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ABSTRACT
Quantum computers have the potential to solve important prob-

lems which are fundamentally intractable on a classical computer.

The underlying physics of quantum computing platforms supports

using multi-valued logic, which promises a boost in performance

over the prevailing two-level logic. One key element to exploiting

this potential is the capability to efficiently prepare quantum states

for multi-valued, or qudit, systems. Due to the time sensitivity of

quantum computers, the circuits to prepare the required states

have to be as short as possible. In this paper, we investigate quan-

tum state preparation with a focus on mixed-dimensional systems,

where the individual qudits may have different dimensionalities.

The proposed approach automatically realizes quantum circuits

constructing a corresponding mixed-dimensional quantum state.

To this end, decision diagrams are used as a compact representa-

tion of the quantum state to be realized. We further incorporate

the ability to approximate the quantum state to enable a finely

controlled trade-off between accuracy, memory complexity, and

number of operations in the circuit. Empirical evaluations demon-

strate the effectiveness of the proposed approach in facilitating fast

and scalable quantum state preparation, with performance directly

linked to the size of the decision diagram. The implementation

is freely available as part of Munich Quantum Toolkit (MQT) at

github.com/cda-tum/mqt-qudits.

1 INTRODUCTION
Quantum computing is capable of addressing problems intractable

to classical computers, thanks to its distinct paradigm. Examples in-

clude, Shor’s algorithm [1] to factorize integers, Grover’s search [2]

for unstructured data, and evaluating possible materials in quan-

tum chemistry [3]. Worldwide, numerous academic and industrial

research groups, including Google, IBM, and Microsoft, are ac-

tively exploring its potential and pushing the boundaries of its

current capabilities. Until now, most applications have centered

around two-dimensional qubit systems, which has led to the under-

utilization of the abundant potential offered by higher-dimensional

systems present in various physical realizations of quantum com-

puters. While constructing circuits with higher dimensions poses

challenges, it also brings forth numerous benefits and serves as a

more conducive platform for algorithms like quantum simulation.

The concept of higher-dimensional systems and its correspond-

ing theory has existed for a considerable period [4]. Fundamentally,

qudits offer denser information storage and a broader range of op-

erations than qubits. This has led to the successful demonstration

of basic control in physical platforms such as trapped-ions [5], to

photonic systems [6] and superconducting circuits [7].

Recent developments in quantum algorithms have shown that

multi-level logic is a more natural architecture for implement-

ing complex applications [8]. Simulations of models represent-

ing fermion-boson interactions on mixed-dimensional quantum

computers could enable real-time simulations of quantum elec-

trodynamics and other field theories with continuous or larger

symmetry groups [9], [10]. This is possible with the potentially

reduced circuit complexity due to the temporary expansion of the

Hilbert space [11].

As the arrival of new and robust multi-level quantum devices

and innovative quantum algorithms is anticipated, it is reasonable

to expect encountering familiar challenges similar to those of qubit

systems. Accordingly, methods, e.g., for the simulation [12] or com-

pilation [13]–[15], of mixed-dimensional quantum circuits have

been proposed recently. In this context, alsomethods for state prepa-

ration gain relevance especially for promising applications such as

quantum simulation and quantum machine learning [16]–[18], that

heavily rely on specific initial states to kickstart their processes

effectively. Tackling the state preparation problem is crucial not

only for facilitating quantum simulations but also for gaining in-

sights into the behavior of specific states that have not yet been

extensively studied in qudit systems, including aspects like entan-

glement. By addressing this obstacle, the full potential of various

applications for quantum technologies can be unlocked.

In this paper, we present a novel state preparation synthesis

approach to compile mixed-dimensional quantum states with few

operations and controls, later transpiled for an architecture-specific

gate-set. To this end, the following three contributions are made:

• We explore the utilization of edge-weighted decision dia-

grams for a compact and efficient representation of mixed-
dimensional states.

• We propose an automated procedure to generate quantum

circuits for the construction of arbitrary quantum states.

• Further, we explore optimized circuit realizations, by lever-

aging the approximation of decision diagrams.

We demonstrate the advantages and potential of the proposed

method by compiling a diverse range of quantum states, both uni-

form and random. These states were synthesized into quantum cir-

cuits with qudits of mixed-dimensions. For the first time, this show-

cases the automatic and efficient generation of mixed-dimensional

quantum circuits that can construct arbitrary states. Additionally,

by incorporating approximations, these circuits can be further opti-

mized without significantly compromising their fidelity.

