
circuit implementation of the modified CNOT gate is shown
in Fig. 5. We first apply a Bell gate on qubits QO; and Qg with
initial states |i); and |0). After the Bell gate, a CZ gate is ap-
plied on Qg and Qc. Note that the CZ gate here is defined as

UL, =1®|1) (1]+Z®10) (0
ventional definition, as we have used in Section 2. This non-

conventional CZ gate can be realized by applying X gates on
both qubits before and after a conventional CZ gate, as shown
in Fig. 5. Now, the quantum state of the 3-qubit system be-
comes

) = \%m 1020+ (~ 1Y (i@

where | jz) is an initial state of Qc. Here, we denote the states

Dzhi)olliz)cs )

with the subscript Z (X) to indicate that the states are repre-
sented using the o, basis.

Target in Target out Control

Fig. 4. The basic idea of the modified one-way CNOT gate. Qubit Q;
and Qo play the role of the input and output of the target state, respec-
tively, while qubit Qc is the control qubit. The red arrow represents a
Bell gate between qubits Q and Qp, and the black arrow represents a
non-conventional CZ gate between qubits Qc and Qo. Both arrows start
at the control qubit and end at the target qubit.

Entanglement Delayed-measurement
Qr: 1) —E— E : @ E 7 E
| [Bell o '
Qo: 0027 o——1=1!
Qc: |k)s— X=X} >

______________________________________________

Fig. 5. Quantum logic circuit for implementing the modified one-way
CNOT gate. We denote the three qubits from top to bottom as Q; to O3,
respectively. O and Q; serve as the input and output of the target state,
respectively, while Q3 carries the control state.

Afterwards, we measure qubit Oy under the o, basis, and
the state becomes

@) = %[H)f“ 2)110:)6
+H(=1 1)) 10 ] lide- )

Then, we apply a Hadamard gate on qubit Qg, transforming
the state into

oy = CU o - 4 (-

5 1710.)6
H(=D)T = (1) ] 1)} i) ©)
Finally, when s = 0, the corresponding feedforward operation,

U. l_({t:())
forward operation U

= —XoZc, acts on |®’). Otherwise, we apply the feed-
= = _Zo. After the feedforward op-
eration, the outputs of the one-way CNOT gate on qubits Qo
and Q¢ become

1P out = 121 |(E© f)2)o liz)c - M

As one can see, the effect of the above operations finally gen-
erates the output states satisfying the definition of the CNOT
gate:

Uenor =1®10) (0] +Z@[1) (1], ®)
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and thus, we successfully realize a one-way CNOT gate.

Finally, we briefly explain why we call this approach a
“modified” one-way CNOT gate. As mentioned before, one-
way quantum computing is based on cluster states. A standard
cluster state is defined by the eigenfunction®!

K 9e)e = (1) [dx)c ©)
with the correlation operator
K9 = 6" @)eq, 0", (10)

where C represents the cluster state, k¥ := {k, =0,1|a € C} is
a set of binary parameters that specifies the cluster state, and
G, describes the neighboring qubits of qubit a. The entangled
state utilized in the above protocol does not strictly obey the
definition of the cluster state. For example, for i = 0, we find
that

WWF&WMWw&W%M%

# (—1)"|P). (11)

However, since the CNOT gate can still be achieved by apply-
ing single-qubit measurements on the entangled state, without
loss of generality, we can call the state and the protocol “mod-
ified”.

4. Realization of the one-way CNOT gates with
Quafu

Over the last decade, cloud-based quantum computers
have been released by many academic organizations and com-
mercial companies, e.g., D-Wave,?3! IBM,54 Rigetti, ]
BAQIS, P and TonQ. 7! One can manipulate their devices by
designing a quantum circuit with unitary-logic gates. Many
quantum information tasks have been achieved using their de-
vices, for example, quantum simulations, 239! fault-tolerant
gates, % and quantum chemistry.[0!]

