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Genesis  Genesis: A Compiler for Hamiltonian 
Simulation on Hybrid CV-DV Quantum 
Computers
> Chen, Zihan, Jiakang Li, Minghao Guo, Henry Chen, Zirui 
Li, Joel Bierman, Yipeng Huang, Huiyang Zhou, Yuan Liu, 
and Eddy Z. Zhang. "Genesis: A Compiler for Hamiltonian 
Simulation on Hybrid CV-DV Quantum Computers." In 
Proceedings of the 52nd Annual International Symposium on 
Computer Architecture, pp. 1583-1597. 2025.

> arxiv:2505.13683
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Symbolic Hamiltonian Compiler for 
Hybrid Qubit-Boson Processors
> Decker, Ethan, Erik Gustafson, Evan McKinney, Alex K. 
Jones, Lucas Goetz, Ang Li, Alexander Schuckert, Samuel 
Stein, Gushu Li, and Eleanor Crane. "Symbolic Hamiltonian 
Compiler for Hybrid Qubit-Boson Processors." In 2025 IEEE 
International Conference on Quantum Computing and 
Engineering (QCE), vol. 1, pp. 540-548. IEEE, 2025.

> arXiv:2506.00215



1.1 Why Hamiltonian Simulation matters?
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• Hybrid CV-DV systems can natively represent bosonic degrees of freedom 
while retaining qubit-based control and interaction structure



1.1 Why Hamiltonian Simulation matters?
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1.2 Operator representations
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• Continuous-variable (CV) quantum systems encode information in observables 
with continuous spectra, in contrast to discrete-variable (DV) qubits. A single 
CV mode (qumode) is modeled as a quantum harmonic oscillator with 
Hamiltonian:

Source: "HyQBench: A Benchmark Suite for Hybrid CV-DV Quantum Computing." 
Mohapatra et al. arXiv:2603.04398



1.2 Operator representations
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* "Efficient Qubit Simulation of Hybrid Oscillator-Qubit Quantum Computation." Lu et al. 
arXiv:2603.09233

• Position basis:
• Position operator

• Momentum operator

However, recent simulation work* also 
show the potential of position basis 
encoding, and offer alternative 
compilation pathways.

• Fock basis:
• Creation operator

• Annihilation operator

• Number operator

Current compilers operate on ladder 
operators (Fock basis), because many 
Hamiltonians are naturally expressed in 
second-quantized form.



1.3 Why matrix-free symbolic compilation?
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Hamiltonian example:

Corresponds Hamiltonian Grammar intermediate representation:



1.3 Why matrix-free symbolic compilation?
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• Limitations of Unitary Synthesis in Hybrid CV-DV Systems
• CV systems are inherently infinite-dimensional. 

• High cutoff → better accuracy, but poor scalability
• Low cutoff → efficient, but large approximation error

Source: "Hybrid continuous-discrete-variable quantum computing: a guide to utility." 
Kemper et al. arXiv:2511.13882



1.3 Why matrix-free symbolic compilation?
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• Hamiltonians are naturally expressed in algebraic operator form

• Enables:
• Symbolic rewriting
• Rule-based decomposition
• Structure-preserving transformations



1.4 How symbolic compilation works
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• Direct Hybrid CVDV Gate Synthesis

More resources: “Hybrid Oscillator-Qubit Quantum Processors: Instruction Set 
Architectures, Abstract Machine Models, and Applications.” Liu et al. 
arXiv:2407.10381; "Hybridlane: A Software Development Kit for Hybrid 
Continuous-Discrete Variable Quantum Computing." Furches et al. arXiv:2603.10919



1.4 How symbolic compilation works
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• Product formula will be an important building block
• Trotterization(Trotter-Suzuki formula), error = O(t^2/k)

• BCH(Baker Campbell Hausdorff formula), error = O(t^3)



1.4 How symbolic compilation works
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• Use block encoding to handle complex operators
• Block encoding allow us embed an operator 𝐴 using a larger unitary:

• Combine with product formula, it can help us decompose some complex 
terms to more fine-grained version:

• Recent work also provide a key primitive for bosonic operator construction:

Source: "Leveraging Hamiltonian Simulation Techniques to Compile Operations 
on Bosonic Devices." Kang, Christopher, et al. arXiv:2303.15542
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[20] "Leveraging Hamiltonian Simulation Techniques to Compile 
Operations on Bosonic Devices." Kang, Christopher, et al. arXiv:2303.15542

1.4 How symbolic compilation works
• Decomposition Rules Set
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1.4 How symbolic compilation works:
Rule-Based Recursive Template Matching

Decomposition
Rules Set

Basic Gates Set

Repeat the rewrite 
process until it 
produces only 
basis gates

Basic Gates Sequence
(Logical Circuit)



1.4 How symbolic compilation works

18Gates and Rules Sets from Decker2025QCE.



1.4 How symbolic compilation works

19Rules Sets from Decker2025QCE.



1.5 Limited Hardware Connectivity

20

• Qumode-qumode Mapping. 
Interactions are limited to adjacent qumodes. For non-adjacent 
qumodes, qumode SWAP gates are used, with routing 
optimized to minimize such SWAPs. 

• Qubit-qumode Mapping. 
Each qumode interacts only with its associated qubit. For 
interactions with other qumodes, adjacency is established by 
moving qumodes, similar to qumode-qumode mapping. 

• Qubit-qubit Mapping. 
Qubits interact indirectly via an ancilla qumode, which is moved 
between qubits to mediate interactions and complete gate 
operations.

Source: “Hybrid Oscillator-Qubit Quantum Processors: Instruction Set Architectures, 
Abstract Machine Models, and Applications.” Liu et al. arXiv:2407.10381



1.5 Limited Hardware Connectivity

21Source: “Hybrid Oscillator-Qubit Quantum Processors: Instruction Set Architectures, 
Abstract Machine Models, and Applications.” Liu et al. arXiv:2407.10381

• Qumode-qumode Mapping. 
Interactions are limited to adjacent qumodes. For non-adjacent 
qumodes, qumode SWAP gates are used, with routing 
optimized to minimize such SWAPs. 

• Qubit-qumode Mapping. 
Each qumode interacts only with its associated qubit. For 
interactions with other qumodes, adjacency is established by 
moving qumodes, similar to qumode-qumode mapping. 

Working Frontier: all unresolved gates whose 
dependence has been resolved
Using a Qiskit Sabre-like reward function to execute 
gate from the frontier and update it.



1.5 Limited Hardware Connectivity
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Qumode-SWAP
1 Beam-Splitter gate
(20x depth/duration)

Qubit-SWAP
(in CVDV System)

12 control displacement gates
12 Qumode-SWAPs

(480x depth/duration)

● Qubit-qubit Mapping
Qubits interact indirectly via an ancilla qumode, 
which is moved between qubits to mediate 
interactions and complete gate operations.

● Dynamic Qubit Floating
Alternative hardware platforms?
Optimization of SWAP cost and routing 
overhead in the future.
Are there specific demands about qubit 
connectivity and transport mechanisms?

Source: “Hybrid Oscillator-Qubit Quantum Processors: Instruction Set Architectures, 
Abstract Machine Models, and Applications.” Liu et al. arXiv:2407.10381



1.6 Multi-qubit controlled unitary
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• Qubits are not directly connected with each other, we propose a scheme to 
synthesize an arbitrary multi-qubit controlled CV unitary on Hybrid CV-DV platforms.