The remainder of this paper is organized as follows: Section 2

gives a brief background on quantum computations with qubits

and qudits. Section 3 describes the considered problem, reviews

the state of the art, and summarizes the contribution of this paper.

https://github.com/cda-tum/mqt-qudits
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Section 4 introduces the proposed approach for synthesizing quan-

tum circuits for qubit-qudit circuits in detail. Section 5 evaluates

the proposed approach. Finally, Section 6 concludes the paper.

2 BACKGROUND
In this study, we establish the groundwork for effectively preparing

states in mixed-dimensional quantum systems. Initially, we offer a

concise overview of quantum information, with a special emphasis

on multi-level quantum logic.

In classical computations, information is encoded using bits,
binary digits that exist in either the 0 or 1 state. When we transi-

tion to quantum computing, we introduce the concept of a qubit
(quantum bit) as the fundamental unit of information. Unlike clas-

sical bits, qubits possess a remarkable feature–they can exist in a

superposition, representing almost any linear combination of |0⟩
and |1⟩ (using Dirac’s notation). This characteristic forms the core

distinction between quantum and classical computing paradigms.

Qubits are typically engineered by confining the multi-level con-

figuration of the underlying physical components that store infor-

mation. Consequently, these systems inherently supportmulti-level
logic, where the basic information unit is referred to as a qudit
(quantum digit). A qudit represents the quantum counterpart of

a 𝑑-ary digit, where 𝑑 ≥ 2. Its state can be expressed as a vector

within the 𝑑-dimensional Hilbert spaceH𝑑 , and it can be written as

a linear combination |𝜓 ⟩ = 𝛼0 · |0⟩ + 𝛼1 · |1⟩ + . . . + 𝛼𝑑−1 · |𝑑 − 1⟩,
or simplified as vector |𝜓 ⟩ = [ 𝛼0 𝛼1 ... 𝛼𝑑−1 ]T, where 𝛼𝑖 ∈ C are the

amplitudes relative to the orthonormal basis of the Hilbert space—

given by the vectors |0⟩, |1⟩, |2⟩, . . . , |𝑑 − 1⟩. The squared magnitude

of an amplitude |𝛼𝑖 |2 defines the probability with which the corre-

sponding basis state 𝑖 will be observed when measuring the qudit.

Since the probabilities have to add up to 1, the amplitudes have to

satisfy

∑𝑑−1
𝑖=0 |𝛼𝑖 |2 = 1.

Example 1. Consider a system of one qudit with only three energy
levels (also referred to as qutrit). The quantum state |𝜓 ⟩ =

√︁
1/3 ·

|0⟩ +
√︁
1/3 · |1⟩ +

√︁
1/3 · |2⟩ is a valid state with equal probability

of measuring each basis. Equivalently, the quantum state may be
represented as vector

√︁
1/3 · [ 1 1 1 ]T.

Quantum computing stands apart from classical computing due

to two critical characteristics: superposition and entanglement.

When we refer to a qudit being in a superposition of states within a

specific basis, it means that at least two amplitudes, relative to this

basis, are non-zero. In simpler terms, the qudit can exist in multiple

states simultaneously. On the other hand, entanglement represents
a unique kind of superposition that arises from interactions in

multi-qudit systems. Entanglement entails a robust form of quan-

tum correlation, where the entire system’s state carries encoded

information, and it becomes impossible to extract information from

individual qudits separately. The state of a single 𝑑-level qudit sys-

tem can be manipulated by operations which are represented in

terms of 𝑑 × 𝑑-dimensional unitary matrices𝑈 , i.e., matrices that

satisfy 𝑈 †𝑈 = 𝑈𝑈 † = 𝐼 . The state after the application of 𝑈 can be

determined by multiplying the corresponding input state from the

left with the matrix𝑈 .

Example 2. Consider a three-level qudit (i.e., a qutrit) initially
in the state |0⟩. Applying the Hadamard operation 𝐻 to it yields the

𝑆𝑡𝑎𝑡𝑒 𝑃𝑟𝑒𝑝𝑎𝑟𝑎𝑡𝑖𝑜𝑛 =
H 1 2

+1 +2
3

3

3

3

00 𝜓

Figure 1: The state preparation algorithm for constructing |𝜓 ⟩,
compiled into a sequence of single and two-qudit operations,
in this case a two-qutrit GHZ state.

output state shown before in Example 1, i.e.,

𝐻 · |0⟩ = 1

√
3


1 1 1

1 𝑒
2𝜋
3 𝑒

−2𝜋
3

1 𝑒
−2𝜋
3 𝑒

2𝜋
3

 ·

1

0

0

 =
1

√
3


1

1

1
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3 MOTIVATION
This section revisits the problem of state preparation, particularly

in mixed-dimensional quantum circuits. Then, we review relevant

prior research and highlight the contribution of this work, which

focuses on providing a scalable state preparation method by lever-

aging mixed-dimensional decision diagrams.

