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Abstract

Algorithms such as quantum factoring! and quantum search?Zillustrate the great theoretical
promise of quantum computers; but the practical implementation of such devices will
require careful consideration of the minimum resource requirements, together with the
development of procedures to overcome inevitable residual imperfections in physical
systems>%2, Many designs have been proposed, but none allow a large quantum computer to
be built in the near future®. Moreover, the known protocols for constructing reliable quantum
computers from unreliable components can be complicated, often requiring many
operations to produce a desired transformation®4228, Here we show how a single technique
—a generalization of quantum teleportation?—reduces resource requirements for quantum
computers and unifies known protocols for fault-tolerant quantum computation. We show
that single quantum bit (qubit) operations, Bell-basis measurements and certain entangled
quantum states such as Greenberger-Horne-Zeilinger (GHZ) states'%—all of which are within
the reach of current technology—are sufficient to construct a universal quantum computer.
We also present systematic constructions for an infinite class of reliable quantum gates that
make the design of fault-tolerant quantum computers much more straightforward and

methodical.
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We present a method to create a variety of interesting gates by teleporting quantum bits through
special entangled states. This allows, for instance, the construction of a quantum computer based on
just single qubit operations, Bell measurements, and GHZ states. We also present straightforward
constructions of a wide variety of fault-tolerant quantum gates.
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Abstract

What resources are universal for quantum computation? In the standard model of a

quantum computer, a computation consists of a sequence of unitary gates acting
coherently on the qubits making up the computer. This requirement for coherent unitary
dynamical operations is widely believed to be the critical element of quantum
computation. Here we show that a very different model involving only projective
measurements and quantum memory is also universal for quantum computation. In
particular, no coherent unitary dynamics are involved in the computation.
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QUANTUM COMPUTATION BY MEASUREMENTS
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Abstract

We first consider various methods for the indirect implementation of unitary gates. We apply these methods to rederive the universality of 4-qubit
measurements based on a scheme much simpler than Nielsen's original construction [quant-ph/0108020]. Then, we prove the universality of
simple discrete sets of 2-qubit measurements, again using a scheme simplifying the initial construction [quant-ph/0111122]. Finally, we show
how to use a single 4-qubit measurement to achieve universal quantum computation, and outline a proof for the universality of almost all

maximally entangling 4-qubit measurements.
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STATE TRANSFER INSTEAD OF TELEPORTATION IN MEASUREMENT-BASED
QUANTUM COMPUTATION

SIMON PERDRIX

https://doi.org/10.1142/50219749905000785 | Cited by: 23 (Source: Crossref)
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Abstract

Quantum measurement is universal for quantum computation. The model of quantum computation introduced by Nielsen and further developed
by Leung relies on a generalized form of teleportation. In order to simulate any n-qubit unitary transformation with this model, four auxiliary
qubits are required. Moreover Leung exhibited a universal family of observables composed of one one-qubit measurement and four two-qubit
measurements. We introduce a model of quantum computation via measurements only, relying on state transfer: state transfer only retains the
part of teleportation which is necessary for computation. In order to simulate any n-qubit unitary transformation with this new model, only one
auxiliary qubit is required. Moreover we exhibit a universal family of observables composed of three one-qubit measurements and only one two-
qubit measurement. This model improves those of Nielsen and Leung in terms of both the number of auxiliary qubits and the number of two-
qubit measurements required for quantum universality. In both cases, the minimal amounts of necessary resources are now reached: one auxiliary

qubit (because measurement is destructive) and one two-qubit measurement (for creating entanglement).
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1-bit Z-teleportation:
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This will be useful later...

|Zhou, Leung, and Chuang, arXiv:quant-ph/0002039 (2000).]
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But, but...

... measurements are non-deterministic!




One-way quantum computing

But, but...

... measurements are non-deterministic!

Can I still compute deterministically?




One-way quantum computing

Of course!