As we have mentioned above, although the Quafu quan-
tum computing platform provides a complete set of single-
qubit and two-qubit quantum logic gates that form universal
quantum gates, quantum operations controlled by classical bits
(or classical register) are yet unavailable. In other words, nei-
ther standard nor modified one-way CNOT gate can be imple-
mented by using the feedforward operation. Thus, similar to
our previous work, we use the delayed-measurement approach
to replace the feedforward operation. [4462]

We introduce the delayed-measurement modified one-
way CNOT gate using the 136-qubit Quafu processor called
Baiwang. According to the status of Baiwang, we select three-
in-a-row qubits to carry out our quantum logical circuit, num-
bered 114, 115, and 126, as shown in Fig. 6. These three qubits

show the lowest average two-qubit gate error rates among Bai-
wang when we execute the circuit. At the beginning of the
process, Q114, O115, and Q126 serve as functional qubits Qop,
01, and Qc, respectively, so we initialize these qubits to the
corresponding initial states.

Fig. 6. Topological structure of the right-down corner of the 136-qubit on-
cloud superconducting processor Quafu Baiwang. The complete structure
can be found on the Quafu website.[*%! The black (red) dash box marks
out the physical qubits utilized to build the modified (standard) one-way
CNOT gate.

The quantum circuit implementation of a delayed-
measurement modified one-way CNOT gate is schematically
shown in Fig. 7. After the system is entangled to the mod-
ified cluster state following the steps in Section 3, we ap-
ply Hadamard gates to qubits Q115 and Q4. Note that the
purpose of inserting Hadamard gates is different for the in-
dividual qubits Q;;s and Qq14. For Qj;s, the goal is to ro-
tate the measurement basis to the X-axis. For Q114, inserting
a Hadamard gate is the original requirement in the modified
one-way CNOT gate [see Eq. (6)].

Delayed-measurement

Entanglement

Fig. 7. Quantum logic circuit for implementing the modified one-way
CNOT gate on the Quafu superconducting processor Baiwang. Com-
pared to Fig. 5, due to the limited connectivity of Baiwang, here we insert
a SWAP gate between physical qubits Q115 and Q14 after applying the
delayed-measurement operation between Qp and Qg acted by Q15 and
Q114, respectively. Thus, we effectively carry out the feedforward be-
tween Qr and Qc, which was originally acted by non-neighboring physi-
cal qubits Q15 and Qjy¢, respectively.

The first delayed-measurement operation can be realized
by applying a non-conventional CZ gate, as mentioned in Sec-
tion 3, between qubits Q115 and Q4. This operation corre-
sponds to the feedforward Zp under the condition s = 1. The
second delayed-measurement operation, which can be written
as the feedforward X under the condition s = 0, can be de-
composed by a X gate on qubit Qy;5, followed by a CNOT
gate between qubits Q115 and Q114.

Note that due to the non-fully connected structure of the
Quafu Baiwang, we need to apply a SWAP gate between
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qubits Q115 and Qj14. Thus, we can perform a CZ gate be-
tween qubits Oy and Qc, which now correspond to physical
qubits Q114 and Q176 in Baiwang. This corresponds to the final
step of the feedforward operation: Zc under condition s = 0.
By measuring qubit Q114, which serves as the input qubit Oy,
the three-qubit system collapses to the state with respect to its
corresponding measurement outcomes.

Here, we note that we did not consider the negative signs
of the required feedforward operations, since both negative
signs simply import an overall 7 phase to the final state. This
does not affect the result of the gate.

For comparison, we also perform the delayed-
measurement standard one-way CNOT gate using Quafu Bai-
wang. Here, we select physical qubits Q114, Q115, Q116, and
Q126 to perform the gate, as marked in Fig. 6. The quantum
circuit to realize a delayed-measurement standard one-way
CNOT gate is shown in Fig. 8. At the beginning of the pro-
cess, the four physical qubits serve as Qa, QO1, Oc, and Qo,
respectively. After initializing the qubits, we first perform CZ
gates between Q114—0Q115 and Q114—Q126. Then, we carry out
a SWAP gate between Q114 and Q1s, followed by another CZ
gate between Q5 and Qj¢, a.k.a. O and Qc, and complete
the entanglement process.