3.1 Considered Problem
Quantum state preparation is a topic of great interest, both the-

oretically and practically. It plays a crucial role in determining

the efficiency of inputting classical data into a quantum computer.

Additionally, it serves as a critical subroutine for various quan-

tum algorithms, including well-known ones [1], [2], [19], as well

as quantummachine learning [16], [20], [21], and Hamiltonian sim-

ulations [17], [18]. Formally, the task of quantum state preparation

involves preparing a given quantum state |𝜓 ⟩ from an initial prod-

uct state |0⟩⊗𝑁 , using single and two-qudit gates of different types,

as shown in Figure 1. However, quantum operations are prone to er-

rors due to factors such as limited qudit connectivity, decoherence,

and gate infidelity. These factors lead to inaccuracies in quantum

computations, necessitating the development of methods and tech-

niques that can achieve reliable results by minimizing the number

of operations.

Hence, the state preparation problem is to find the shortest se-

quence of quantum operations that can implement a state |𝜓 ⟩, start-
ing from the product state |0⟩⊗𝑁 , while achieving a desired quan-

tum state fidelity, in the most computationally efficient fashion.

Example 3. Let’s consider the realization of the quantum state
1√
3

( |00⟩ + |11⟩ + |22⟩), i.e., a GHZ state, in a qutrit-qutrit system. The
state is entangled and a superposition of three basis states |00⟩, |11⟩, |22⟩.
The problem is to find a sequence of operations that can transform the
state |00⟩ into this state. Figure 1 shows a possible result: the qutrit
Hadamard generates the superposition as shown in Example 2. Then,
controlled operations on the state of the first qutrit manipulate the
second one. Each operation is controlled by the level inside the circle
and imposes an increment based by “+1” or “+2”.

3.2 Related Work
While previousmethods have been proposed for preparing arbitrary

quantum states, their focus has been on qubit quantum circuits and

tailored to use cases or particular state classes [22]–[24]. However,

recent advancements in circuit depth and complexity have brought
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state preparation qubit circuits to a promising stage, albeit at the

expense of an exponential number of ancillary qubits [25]. In the

context of state preparation, decision diagrams have been utilized

with success for specific classes of states, such as uniform states,

cyclic states, and arbitrary states, although with the need for an-

cilla qubits [23], [24]. These studies demonstrate the effectiveness

of decision diagrams in automating state preparation. Addition-

ally, research has been conducted on searching for physical exper-

iments designed to construct states directly [26]. While scalable

algorithms have been presented for the case of prime-dimensional

qudits w-states, or their qubit-embedded version [27], the inves-

tigation and development of scalable automated procedures, par-

ticularly optimized ones, for qudit circuits and mixed-dimensional

systems, remain unexplored.

3.3 Contribution
In this paper, we investigate state preparation methods for mixed-

dimensional quantum systems, facilitating various quantum algo-

rithms on such architectures while automating complex routines

involved in quantum computations. The proposed approach aims

to enhance circuit efficiency in a scalable manner. To achieve this,

we introduce a tool that enables automatic and efficient quantum

state preparation using decision diagrams for mixed-dimensional

systems.

To realize such method, we make the following three contribu-

tions:

• The first contribution of this work is the exploration of

the problem of state preparation by leveraging a recently

investigated data structure, called edge-weighted decision

diagrams with a variable number of successors. This data

structure enables a more accurate and realistic representa-

tion of diverse quantum systems, accommodating qubits

and qudits of different dimensions, akin to the natural di-

versity observed in complex quantum simulations. This is

significantly different to traditional decision diagrams [28],

which were restricted to handling uniform-sized informa-

tion units. Moreover, this study holds particular significance

as there is no prior work on state preparation based on de-

cision diagrams with a variable number of successors.

• The second contribution of this work focuses on the syn-

thesis of a high-level quantum circuits, which facilitates the

automated state preparation procedure in an efficient man-

ner. The complexity of this routine is linear in the number

of nodes of the decision diagram. This significant advance-

ment plays a crucial role in constructing states that would

otherwise be exceedingly difficult and time-consuming to

engineer manually. By automating the state preparation

process, researchers can efficiently handle complex quan-

tum states, unlocking new possibilities and accelerating

progress in quantum information processing.