And we already saw a hint of
how...
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Clifford gates

|Raussendorf, Browne, and Briegel, Phys. Rev. A 68, 022312 (2003)]
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Clifford gates

1 2 3 4 5

ey vivivi®

Hadamard-gate

|Raussendorf, Browne, and Briegel, Phys. Rev. A 68, 022312 (2003)]
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Clifford gates

1 2 3 4 5

X XM XD

7 /2-phase gate

|Raussendorf, Browne, and Briegel, Phys. Rev. A 68, 022312 (2003)]
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Clifford gates

control

target

CNOT-gate

|Raussendorf, Browne, and Briegel, Phys. Rev. A 68, 022312 (2003)]
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Clifford gates
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Clifford gates Other gates

|Raussendorf, Browne, and Briegel, Phys. Rev. A 68, 022312 (2003)]
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Clifford gates Other gates

1 2 34 5
X XENX[]

z-rotation

|Raussendorf, Browne, and Briegel, Phys. Rev. A 68, 022312 (2003)]
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Clifford gates Other gates

1 2 3 4 5

X B8 EniEg (]

general rotation

|Raussendorf, Browne, and Briegel, Phys. Rev. A 68, 022312 (2003)]
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Clifford gates Other gates

1 2 34 5
XMMNMO 1 2345
Hadamard-gate X X m X D
U a4 s z-rotation
X XM xQO
7 /2-phase gate
1 2 34 5
control X - ED
general rotation
target X X X
O 101112 13 14 15
CNQOT-gate

|Raussendorf, Browne, and Briegel, Phys. Rev. A 68, 022312 (2003)]
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Exercise

1 2 3 4 5

ey vivivi®

Hadamard-gate
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1 2 3 4 5

X MMM
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Clifford gates Other gates

1 2 34 5
XMMNMO 1 2345
Hadamard-gate X X m X D
U a4 s z-rotation
X XM xQO
7 /2-phase gate
1 2 34 5
control X - ED
general rotation
target X X X
O 101112 13 14 15
CNQOT-gate

|Raussendorf, Browne, and Briegel, Phys. Rev. A 68, 022312 (2003)]



What are the “good” resource states for 1WQC?

Cluster state®” X, Y, TXT 38 graph state
Brickwork state X, Y, TXT 0 graph state
Triangular lattice state*! X, Z, H, XHX*" graph state
Raussendorf-Harrington-Goyal (RHG) lattice’>** | X, Y, Z, TXT #>% | graph state
Decorated RHG lattice® X, Y, TXT % graph state
Affleck-Kennedy-Lieb-Tasaki (AKLT) state*®* qutrit bases*’ matrix-product state
Union Jack state’ X, Y, Z7 hypergraph state
Three-uniform hypergraph state’® X, Y, 7 hypergraph state
Mglmer-Sorensen graph state'” X, Z" weighted graph state
Our state X, Z hypergraph state

| Takeuchi, Morimae, and Hayashi, Scientific Reports 9, 13585 (2019).]
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Graph states

They can be described in terms of their
stabilizer & = <G1, ey Gn> where the

generators are given by
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Recall our earlier exercise

1 2 3 4 5
X MMM CZs
Hadamard-gate X2 — 7 1X223
Xy —> £r X34y
LCZ3 % 4 S X 7.X,Z
—
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Recall our earlier exercise DG Soesos ou min
T T T 1
1 2 3 4 5 e
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Recall our earlier exercise SS SE0a0s 06 S
008 ee e :I
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Recall our earlier exercise SS SE0a0s 06 S
0000808 ee :I
1 2 3 4 5 oa
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Quantum circuit One-way quantum computation
R o .
__________ il e
1) — H | Rz(3) | Rz(5) | ys) , ,
: l e Sl
22) — HH | R2(5) | 12) T
I } P R RN L=
z3) : . 3 l lE H —i— Y1)

_____

___________________________________

Input (measured in x)

B Output

z—Measurements

® y—Measurements

x—Measurements

® non-Pauli-Measurements

|[Hein et al., Proceedings of the International School of Physics "Enrico Fermi": Quantum Computers, Algorithms and Chaos 115-218 (2006).] 29
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Computation by measurements: A unifying picture ﬂ 1Jun 2005 | Conference Proceedings
Unifying quantum computation with projective measurements only and one-

Share way quantum computation

Show more v Philippe Jorrand, Simon Perdrix = Author Affiliations

Panos Aliferis* and Debbie W. Leung’

Proceedings Volume 5833, https://doi.org/10.1117/12.620302 | Event Info v

Phys. Rev. A 70, 062314 - Published 14 December, 2004
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Article Cited By
[Am) 9 'T:i‘fations T Abstract