Entanglement Delayed-measurement

Quis: [¥)
Q1141 |0) —@
Qiz6° 10) _@

Qu26° |9)

Fig. 8. Quantum logic circuit for implementing the standard one-way
CNOT gate on the Quafu superconducting processor Baiwang. Initially,

physical qubits Q115, Q114, Q126 and Qjj¢ act as logical qubits Oy, Oa,
Qo and Qc, respectively. Here, we insert a SWAP gate between physi-

cal qubits Q15 and Qg4 after entangling Q115, Q114 and Qjo¢ in order
to carry out further operation between Qa—Qc and Q1—Qo. After apply-
ing the delayed-measurement operation between Qr and Qg acted by Q15
and Q114, respectively, the characters of Q15 and Q114 are swapped back,
so that the delayed-measurement operations between Q1—Qc and Qa—Qo
become available.
Then, we apply a Hadamard gate to Q114, followed by a
CZ gate between Q114 and Qj26, and a Z gate on Q6. Next,
we swap Q114 and Q5 again and perform a CZ gate between
Q115 and Qj16. In this way, we equivalently performed the
feedforward operations related to QOr: Z(S)IJrl ®Z{. Next, by
applying a Hadamard gate on Q114 and a CNOT gate between
Q114 and Q126, We equivalently realize the rest of the feedfor-
ward, Xéz. Finally, by measuring the qubits, we complete the
process of the delayed-measurement standard one-way CNOT
gate, and obtain the final output of the target state and the con-
trol state on qubits Q1,6 and Q| ¢, respectively.
Figure 9 presents the results of the standard and modified
delayed-measurement one-way CNOT gates obtained from

Quafu Baiwang, and the detailed data are shown in Table 1.
We have performed both gates with different inputs: |00), |01),
[10), and |11). Here, an input |ij) represents that the input of
the target state is |i), and the input of the control state is | ).
According to Fig. 9 and Table 1, the modified one-way CNOT
gate shows a clear advantage over its standard counterpart.

(a) Input 00 (b) Input 01

1.0y 1.0y <
Bl Standard B Standard
. Em\Modified { 0.8 {EEModified
[} o
ES Z 06
8 )
E £ 0.4
5] -
3 <
i & 0.2
0 00 01 10 11 0 00 01 10 11
Outputs Outputs
1o (c) Input 10 Lor (d) Input 11 )
" | Standard : B Standard
. 0.5/ EEModified v 0.8 B Modified
w 0. 2 0.
o —
g e}
Z 06 Z 0.6
2 g
2 04 o 0.4
2 g
o A
0.2 0.2
0 00 01 10 11 0 00 01 10 11

Outputs Outputs

Fig. 9. Result obtained from Baiwang. The inputs of qubit Q; and qubit
Qc are (a) |00), (b) |01), (¢) |10), and (d) |11), respectively. The red bars
correspond to the results of the modified one-way CNOT gates, while the
blue bars correspond to their standard counterparts. The output jk repre-
sents the readouts of qubits Qo (|j)) and Q¢ (|k)).

Table 1. Probability distributions for the standard and modified one-way
CNOT gates implemented on Baiwang. Here, “Input |ij)” represents that
the input of the target state and the control state are |i) and |j), respec-
tively. The |kl) in the second to fifth columns denote the measurement
results kl.

Input |00) |00) |01) [10) [11)
Standard 0.7860 0.0182 0.1803 0.0155
Modified 0.7182 0.0159 0.2339 0.0320
Input |01) |00) |01) [10) [11)
Standard 0.0598 0.1603 0.0626 0.7173
Modified 0.0204 0.1174 0.0461 0.8161
Input |10) |00) |01) [10) [11)
Standard 0.2191 0.0153 0.7499 0.0157
Modified 0.0960 0.0290 0.8546 0.0204
Input |11) |00) |01) [10) [11)
Standard 0.0524 0.6925 0.0603 0.1948
Modified 0.0427 0.8223 0.0175 0.1175

5. Advantage of modified one-way CNOT gate in
large-scale one-way quantum computing

In order to study the advantage of the modified one-way
CNOT gate over the standard one-way CNOT gate, we re-
peatedly carry out two one-way CNOT gates under individual
noise channels: qubit decoherence, qubit measurement error,
and depolarization error of the logic gates with the simulator.
Here, both the one-way CNOT gates are delayed-measurement
one-way CNOT gates.

