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Abstract—QuYBE is an open-source algebraic compiler for
the compression of quantum circuits. It has been applied for the
efficient simulation of the Heisenberg Hamiltonian on quantum
computers. Currently, it can simulate the time dynamics of
one-dimensional chains. It includes modules to generate the
quantum circuits for the above as well as produce the compressed
circuits, which are independent of the time step. It utilizes
the Yang-Baxter equation (YBE) to perform the compression.
QuYBE enables users to seamlessly design, execute, and analyze
the time dynamics of the Heisenberg Hamiltonian on quan-
tum computers. QuYBE is the first step toward making the
YBE technique available to a broader community of scientists
from multiple domains. The QuYBE compiler is available at
https://github.com/ZichangHe/QuYBE.

I. INTRODUCTION

Current major efforts towards demonstrating a real quantum
advantage are focused on designing practical large-scale quan-
tum computer architectures. To accommodate these efforts
with the supporting software, robust quantum compilation
processes are much needed. A typical quantum compilation
includes three-level circuit generation or optimization, namely,
the circuit generation from a reduced set of universal quantum
gates, the fault-tolerant design of the original circuit, and the
circuit compilation to hardware-specific instructions. There is
extensive literature devoted to employing classical approaches
for quantum compiling (see Refs. 1]–[11 for past exam-
ples using temporal planning, machine learning, and other
techniques). Recent exciting ideas include utilizing algebraic

† Equal contributions

relations to compress and optimize the original circuit for
more fault-resilient performance on NISQ devices [12]–[19].
The Yang-Baxter equation (YBE) or star-triangle relation
has recently attracted much attention in quantum information
science. This equation, which was originally introduced in
theoretical physics [20] and statistical mechanics [21], is
a consistency condition which arises in systems where the
dynamics are two-body factorizable. The YBE link to quantum
computing arises from the connection to topological entan-
glement, quantum entanglement, and quantum computational
universality [22]–[28].

Briefly, the quantum YBE can be written as

(R⊗ 1)(1⊗R)(R⊗ 1) = (1⊗R)(R⊗ 1)(1⊗R) (1)

where the R operator is a linear mapping R : V ⊗V → V ⊗V
of vector space V . In the present discussion, R represents
a parameterized unitary gate and is limited as a two-qubit
gate parameterized by a phase factor and a rotation. Since the
YBE connects topological concepts like knots and links to
entangled quantum states, the CNOT gate can be replaced by
some unitary gate R via the YBE to maintain the universality
of quantum computation. [21] Here, the unitary R gate serves
as the solution for the condition of topological braiding, as
well as the unitary solution to the YBE.

In our previous work [28], we have proved that for some
model systems it is feasible to compress their time evolution
circuit based on the YBE to a depth that scales linearly
with respect to the number of qubits N . Furthermore, the
YBE compilation in the classical pre-processing step scales
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as O(N3). Following our previous conceptual work, and with
an eye toward large-scale applications, here we report the
design and execution of a quantum compiler (QuYBE) based
on our previous conceptual YBE analysis. We demonstrate
that our QuYBE compiler can successfully perform efficient
YBE circuit compression for certain classes of the Heisenberg
model.

II. METHODOLOGY

In this section, as an illustration, we introduce how our
QuYBE compiler compresses the quantum circuit correspond-
ing to the time dynamics of the 1D-Heisenberg XY model
Hamiltonian. The same method can also be applied to other
Heisenberg model Hamiltonians with or without external field.
For an N -spin 1D-Heisenberg XY model Hamiltonian, to
simulate its time dynamics with T Trotterization steps, the
corresponding circuit has M = 2T layers. For such a circuit
with M > N , the QuYBE compiler is able to compress the
full circuit to N layers analytically without loss of accuracy.
The workflow is summarized in Fig. 1. In the following, we
elaborate our algorithms that have been used in the QuYBE
compiler. We will first be focused on a sequential compression
scheme for a demonstration purpose, and then we will briefly
discuss how it can be made parallel.

User Input 
1. Heisenberg Hamiltonian 

parameters
2. Time dynamics parameters

QuYBE
Performs compression using 
YBE

Output
1. QASM canonical circuit
2. QASM compressed circuit

Fig. 1. Worflow of QuYBE compiler.

A. Sequential compression scheme

The overall algorithm is described in Algorithm. 1. It first
transforms the first N -layer circuit to the reflection symmetric
form. Then the (N + 1)-th layer can be merged into the
reflected circuit, and the circuit depth is decreased by one. By
repeating these two steps, we can compress the original circuit
to a compact form with only N layers, i.e. circuit depth is a
linear function of number of qubits N . As an example how
YBE fascilitate the reflection symmetry, Fig 2 shows how to
achieve reflection symmetry for four qubits where YBE is true.