Show metrics v
Quantum measurement is universal for quantum computation. Two models for performing

measurement-based quantum computation exist: the one-way quantum computater was
introduced by Briegel and Raussendorf and quantum computation via projective measurements
Abstract only by Nielsen. The more recent development of this second model is based on state transfers
instead of teleportation. From this development a finite but approximate quantum universal

T . . . family of observables is exhibited which includes only one two-qubit observable while others are
The ability to perform a universal set of quantum operations based solely on static resources and

measurements presents us with a striking viewpoint for thin

T - ' “ ——-— _-“yersal family of observables
. | . Unified derivations of measurement-based schemes for Il < sover i coscoea
We consider the two major models for doing quantum comg . fon fe. one-way quantum
appeared in the literature and show that they are conceptua quantum ComPUtat|on .
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interchangeable primitives. With the tools developed for this
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effective methods for performing computation within both r e
arbitrary graph states employing two-qubit measurements a

Phys. Rev. A 71, 032318 - Published 17 March, 2005 Export Citation

DOI: https://doi.org/10.1103/PhysRevA.71.032318
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Abstract

We present unified, systematic derivations of schemes in the two known measurement-based models of
quantum computation. The first model (introduced by Raussendorf and Briegel, [Phys. Rev. Lett. 86, 5188
(2001)]) uses a fixed entangled state, adaptive measurements on single qubits, and feedforward of the
measurement results. The second model (proposed by Nielsen, [Phys. Lett. A 308, 96 (2003)] and further
simplified by Leung, [Int. . Quant. Inf. 2, 33 (2004)]) uses adaptive two-qubit measurements that can be applied
to arbitrary pairs of qubits, and feedforward of the measurement results. The underlying principle of our
derivations is a variant of teleportation introduced by Zhou, Leung, and Chuang, [Phys. Rev. A 62, 052316
(2000)]. Our derivations unify these two measurement-based models of quantum computation and provide
significantly simpler schemes.
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Recall our exercise

Recall 1-bit Z-teleportation
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Recall our exercise

Recall 1-bit Z-teleportation
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Recall our exercise

Recall 1-bit Z-teleportation
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Let’s use 1-qubit Z-teleportation to understand
the essence of 1WQC:

) +— X “

|[McKague, Theory of Computing 12 1-12 (2016).]
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Let’s use 1-qubit Z-teleportation to understand
the essence of 1WQC:

1) o— X ﬂ 1) U (6) o X —1

|[McKague, Theory of Computing 12 1-12 (2016).]
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Let’s use 1-qubit Z-teleportation to understand
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59 A" 0 . = Client Server

I Abstract

We present a protocol which allows a client to have a server carry out a quantum
computation for her such that the client's inputs, outputs and computation remain
perfectly private, and where she does not require any quantum computational power or
memory. The client only needs to be able to prepare single qubits randomly chosen measu fement
from a finite set and send them to the server, who has the balance of the required | | . angle
quantum computational resources. Our protocol is interactive: after the initial

preparation of quantum states, the client and server use two-way classical

-

measurement instructions to the server, depending on previous measurement R P e measurement

communication which enables the client to drive the computation, giving single-qubit

outcomes. Our protocol works for inputs and outputs that are either classical or resu|t

quantum. We give an authentication protocol that allows the client to detect an

interfering server; our scheme can also be made fault-tolerant. We also generalize our
result to the setting of a purely classical client who communicates classically with two
non-communicating entangled servers, in order to perform a blind quantum
computation. By incorporating the authentication protocol, we show that any problem in
BQP has an entangled two-prover interactive proof with a purely classical verifier. Our
protocol is the first universal scheme which detects a cheating server, as well as the first
protocol which does not require any quantum computation whatsoever on the client's
side. The novelty of our approach is in using the unique features of measurement-based
quantum computing which allows us to clearly distinguish between the quantum and

classical aspects of a quantum computation.

|Broadbent, Fitzsimons, Kashetfi, Proceedings of the 50th Annual IEEE Symposium on Foundations of Computer Science (FOCS '09) (2009).] 38
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Abstract