090304-5
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First, we only consider the impact of qubit decoherence
without taking into account the other noisy channels in the
simulator. Under this condition, the coherence times 77 and 75
of all the qubits are set as 100 ps.

We separately carry out the standard one-way CNOT
gates and the modified one-way CNOT gates. The initial in-
put states of the target and control qubits are |0) and |1), re-
spectively; thus, the expected output of the control state re-
mains |1). On the other hand, the expected output of the target
state, after performing an odd (even) number of CNOT gates,
is |1) (odd) or |0) (even). The results of our simulations are
shown in Fig. 10(a), in which the curves indicate the evolution
of the probability of obtaining the expected results increasing
the amounts of repetition of the one-way CNOT gates. From
our numerical results, one can see that the modified one-way
CNOT gate is more robust against qubit decoherence than the
standard one-way CNOT gate.
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Fig. 10. Numerical results of the processes carrying out the delayed-
measurement standard and modified one-way CNOT gates repeatedly,
with the existence of (a) qubit decoherence, where the coherence times
Ty and T, are both set as 100 us; (b) qubit measurement error, where the
measurement error is set as 5%; (c) depolarization error of the logic gates,
where the error rates of the 1-qubit gate sand 2-qubit gates are set as 1%
and 10%, respectively; (d) all the noises above. The blue (red) line repre-
sents the probability of the expected output after performing the standard
(modified) delayed-measurement one-way CNOT gate for the number of
times repeating the gate. No other type of error is taken into account here.

Second, we only consider the impact of qubit measure-
ment error in one-way CNOT gates. The error rate of a single-
qubit measurement is considered to be 5%. We have pointed
out in Section 2 that during a delayed-measurement one-way
computing process, most of the measurement operations sim-
ply serve as collapse operations, and the results are no longer
mentioned in the following process. Thus, the measurement
error of these operations does not affect the final result. The
only measurement errors that affect the final result are the
measurements reading the results at the end of the entire pro-
cess. Thus, the effects of the measurement error on both pro-
cesses are expected to be similar, no matter how many times
we repeat the one-way CNOT gate.

Here, we present the numerical simulation results to sup-
port the above statement. As shown in Fig. 10(b), the mea-
surement error is independent of the repeated delay-choice
one-way CNOT gates, which supports our statement. This
numerically implies an important advantage of the delayed-
measurement method in one-way quantum computing.

Third, we consider the depolarization error of the logic
gates. The error rates for the 1-qubit gate and 2-qubit gate
are 1% and 10%, respectively. The numerical results shown
in Fig. 10(c) indicate that compared to its standard counter-
part, the modified one-way CNOT gate behaves more robustly
against the depolarization error of the logic gates.

Finally, we put the above noises together and numeri-
cally simulated the process again. The results are shown in
Fig. 10(d). Once again, these clearly show the advantage of
the modified one-way CNOT gate over its standard counter-
part.

These numerical results indicate that the modified one-
way CNOT gate, in general, outperforms the standard CNOT
gate in large-scale one-way quantum computing and has clear
potential for improving the fidelity of the large-scale one-way
quantum computing processes in the noisy intermediate-scale
quantum (NISQ) era. [63.64]

6. Conclusion

Using the programmable Quafu processor Baiwang, we
have demonstrated the operation of a modified one-way CNOT
gate with the delayed-measurement method. Since the num-
ber of qubits participating in the modified cluster states is less
than the number of the standard one, the complexity of the
circuit model (i.e., circuit depth) decreases. In addition, the
number of SWAP operations also declines for the construction
of the cluster state. Our results obtained from Baiwang not
only show that the modified one-way CNOT gate can be ef-
ficiently demonstrated on the Quafu processor but also prove
the advantage of the modified protocol against the standard
one. We have also numerically demonstrated the advantage
of the modified one-way CNOT gate in large-scale one-way
quantum computing, as well as the advantage of the delayed-
measurement method over the feedforward method in the ro-
bustness against measurement errors.
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