• The final contribution of this work involves the applica-

tion of approximation techniques, with the final goal of

reducing the gate count of the generated quantum circuits.

Specifically, these techniques target the elimination of oper-

ations that generate portions of the state that are practically

irrelevant for the computation, as a result of the reduction

in the size of the decision diagram representing the desired

state. While previous work has focused on this aspect for

qubit circuit simulations [29], the current study extends and

generalizes these routines to encompass qudit systems, for

a new purpose. Additionally, new reduction rules are intro-

duced in the decision diagram simplification process. The

primary outcome of these approximation techniques is the

simplification of the final logic. By eliminating nodes in the

decision diagram, the quantum circuit complexity is also

reduced, led by the discovery of patterns of tensor opera-

tions between sub-spaces of the single qudit Hilbert spaces,

in the form of DD subgraphs. These intricate patterns are

challenging to compute and have not been explored pre-

viously. Furthermore, a secondary benefit achieved is the

reduction in the number of controls needed for each oper-

ation, enabling the translation to more resource-efficient

sequences of operations.

4 STATE PREPARATION
In this section, we propose the method to synthesize state decision

diagrams into mixed-dimensional qudit circuits. To this end, we

start by introducing decision diagrams, which efficiently storemulti-

dimensional quantum states. Then, we explain how these decision

diagrams are used to create quantum circuits that generate the

desired states. Lastly, we discuss how the resulting circuits can be

further optimized using approximation techniques.

4.1 Decision Diagrams
Previously, decision diagrams have been demonstrated to facilitate

efficient representations of exponentially large data in numerous

instances [28], [30]–[32], owing to their ability to achieve compact-

ness by capitalizing on the redundancy present in the data they

depict.

More precisely, a Decision Diagram (DD) is a type of Directed
Acyclic Graph (DAG) comprising nodes and directed edges. These

nodes are structured in levels, where each level corresponds to a

specific qudit. The edges represent the choice of value for a qudit (or

node) on a level and carry additional information, e.g., complex edge

weights. The fundamental concept behind using decision diagrams

to describe quantum states relies on recursively breaking down the

associated vector.

This following procedure describes the first contribution and

part of the procedure corresponding to the first arrow in Figure 2,

in other words, the representation of a quantum state as a decision

diagram. Consider an 𝑛-qudit quantum state defined over a set

of variables 𝑞𝑛−1, 𝑞𝑛−2, . . . , 𝑞0, where 𝑞𝑛−1 w.l.o.g. is assigned as

the “most sigificant qudit”. Firstly, the state is divided into parts of

equal size, based on the dimensionality of qudit 𝑞𝑛−1. Each part is

associated with a successor node, which also contains the decision

regarding the value of 𝑞𝑛−1. This splitting process continues for

each sub-vector until the individual complex entries in the original

vector are obtained. Throughout this process, the complex ampli-

tudes of each basis state are stored in the form of weights inside

the edges on the path from the root to the leaf followed during the

decomposition. To ensure consistency, the nodes are normalized

such that the sum of the squared magnitudes of the out-edges from

a node adds up to one. To reconstruct the amplitude for specific

basis states, one can traverse the decision diagram accordingly,

multiplying all edge weights along the chosen path.

The resulting decision diagram consists of a root node 𝑞𝑛−1,
at least one node for each subsequent 𝑞𝑖 , and ultimately a single
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1
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Figure 2: The three steps of state preparation.
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Figure 3: A state vector of circuit composed of a qutrit and
a qubit and the corresponding decision diagram representa-
tion.

terminal node without any successors. An example illustrates the

procedure.

Example 4. Consider the quantum state 1√
3

( |00⟩− |11⟩+ |21⟩) in a
qutrit-qubit system, represented in 2 forms in Figure 3. The vector’s di-
mension is 6, which results from combining the local dimensionalities
of the qutrit 3 and the qubit 2. The root node, denoted as 𝑞1, branches
into 3 edges, each corresponding to a distinct level in the qutrit. Mov-
ing to the 2𝑛𝑑 level, we encounter nodes representing the qubit, with
each node having 2 edges. Notably, the 2nd and 3rd edges of the root
node connect to the same qubit node, making use of redundancy. The
nodes labeled as 𝑞0 direct to the terminal node. To calculate the am-
plitude of a specific basis state, we multiply the weights along the path
corresponding to that basis state. For instance, for the bitstring |11⟩,
the computation involves multiplying 1/√3 · −1 · 1, which accounts for
the weights of the root node, the 1st edge of 𝑞1, and the 1st edge of 𝑞0.