In 2001, all-optical quantum computing became feasible with the discovery that
scalable quantum computing is possible using only single-photon sources, linear
optical elements, and single-photon detectors. Although it was in principle scal-
able, the massive resource overhead made the scheme practically daunting.
However, several simplifications were followed by proof-of-principle demonstra-
tions, and recent approaches based on cluster states or error encoding have dra-
matically reduced this worrying resource overhead, making an all-optical architec-
ture a serious contender for the ultimate goal of a large-scale quantum computer.
Key challenges will be the realization of high-efficiency sources of indistinguish-
able single photons, low-loss, scalable optical circuits, high-efficiency single-
photon detectors, and low-loss interfacing of these components.

|O’Brien, Science 318, 1467 (2007).]
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Fusion-based quantum computation Fusion Network
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Abstract

The standard primitives of quantum computing include deterministic unitary entangling gates,
which are not natural operations in many systems including photonics. Here, we present fusion-
based quantum computation, a model for fault tolerant quantum computing constructed from i) Resource states

physical primitives readily accessible in photonic systems. These are entangling measurements,

called fusions, which are performed on the qubits of small constant sized entangled resource

states. Probabilistic photonic gates as well as errors are directly dealt with by the quantum error ii) Fusion —0 &—
correction protocol. We show that this computational model can achieve a higher threshold than measurements
schemes reported in literature. We present a ballistic scheme which can tolerate a10.4%
probability of suffering photon loss in each fusion, which corresponds to a 2.7% probability of loss
of each individual photon. The architecture is also highly modular and has reduced classical

processing requirements compared to previous photonic quantum computing architectures.

|Bartolucci et al.,, Nature Communications 14,912 (2023).]
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Bell fusion

EXEI‘CISE O—0 & In linear optics, Bell fusions are simple

----------- to perform but do not deterministically

M1 —_ X1X 2
M, = 7,7, generate entanglement.
Success Failure Erasure
Stabilizers X1X,
YAVA
measured Z.7, 172 None

|Bartolucci et al.,, Nature Communications 14,912 (2023).]
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YAVA
measured Z.Z, 152 None
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to perform but do not deterministically
generate entanglement.
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Z: Xy — (D)X X, —
X2y — X Z4 —
XsZ, — X7, —
Lo Xy — £,4,X:X, —

In linear optics, Bell fusions are simple
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Bell fusion

EXEI‘C]SB O—0 In linear optics, Bell fusions are simple

to perform but do not deterministically

V=77 generate entanglement.
SU.CCGSS Failure Erasure
Stabilizers X1X
measured Z,Z, 212 None
M, m M, m
X 1Z3 X IZ3
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Bell fusion

EXEI‘C]SB O—0 [n linear optics, Bell fusions are simple

to perform but do not deterministically

e generate entanglement.
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SUCCGSS Fallure Erasure
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measured Z,Z, 212 None
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EXEI‘C]SB O—0 In linear optics, Bell fusions are simple

to perform but do not deterministically

e generate entanglement.
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_______________________

X,Z, X,Z,
X.Z, (= 1ymtmz X, 7.
Z X7, (—1)ym+tmz X 7,
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Core concepts and ideas One-way quantum computing Fusion-based computation Pauli-based computation

Exercise O—O—0 O—O O—O—0

_______________________

X,Z, X,Z,
X.Z, (= 1ymtmz X, 7.
Z X7, (—1)ym+tmz X 7,
Z.Xq Z.X,

Solution: @O—@———{O—0

|Bartolucci et al.,, Nature Communications 14,912 (2023).] 42
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6-ring Fusion Network

a) 6-ring resource state unit cell b) 6-ring fusion network c¢) Fusion measurements

Sy = ZyXoZs I Is ]
So = 11 Z9X3Z4151¢
Ss = 111,73 X4751¢
Sy = 11121374 X574
S5 = Z1IrI314 75 X¢
Se = X1Z21314157¢

M, = X1 X,
My = Z1Z9

Pauli-based computation

d) Multi unit cell layout

Resource states form planes in (1,1,1) direction. Each state fuses
to 3 states in the layer above (e.g. 1,3,5) and 3 below (e.g. 2,4,6)

|Bartolucci et al.,, Nature Communications 14,912 (2023).]

e) Syndrome graph

i) Vertices represent
parity checks. Each
parity check has 12
incident edges.

-'(_\
' ii) Each edge on the
graph represents a

single fusion
measurement bit.

