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I Quantum computing

Current challenges in quantum computing

- Resource restrictions (e.g.,
Superconducting Architectures):
« 127 logical qubits [1]
» Upto~ 5000 logical gates
« Short coherence time (80[us] to
1[ms]) [2]

- Error correction:

- Noise drives gate error rate [3]
 Limits the number of usable gates
- Overheadvary by order of magnitude /"""~ At AR
for different gates [4] Decoherence & Noise
Physical Qubits & Gates
Error Rates & Correction

Applications
Hybrid methods
‘uantum Programs
Logical Qubits & Gates
Novel Quantum Algorithms

« Quantum computing limited to
artificial problems




I Quantum Computing

Current Challenges in Quantum Computing

0C Optimization ZX Calculus [5, 6]
- Infinite universal gate sets - 8 generators
- Infinite gate commutation rules « 9well defined rewriting rules
- Equivalence verification « Rewriting rules preserve
computational expensive semantics
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= State-space for combinatorial optimization is (infinitely) large
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I ZX calculus

From Quantum Circuits to ZX-Diagrams

ID Z Z-Phase T X X-Phase H CNOT
T
- @ & @ —=— e
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« Every QC can be expressed as a ZX
diagram [7]

- Circuit extraction is # P-hard [8]
« Semantic preserving rewriting rules
+ Only topology matters




I ZX-based QC Optimization Pipeline
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I ZX-Diagram Optimization
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Quantum Circuit Optimization

I Definition of ZX-Diagram Optimization

« Input & output quantum circuit Define quantum circuits
« Let QC be the set of quantum circuits

- optis afunction that maps a quantum circuit to a metric
« opt:QC — Z




Quantum Circuit Optimization

I Definition of ZX-Diagram Optimization

Input & output quantum circuit Define quantum circuits
« Let QC be the set of quantum circuits
opt is a function that maps a quantum circuit to a metric

« opt:QC — 7
- Linear map of qubits Quantum circuits
. Let LM be the set of the linear map of qubits implement a

~is a function that maps a quantum circuit to its linear map | linear map of qubits
+v:0C— LM




Definition of ZX-Diagram Optimization
Quantum Circuit Optimization

Input & output quantum circuit
« Let QC be the set of quantum circuits

opt is a function that maps a quantum circuit to a metric
« opt:QC — Z

.

Linear map of qubits
+ LetLM be the set of the linear map of qubits

~is a function that maps a quantum circuit to its linear map
o Y OC — LM

flisafunction to transform quantum circuits

- f:0C—0QC
. fissemantic-preserving Vq € OC, v(q) = v(f(q))
- fminimizes the objective function min opt

= fisaquantum circuit optimization algorithm

Define quantum circuits

Quantum circuits
implement a
linear map of qubits

Functions that transform
quantum circuits need
to keep the same

linear map of qubits



/X-based Quantum Circuit Optimization

I Definition of ZX-Diagram Optimization

« /X diagrams Every
- LetZXbe the infinite set of all finite ZX diagrams quantum circuit
 «is afunction that converts quantum circuits to ZX diagrams can be converted
« a:QC — ZX toa ZX diagram




Definition of ZX-Diagram Optimization
/X-based Quantum Circuit Optimization

« /X diagrams
- LetZXbe the infinite set of all finite ZX diagrams

» «isafunction that converts quantum circuits to ZX diagrams
+ a:0C — ZX

- extract is afunction that converts ZX diagrams to quantum circuits

« extract : ZX — QCU { L}
- AZXdiagramis extractable if zz € ZX, extract(zx) # L

Every

quantum circuit
can be converted
to a ZX diagram

Not every
/X diagram can
be extracted



Definition of ZX-Diagram Optimization
/X-based Quantum Circuit Optimization

« /X diagrams
- LetZXbe the infinite set of all finite ZX diagrams

» «isafunction that converts quantum circuits to ZX diagrams
+ a:0C — ZX

- extract is afunction that converts ZX diagrams to quantum circuits

« extract : ZX — QCU { L}
- AZXdiagramis extractable if zz € ZX, extract(zx) # L

.