Algorithm 1 simply describes how a sequential compression
works for a given time evolution circuit of the Heisenberg
XY model. Inside the compression algorithm, the key function
CIRCUITREFLECTION is the multi-qubit reflection operation,

Reflection

Fig. 2. Reflection symmetry can be achieved by using the YBE four times on
four qubits. For each step, the triplets of qubits on which YBE act is shown
by green color.

Algorithm 1 A sequential circuit compression employing
QuYBE
Input: A N -qubit time evolution circuit with M(M > N)

layers
Output: Functionally equivalent circuit with N layers

1: while M > N do
2: Execute the function CIRCUITREFLECTION on the

first N layers.
3: Merge the adjacent gates on the same qubits
4: M ←M − 1
5: end while

of which the detailed workflow is given in Algorithm 2. As can
be seen, CIRCUITREFLECTION is a recursive function, which
also reflects how we proved the existence of a general reflec-
tion symmetry of an N -layer N -qubit time evolution circuit for
the studied models in our previous analysis. [28] Essentially,
what CIRCUITREFLECTION does is to gradually offload the
two-qubit gates in a given time evolution circuit from top left
to lower right and restore the untouched two-qubit gate from
lower right to top left to get the reflection done. To better
illustrate how exactly the key function CIRCUITREFLECTION
works, take a five-qubit time evolution circuit as an example,
Fig. 3 shows how we can offload the restore the two-qubit
gates to vertically reflect the first five layers of the circuite to
enable the merge between the fifth and sixth layers.

Algorithm 2 Multi-qubit circuit reflection operation
1: function CIRCUITREFLECTION(circuit of N -qubit)
2: Offload the gate on the first two qubits to the side.
3: Perform CIRCUITREFLECTION for the circuit of (N−

1)-qubit.
4: Restore the untouched two-qubit gates in Step 1 back

to the top row.
5: end function

Another key component in Algorithm 2, as can be seen from
Fig. 3, is the three-qubit YBE (or reflection) operation which
we have taken in our QuYBE compiler as a basic operation.
As demonstrated in Fig. 4, the three-qubit YBE operation
includes transforming an A-shape circuit to a V-shape circuit



Fig. 3. Schematic demonstration of compressing one layer from the five-qubit
time evolution circuit. (a) shows the original circuit. (b-g) converts the first
five-layer circuit into its reflection symmetric form, where (c-e) reflects the
four-layer four-qubit time evolution circuit to its reflection symmetric form.
(g) shows the circuit that enables the merge of the fifth and six-th layers. (f)
shows the compressed circuit.

(denoted as the A2V transformation), and its reverse operation
(denoted as the V2A transformation). We have coded these
two transformations, as well as a gate merge function, as
core functions in our QuYBE compiler. The detailed analytic
transformation rules are based on the Theorem I in Ref.28.
Also, regarding the scaling of CIRCUITREFLECTION, the
reflection of an N -qubit time evolution circuit with N layers
requires O(N3) number of 3-qubit YBE transformations (see
Fig. 7 (red), also see the derivation in Appendix A of Ref.28).

Fig. 4. Three-qubit reflection operation is treated as a basic operation in our
QuYBE compiler.

B. Parallel compression scheme

In comparison with some heuristic approaches, the QuYBE
compiler offers a deterministic approach for compressing the
time evolution circuits for some model systems. Nevertheless,

a sequential version would become a very time consuming pre-
processing step given only one layer is compress after O(N3)
three-qubit YBE operations. To reduce the time-to-solution,
we also explore the feasibility of having a parallel scheme.

1) Starting point of the circuit compression: From the
above demonstration, one important observation is that the
compression in Fig. 3 starts from the very beginning of the
circuit structure where there are no gates prior to the circuit
fragment that is about to get compressed. Therefore, we only
achieve an (N + 1)-to-N compression. Alternatively, if we
choose to start the compression from anywhere other than the
beginning, we will get an (N+2)-to-N two-layer compression,
i.e., one layer gets compressed at the beginning of the circuit
fragment and the other gets compressed at the end of the circuit
fragment, after performing one reflection operation (see the
inset in Fig. 5).

2) Parallel compression: Another important observation is
that the (N + 2)-to-N compression in the (N + 2)-layer is
independent of other (N + 2)-layer circuit fragments. The
independence between the circuit fragments then triggers a
straightforward parallel scheme to reduce the time-to-solution.
Specifically, as shown in Fig. 5, we only need to partition the
original circuit to multiple circuit fragments, each of which is
an (N + 2)-layer circuit. The compression of these circuit
fragments can straightforwardly be distributed to classical
computing resources. Suppose the entire time evolution circuit
include M layers, the simple parallel scheme would require
d M
N+2e processors at the maximum to do the compression.