Horizontal and vertical edges correspond to XX fusion
outcomes. Diagonal edges correspond to ZZ outcomes.
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We propose examples of a hybrid quantum-classical simulation where a classical computer assisted
by a small quantum processor can efficiently simulate a larger quantum system. First, we consider sparse
quantum circuits such that each qubit participates in O(1) two-qubit gates. It is shown that any sparse
circuit on n + k qubits can be simulated by sparse circuits on n qubits and a classical processing that

takes time 29 poly(n). Second, we study Pauli-based computation (PBC), where allowed operations are
nondestructive eigenvalue measurements of n-qubit Pauli operators. The computation begins by initializing
each qubit in the so-called magic state. This model is known to be equivalent to the universal quantum
computer. We show that any PBC on n + k qubits can be simulated by PBCs on n qubits and a classical

processing that takes time 2°(*)poly(n). Finally, we propose a purely classical algorithm that can simulate a
PBC on n qubits in a time 2**poly(n), where a =~ 0.94. This improves upon the brute-force simulation
method, which takes time 2"poly(n). Our algorithm exploits the fact that n-fold tensor products of magic
states admit a low-rank decomposition into n-qubit stabilizer states.
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Pauli-based computation (PBC) is a measurement-based model of quantum computation that
samples from output distributions of universal Clifford+T circuits. Here, we provide a normal
form (NF) that completely characterizes its adaptive and entanglement structures. These insights
unify PBC with one-way quantum computing as dual or ‘time-reversed’ counterparts. We use the
NF to advance strategies for distributed computation and investigate magic-state injection rates. We
also demonstrate an exponential improvement in the detection of unnecessary magic-state qubits,
allowing their efficient removal. Our NF further enables ahead-of-time circuit compilation using
PBC, reducing CNOT gate count and quantum memory of random quantum circuits on average by
50% and 40%, respectively, beating other state-of-the-art compilers.

|Bravyi, Smith, and Smolin, Phys. Rev. X 6, 021043 (2016).] and [Peres et al.,, arXiv:2610.30315 (2026).]
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are effticiently classically simulable.
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But...

Clifford+/ circuits are universal
for quantum computation!

T = diag(1, e™*).
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o

imjection 10 —{ # {1} # >

|Zhou, Leung, and Chuang, arXiv:quant-ph/0002039 (2000).]
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Magic-state
injection 0) ! H

|Zhou, Leung, and Chuang, arXiv:quant-ph/0002039 (2000).]
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Now...

This does not fit the \®/ Xoz| |zex
definition of PBC!
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For the ith measurement:

There is a classical
procedure that can be
used to (efficiently)
reduce the
computation just to
the magic register...
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For the ith measurement:

There is a classical
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 Does P; commute with |
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For the ith measurement:

| Does P; commute with }
i all the stabilizers? |

There is a classical
procedure that can be
used to (efficiently)
e BB AC with S
_ _ i 1. Post-select the
COITlplltathn ]USt tO outcome to ()
the magic register,_, 2. Create the Clifford:
| V.= (S+P)/2
{3. Update upcoming
| measurements
- N N i suitably via
‘O> _j conjugation by V.. :_
(4. If P; is a readout: coin- 'A
Pl P2 tossm. €, {0,1} and :
: I R ’
| T> i track potential sign
! flips in upcoming
i measurements when |
L mi=1 ~
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For the ith measurement:

| Does P; commute with }
i all the stabilizers? |

There is a classical
procedure that can be
used to (efficiently)
B ACwithS
_ _ i 1. Post-select the
COITlpUtathn ]USt tO outcome to ()
the magic register,_, 2. Create the Clifford:
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(a) ((b) If Qj, (m;,0) = Qj5(m;, 1), then: } Layer 1 \
tyer2{  (QONORO)
Layer 3 { (Qj4 (OOO)} ..
\
( M1 Mijo M
() 7 i
[Qj4 (000)]
~U« Bell
b — 000m34 (ST)mjl QJ4_ | II)ELIIS (o
r . - - —
w Theorem 1 equips us with a compact generation rule (ST)™iZ— - . . S
S Q]r (b'<]'r') S(b‘<3r) Q]'r' (O‘<]7‘) ST(b'<]r) r = ]‘ y 4 ) )L (ST)ij—  —— )

|Peres et al., arXiv:2610.30315 (2026)]
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