Rewriting rules

« LetR={il,42, f,h,b,c, 7, hd,lc} be the set of rewriting rules
- r € Risafunction that transforms a ZX diagram
e re R:ZX—2ZX

Every

quantum circuit
can be converted
to a ZX diagram

Not every

/X diagram can

be extracted

Rules are functions
that transform

/X diagrams

= A ZX based QC algorithm searches for extractable ZX diagrams that improves QC

metric(s)



Definition of ZX-Diagram Optimizatiorétate—spaceformed by finite sequence
Zyivasee DEnitn Cled Opitimreiien of rules on converted quantum circuit

- Wisthe /X state-space
« g€ QC,W C ZXs.t. w € Wexists for a finite sequence of rewriting rules
s w=(r,o..or;oa)q)

- w is afunction that converts a QC to a ZX diagram and applies a finite sequence of
rewriting rules

cw=(r, o..0or;0a)(q)




/X-based Quantum Circuit Optimization

I Definition of ZX-

biagram Opt'm'zatm%tate—space formed by finite sequence
of rules on converted quantum circuit

- Wisthe /X state-space

s w=(ry 0. 0m 00)(g)

rewriting rules
cw=(r, o..0or;0a)(q)

« g€ QC,W C ZXs.t. w € Wexists for a finite sequence of rewriting rules

- w is afunction that converts a QC to a ZX diagram and applies a finite sequence of

» Solutions are all extractable ZX diagrams in the state-space W
« SCW
« Yw e W, extract(w) # L < w e S

Extractable ZX diagrams
of the state-space
are solutions



/X-based Quantum Circuit Optimization

I Definition of ZX-

biagram Opt'm'zatm%tate—space formed by finite sequence
of rules on converted quantum circuit

.

Wiis the ZX state-space

« g€ QC,W C ZXs.t. w € Wexists for a finite sequence of rewriting rules

s w=(ry 0. 0m 00)(g)

wis a function that converts a QC to a ZX diagram and applies a finite sequence of

rewriting rules

cw=(r, o..0or;0a)(q)

Solutions are all extractable ZX diagrams in the state-space W

« SCW
« Yw e W, extract(w) # L < w e S

Extractable ZX diagrams
of the state-space
are solutions

Optimal solutions is the largest subset of solutions such that a metric is minimized

- 0CS
« Yo € O,s € S opt(extract(o)) < opt(extract(s))

All solutions ZX diagrams that minimize a metric are optimal



I Circuit Extraction

Input Output
oa— —fsle—
1 1
! s
—a0-(1 P, T |—
Convert Search Extract
II Il i I II UNIVERSITY OF LUXEMBOURG
Y Institute for Advanced Studies

| 9/23 = @



I Circuit Extraction
« Assertion of causality

« Circuit extraction is #P-hard [8]

- Necessitates the existence general [9]
or causal [10] flow

» Polynomial-time algorithm exist for
ZX-diagrams in the MBOC-form [11]

10/23 L
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(a) Unextracted (b) Spiders with a single
/X-diagram. input and output can be

extracted directly.

Frontier Frontier
....O........gz._u e o) 6 @—D—
e} ~HEHC e} @ g

Unextracted Extracted Unextracted Extracted
(c) Connections between (d) CNOT gates extract

frontier spiders are
extracted by CZ gates.

wires between frontier
and unextracted spiders.




I Methodology
« 26 surveyed works until Sept. 2025

Author(s) Algorithm T 20 Depth Qubits Edges Vertices
- Selection criteria: Foganetal (2] Ad-oo v
Kissinger et al. [13] Ad-hoc y
= Al S Beaudrap etal. [14] Ad-hoc+Heuristic y
° Work uses ZX dlagram reWr|t|ﬂg for Beaudrap et al. [15] Ad-hoc+Heuristic y
Q ] Q Q Q Duncan et al. [16] Ad-hoc y
CerUlt Optlmlzatlon Kissinger et al. [17] Ad-hoc y
B f . . Cowtan etal. [18] Ad-hoc+Greed:
- work improves circuit extraction Cownetal 8] Ad-oo ;
. Munson et al. [20] Ad-hoc+Heuristic y
. Zilketal. [21] Ad-hoc y y y
° Catego”zed by Gogioso et al. [22] SA y
q . Staudacher etal. [23]  Rand.+Heuristic y y
1. Architecture-independent (14) vs. Winderletal, 2] Ad-hocsHeuristic y
o Riuetal. [25] RL y y
architecture-aware (‘l 2) Griend et al. [26] Ad-hoc+Heuristic y
8 q q Vandaele [27] Ad-hoc+DVFS+Greedy y
2. Optimization technique Holker (28] Rand.+Heuristic y y
. Nagele et al. [29] RL y
3. Ta rget metrics Staudacher etal. [30]  Ad-hoc y
Ewen etal. [31] GA y y
. o Huang etal. [32] Ad-hoc+Heuristic y y
C FU” Survey aVa||ab|e on aerV Mattick et al. [33] RL+Tree search y y
Fischbach et al. [34] Tree search y %
Liuetal. [35] ™ y y
E E Chen etal. [36] SA+LA y y
L Villoria et al. [37] ILP+Peephole y
o
it .
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https://arxiv.org/abs/2509.20663