Fig. 5. A parallel execution of QuYBE compiler. p denotes the maximal
number of processes. The inset at the lower right demonstrate a two-layer
compression for a seven-layer five-qubit time evolution circuit if the reflection
takes place at the layers #2−#6.

III. RESULTS

In this section, we discuss the impact of circuit compression
by showing the reduction in two-qubits gate, i.e., CNOTs, and
the growth of CNOTs with increasing system size for the time
dynamics of 1D-XY Hamiltonian, a subclass of Heisenberg
Hamiltonian. The Heisenberg Hamiltonian [29]–[31] is widely



used to study magnetic systems, where the magnetic spins are
treated quantum mechanically. The Hamiltonian (with nearest
neighbor interaction) can be written as

Ĥ = −
∑
α

{Jα
N−1∑
i=1

σαi ⊗ σαi+1}, (2)

where α sums over {x, y, z}, the coupling parameter Jα
denotes the exchange interaction between nearest-neighbour
spins along the α−direction, and σαi is the α-Pauli operator
on the ith spin. For XY Hamiltonian, Jz = 0 in Eq. (III). We
also show a real device (IBM-Manila) simulation using the
same compression scheme.

Fig. 6 shows the growth of CNOTs between the canonical
and compressed circuits with increasing steps in the quantum
time dynamics circuit. The dashed line represents the growth
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Fig. 6. Comparison between the canonical and compressed quantum circuits
for the growth of CNOTs with Trotter steps. The dashed line represents the
growth of CNOTs in the canonical quantum circuit, while the filled line
represents the growth of CNOTs in the compressed quantum circuit.

of CNOTs with Trotter steps in the canonical circuit. On the
other hand, after the compression, CNOTs grow until a step
number and plateau to a constant after that, as shown by the
filled line. Fig 7 (blue) shows the scaling of the maximum
CNOTs required for arbitrary time dynamics in compressed
circuits with the number of qubits. The growth of CNOTs is
quadratic with the number of qubits. Fig 8, shows the evolution
of the staggered magnetization for 5-spins for the Heisenberg
XY Hamiltonian (Jx = −0.8, Jy = −0.2). Each Trotter
step is 0.05 units of time. In order to confirm the validity
of compression, we plot results from the canonical circuit
and compressed circuit using the Qiskit simulator for every
tenth step. It shows that the compressed circuit (composed of
only 20 CNOTs) provides the same level of accuracy as the
canonical circuit on the simulator.

The impact of the compression is clearly seen when the
same simulation is run on a real quantum device. Fig. 8
shows the results of the canonical circuit and compressed
circuit on the IBM-Manila quantum device. We computed the
time-dependent staggered magnetization, ms(t), which can be
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Fig. 8. Comparison of the staggered magnetization evolution for 5 spins with
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connected to the antiferromagnetism and ferrimagnetism in
materials as follows:

ms(t) =
1

N

∑
i

(−1)i 〈σz(t)〉 . (3)

The initial state is the ground state (Neél state) of the XY
Hamiltonian, defined as Ψ0 = |↑↓↑↓ ... ↑↓〉. The staggered
magnetization of the Neél state is one. We performed the time
evolution for 5 units of time with a Trotter step size of 0.05
units.

The staggered magnetization using the canonical circuit
quickly drops to zero and remains zero for future time steps.
The increasing circuit depth and noise results in a maximally
mixed state corresponding to zero magnetization. This does
not happen in the compressed circuit, which only requires
20 CNOTs for arbitrary time evolution. In other words, the
maximum error is capped, and we observe better qualitative
and quantitative results on real quantum devices.



IV. CONCLUSIONS

In this paper, we have presented the QuYBE, which is an
open-source algebraic compiler for the compression of quan-
tum circuits. It has been applied for the efficient simulation of
the time dynamics of the Heisenberg Hamiltonian on quantum
computers. The compiler is based on a circuit compression
algorithm based on the quantum Yang-Baxter equation. We
demonstrate the efficacy of this approach by comparing time
dynamics simulations with canonical and compressed circuits
of the 1D-Heisenberg XY model on a real quantum device.

The QuYBE compiler is available at
https://github.com/ZichangHe/QuYBE. One of our goals
is to make the QuYBE compiler easy to use with existing
popular quantum compilers. It is achieved by using QuYBE
as an intermediate step in the compilation pipeline, where
YBE takes a QASM circuit, compresses it, and generates a
QASM circuit in the target format.

The proposed YBE technique is a general approach that can
be applied to any quantum circuit compliant partially or fully
with YBE. For example, other types of Ising Hamiltonians are
obvious targets. This work is important because it paves the
way for large-scale applications and investigations of broader
classes of models.
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