• k is the qumode index, P_i represents different control qubit index

• D can be replaced by any(or most of) CV unitary

Source: “Hybrid oscillator-qubit quantum processors: Simulating fermions, bosons, 
and gauge fields.” Crane et al. arXiv:2409.03747



1.6 Multi-qubit controlled unitary
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Source: “Hybrid Oscillator-Qubit Quantum Processors: Instruction Set Architectures, 
Abstract Machine Models, and Applications.” Liu et al. arXiv 2407.10381v2 



1.6 Multi-qubit controlled unitary
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A → B → C → D: 4 BS gates

D → C → A → B: 3 BS gates

The Optimized Ancilla Qumode Routing 
Problem can be reformulated as a relaxed 
Hamiltonian Path Problem, similar to a 
modified Traveling Salesman Problem (TSP). 
Unlike the closed-path TSP, this problem 
allows revisiting vertices and does not require 
returning to the starting vertex.
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2.1 Programmability: Expanding 
benchmark coverage

• Current compilers support a limited set of native gates and 
decomposition rules

• Broader coverage enables compilation of more benchmarks

Metric Genesis Decker2025QCE

Gate set size 10 11

Rule set size 15 4

Benchmarks evaluated 6 2
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2.1 Programmability: Expanding 
benchmark coverage

• Multi-qumode gates are limited supported in current work:
• Only support Beam-Splitter gates

Source: "Hybridlane: A Software Development Kit for Hybrid Continuous-Discrete 
Variable Quantum Computing." Furches et al. arXiv:2603.10919
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• Multi-qumode interactions are important:
• More complex hamiltonian simulation: Rossini, Davide, and Rosario Fazio. "Phase diagram 

of the extended Bose–Hubbard model." New Journal of Physics 14.6 (2012): 065012.

• Optimization problem using quantum Hamiltonian descent (QHD) formalism: Eq 22 "Hybrid 
continuous-discrete-variable quantum computing: a guide to utility." Kemper et al. 
arXiv:2511.13882

• Bosonic QEC, preparation multi-mode GKP state: Brenner, Lukas, et al. 
"Complexity of Gottesman-Kitaev-Preskill States." Physical Review X 15.3 
(2025): 031073.

2.1 Programmability: Support 
multi-qumode interactions
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2.1 Programmability: Beyond ladder 
operators

• Support position basis encoding for direct mapping, instead using 
ladder operators for all the compilation tasks:
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2.1 Programmability: Advanced hybrid gates

• Support more powerful hybrid gate:
• SQR gate is a cavity-conditioned qubit rotation gate, also known as the 

photon-number selective qubit rotation (SQR) gate, is defined as:

• SNAP gate is a powerful gate that imparts a different phase (chosen by the user) 
on each Fock state, also known as photon number selective phase (SNAP) 
gate, is defined as:
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2.1 Programmability: Advanced hybrid gates

• Using SQR to allow using one ancilla qubit to enable a qumode 
conditional CV or DV gate

• Compute → Control → Uncompute
• Realize the i-conditional j operator, i and j can be multi qumode system
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2.2 Resource–Accuracy Tradeoff: Error 
analysis needed

• Many rules just intermediate transformation, they are exact equivalent rewriting.

• But Product Formulas are not free! Trotterization, BCH, Block encoding 
implementation are all approximate rewriting.
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2.2 Resource–Accuracy Tradeoff: A more 
detailed cost model needed

• Error analysis → Fidelity

• Gate sequence → Depth

• Some advanced hybrid gates / decomposition rules → Extra qubit ancillas

• Hardware-dependent availability → Not every gate is supported in specific hardware

• A more detailed cost model:

Source: "Hybrid quantum simulations with qubits and qumodes on trapped-ion 
platforms." Araz et al. arXiv:2410.07346
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2.3 Flexibility: Commutativity / Associativity
• Commutativity

A + B = B + A
• Associativity

A + B + C = (A + B) + C = A + (B + C)

Decker, Ethan, et al. "Kernpiler: Compiler optimization for quantum hamiltonian 
simulation with partial trotterization." arXiv preprint arXiv:2504.07214 (2025).
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2.3 Flexibility: Commutation Rules

• For bosonic operators, the fundamental commutation relation is:

• It allows a lot flexibility for higher order of ladder operator terms:

Capability Genesis Decker2025QCE

Commutation-aw
are rewriting

❌ preprocessing only
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2.3 Flexibility: BCH commutator construction

• For Cross-Kerr term, we can construct the intermediate which is product formula 
decomposition friendly, then solve the compilation
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2.3 Flexibility: BCH commutator construction

• We can construct a commutator structure using some extra Pauli operators, when 
we have a commutator structure, it can help us using product formula to compile.
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2.3 Flexibility: BCH commutator construction

• One hamiltonian, different decomposition strategies, which we should choose?
• Product formula:

• Selective qubit rotation (SQR) gate:

CR gates
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2.3 Flexibility: CVDV QSP

• For Kerr nonlinear term, on the right hand is normal ordering, on the left hand is the 
polynomial of number operator:

• For all hamiltonian terms with the same number of annihilation and creation operator 
can be rewritten to the form of normal ordering, for example if the number of each 
type of ladder operator is m:
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2.3 Flexibility: CVDV QSP

• For all hamiltonian terms with normal ordering, it can be decomposed to the 
combination of number operator n:
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2.3 Flexibility: CVDV QSP

• Then we have a polynomial of number operator, using the m=2 to see the case of 
Kerr nonlinear term:
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2.3 Flexibility: CVDV QSP

• We can transform all hamiltonian terms with the same number of annihilation and 
creation operator to P(n).

• QSP can efficiently approximate/synthesis circuit using the gate sequences of signal 
operator and extra rotation gate, with constant number of qubit qumode requires.

• We can use CR gate to work as signal operator in CVDV systems.

• More resources:
> Martyn, John M., et al. "Grand unification of quantum algorithms." PRX quantum 2.4 (2021): 040203.

> Motlagh, Danial, and Nathan Wiebe. "Generalized quantum signal processing." PRX Quantum 5.2 
(2024): 020368.

> Liu, Yuan, et al. "Hybrid oscillator-qubit quantum processors: Instruction set architectures, abstract 
machine models, and applications." PRX Quantum 7.1 (2026): 010201.
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2.4 Verification, Simulation and Implementation

• Algorithm implementation and numerical verification
• Mohapatra, Shubdeep, et al. "HyQBench: A Benchmark Suite for 

Hybrid CV-DV Quantum Computing." arXiv preprint arXiv:2603.04398 
(2026).

• Circuit level implementation and calibration
• Furches, Jim, Timothy J. Stavenger, and Carlos Ortiz Marrero. 

"Hybridlane: A Software Development Kit for Hybrid 
Continuous-Discrete Variable Quantum Computing." arXiv preprint 
arXiv:2603.10919 (2026).
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Genesis CVDV Compiler
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ArXiv: Code:

https://github.com/ruadapt/Genesis-CVDV-Compiler



Genesis: Multi-IR system(Python+ANTLR)
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1. Hamiltonian Formula 
2. Researcher-friendly Hamiltonian 
Grammar(DSL for formula description) 

3. Intermediate Representation 
(Dialect for compilation pipeline)

4. Logical CVDVQASM 
file(Gate-level, optimization finished)

5. Physical CVDVQASM 
file(Assembly code generated)
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Reconfigurable Parser and Grammar

Define AST 

ANTLR generate a visitor.py to 
access the AST. Build a interpreter 
to do further compilation

http://visitor.py
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Multiple IR for multiple compilation/optimization

Intermediate Representation 
(Dialect for compilation pipeline)

Logical CVDVQASM file(Gate-level, 
optimization finished)

Physical CVDVQASM 
file(Assembly code generated)
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Genesis CVDV Compiler
https://github.com/ruadapt/Genesis-CVDV-Compiler/blob/main/doc/grammar.md
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Genesis CVDV Compiler
https://github.com/ruadapt/Genesis-CVDV-Compiler/blob/main/tests/demo.ipynb



Thank You!

52