I Taxonomy

RL
Stochastic
Search

Heuristic

Algorithm Category

Ad-hoc

‘o o o o

- @ 0 e :
‘o O o © o
O © o o o |
000 o
T 2Q d e v Q

Metric

Categories

Ad-hoc: {Ad-hoc, Template Matching}
Heuristic: {Heuristic, Greedys}

Search: {Integer Linear Programming,
Tree Search, Look-ahead Search,
Directed Vertex Feedback Solver}

Stochastic: {Simulated Annealing,
Genetic Algorithm, Random Algorithm}

RL: {Reinforcement Learning}

LA
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I Notable Developments

« From ad-hoc towards stochastic and » Edge reduction heuristic to optimize
search algorithms (e.g., genetic [31], two-qubit gate count (first introduced
simulated annealing [22], and tree by Staudacher et al. [23], improved by
search [33]) Holker [28], and used by Mattick et al.

« /X-Calculus as an intermediate [33])
representation for architecture-aware + Architecture-aware optimization
optimization (e.g., photonic [21], during circuit extraction based on the
neutral atom [30], trapped ion [37], and biadjacency matrix (e.qg., [13], [37])

superconducting [13] architectures)

LA
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I Challenges

+ Scalability
 Multi-objective optimization
« Circuit extraction

« Architecture-awareness

Algorithm Category

RL

Stochastic

Search

Heuristic |-

Ad-hoc

QA

o o o |
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What is the performance of Algorithm XY
compared to Algorithm YZ?
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I ZX Benchmarking Framework

Goals

- Declarative experiments (decouple
optimizer and extractor)

- Representative benchmark (support of
multiple data sets)

« CLlIand PyZX & Qiskit integration
« Public website with up to date results

« No reimplementation of existing
algorithms

« Maintainable

LA
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https://gitlab.com/NetForceExplorer/zx-benchmark
https://gitlab.com/NetForceExplorer/zx-benchmark

I Current Features

17/23

Configuration files for declarative
experiments

Separation of optimizer and extractor
HTML and LaleX analysis output

Works on standard data sets (e.qg.,
0QASMBench) and random circuits

Implemented optimizers (joint work
with Fabio Perreira):

- Holker [28]

. Staudacher et al. [23]

. Ewenetal. [31]

- Kissinger et al. [17]

. Fischbach et al. [34]

Pruning Condition: Cflow

Mgorichm
Metric A %
EEEElo.00 000 ES#o.00 0.00 0.00 0.00 0.00 0.00 0.00

T lo.00 28557 10.71 -33.33 0.00 (28557 0.00 ‘28557 0.00 [2857
T 06 -+2. 56 I 1256 (B 12 56 [6EH 42 .56 [l0IEN -42.56
T 5515 2560 38160 -27.38 [0 -27.38 HEI6E -27.38 39119 -25.60
T 19.59 -27.08 HAI80] -30.36 25.00 27.98 24.33 -27.98 19.59 -27.08

Legend

500 0 50.0

Algorithm Metric

LDS = Limited-discrepancy search T = T-gate
2Q == Two-qubit

LE := Local-elimination
IDDFS := lieralive-deepening depin-first search
DFS := Depth-first search

FR := Full reduce

Figure: Example HTML analysis.

LA
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https://www.linkedin.com/in/fabio-rafael-pereira-alves-205939233/
https://netforceexplorer.gitlab.io/zx-benchmark

NI WNN

Configuration

python config.py -c config. json
# or

uv run -c config. json

# or

docker run -c config.json

# or

experiment -c config.json

« Global and instance parameters
configuration (e.g., timeouts)

- Instances are constructed as the
combination of all optimizers,
extractors, and data sets

- Filenames and instance identifier from
optional metadata

« Optimizer and extractor parameters
are passed **kwargs

N=0w0oodo Tl N —

=

B

"experiment":{
"data_dir":"./data/example",
"b_write_result":true,
"quiet":true,
"instance_timeout":3600,
"global_timeout":170000
T,
"setup":{
"solvers":{
"dfs-enumerate-ilps-no-constraints":{
"optimizer":"zx_bench.optimizers.dfs_optimizer"
B
"extractor":"zx_bench.extractors.
enumerate_ilps_extractor",
"optimizer_name":"dfs",
"extractor_name":"enumerate-ilps-extractor",
"max_sol":2},
"metric": ["

"extractor_params":{"quiet":true,
"optimizer_params":{"quiet":true,
MetricEdge () "], "pruning":[
PruneNonCircuits ()"1}
}
T
"qes":{
"gasm_bench":{"category":"test-set"}
}
¥




I Optimizer Integration

1 $ 1s src/zx_bench/optimizers/holker_2024 1 # __init__.py
2 graph 2 def holker_2024(g: BaseGraph, **kwargs)
3 heuristics.py -> BaseGraph:
4 __init__.py 3 g_conv = pyzx_graph_to_holker_graph(g
5 rules.py
6 simplify.py 4 g_opt = g_conv.copy()
7 utils.py 5 simplify.flow_2Q_simp(g_opt, **xkwargs
)
- __init__.py contains the wrapping ° g'cOZoptlfzii;i;%raph'to‘pyzx‘graph(
function that maps BaseGraph — 7 return g_conv
BaseGraph

« **kwargs upstream optimizer
arguments
« Translation between up to date and
incompatible legacy PyZXif required .
I UNIVERSITY OF LUXEMBOURG
Il 'II Y ll Institute for Advanced Studies
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I Planned Features

« Automatization with GitLab runners that:

+ execute benchmark for newly added optimizers
+ update public website
« Check if upstream PyZX changes break implementation

« Integrate more optimizers from Table 11
« Public testing

LA
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I Discussion Points

Would you create a pull request with your optimizer?

Do you wish for more advanced metrics or analysis?
In what advanced experiments are you interested? E.q.:

« computational efficiency
« circuit size dependencies
+ two-qubit and T-gate density

+ How can we test architecture-aware optimizers and extractors?

« Are we missing something fundamental that would prevent you from using the
framework?

LA
Il " I I II UNIVERSITY OF LUXEMBOURG
Y Institute for Advanced Studies
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I Looking for Postdoc Opportunities

Contact Ressources

+ Email: fischbach.tobias-michael@outlook.com - Survey [38]:

- CV: tobias-fischbach.de/cv [l ]

e ElEes
EAERIT

« /X Benchmarking Framework:
+ Website: tobias-fischbach.de

[y
l‘

22123



mailto:fischbach.tobias-michael@outlook.com
https://netforceexplorer.gitlab.io/website/assets/pdf/fischbach_resume.pdf
https://netforceexplorer.gitlab.io/website/assets/pdf/fischbach_resume.pdf
https://tobias-fischbach.de
https://tobias-fischbach.de/
https://arxiv.org/abs/2509.20663
https://gitlab.com/NetForceExplorer/zx-benchmark

I Looking for Postdoc Opportunities

Contact Ressources
+ Email: fischbach.tobias-michael@outlook.com - Survey [38]:
- CV: tobias-fischbach.de/cv [l ]
e '
Thanks for your Attention!
~ Webste: tobias-fischbach. ge aﬁ]ﬁg‘hjm

!
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https://tobias-fischbach.de/
https://arxiv.org/abs/2509.20663
https://gitlab.com/NetForceExplorer/zx-benchmark

I Discussion Points

Would you create a pull request with your optimizer?

Do you wish for more advanced metrics or analysis?
In what advanced experiments are you interested? E.q.:

« computational efficiency
« circuit size dependencies
+ two-qubit and T-gate density

+ How can we test architecture-aware optimizers and extractors?

« Are we missing something fundamental that would prevent you from using the
framework?
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