4.2 Synthesis Algorithm
The algorithm initiates by recursively constructing the decision

diagram that represents the quantum state, accounting for the di-

mensionalities of individual qudits and qubits, as described in the

previous section. Due to varying dimensionalities among units of

information, nodes at the same level may possess the same number

of successors, while nodes at different levels could exhibit distinct

dimensionality. Each connection linking a parent node and its suc-

cessor is assigned a complex number weight–the normalizing factor

calculated recursively from the out-edges of the successor. The nor-

malization starts from the terminal nodes’ edges. The weights are

normalized by a fixed scheme to ensure canonicity in the nodes and

subsequently a more compact representation after the reduction

step. To normalize the weights of the out-edges of a given nodes,

each weight is divided by the norm, such that the sum of squared

magnitudes of the edge weights equals one. The norm is then mul-

tiplied to all weights on in-edges of the considered node. At this

𝑞1

𝑞0𝑞0

1

𝑞0

0
1 2

0 1 2

3

3
𝑅12

𝑞1

𝑞0
𝑅12

1

Figure 4: Example of a DD representing the state of a circuit
composed of two qutrits and of a rotation synthesized from
it.

point, the decision diagram forms a weighted tree and is fully pre-

pared for the traversal, that will produce the quantum operations

for constructing the desired quantum state.

Now we proceed by illustrating the generation of the quantum

circuit starting from the decision diagram, contribution of this work

corresponding to the third arrow in Figure 2. The routine operates

recursively, starting from the root node, and traverses the decision

diagram. It iterates through the successor edges, beginning from

the end of the list, in pairs of two, following a decreasing order.

At each step, the algorithm performs a two-level rotation, known

as a Givens rotation[5], on the two adjacent edges or dimensions

represented by the node. The rotations between two levels 𝑖 and 𝑗

are expressed as

𝑅𝑖, 𝑗 (𝜃, 𝜙) = exp

(
−𝑖𝜃
2

(
cos(𝜙)𝜎𝑖, 𝑗𝑥 + sin(𝜙)𝜎𝑖, 𝑗𝑦

))
,

where 𝜎{𝑥,𝑦} are the Pauli-{𝑋,𝑌 } matrices, 𝜃 is the rotation angle,

and 𝜙 is the phase of the rotation. These parameters are calculated

as: 𝜃 = 2 · arctan[|𝑤𝑖/𝑤 𝑗 |], 𝜙 = −(𝜋/2 + arg[𝑤 𝑗 ] − arg[𝑤𝑖 ]). The
sequence finishes with a phase rotation applied on the level 0-1, but

with angle as the phase difference between the level 0, calculated

from the sequence, and the father’s node weight. The rotation can

be decomposed into two-level rotations using the identity Z (𝜃 ) =
𝑅( −𝜋

2
, 0) · 𝑅(𝜃, 𝜋

2
) · 𝑅( 𝜋

2
, 0).

Every rotation is going to be applied to the circuit with a set of

qudit controls equivalent to the set of nodes encountered on the

path from the root to the node of the edges considered. For each

node, the control level of the operation is going to be the index of

the edge taken in order to descend the decision diagram.

Example 5. Figure 4 shows a step of the synthesis algorithm. The
algorithm appends to the circuit the rotation R on levels 1 and 2, and
calculates the parameters accordingly. The rotation is controlled on
level 1 of the the first qutrit since the rotation was derive from the
node with index 1.

4.3 Optimization and Approximation
In this section we present part of the contribution of this work

that is depicted by the second arrow in Figure 2. To facilitate the

synthesis of shorter circuits, we employed several optimizations

during the decision diagram construction stage. The first optimiza-

tion comes from studies in quantum circuit simulation. This field

has exploited decision diagrams in the past and it requires efficient

approaches due to exponential complexity of the problem tackled.

Approximated decision diagrams proved to be an effective solution

for improving memory complexity and runtime performance [29].

However, the technique comes with a trade-off with state fidelity,

requiring a careful balance between computational efficiency and



Mixed-Dimensional Qudit State Preparation
Using Edge-Weighted Decision Diagrams

accuracy in results. The technique is a generalization of [29], where

it calculates the contributions in terms of fidelity of each node and

then removing nodes from the decision diagram until a threshold

fidelity, previously chosen for the synthesis, is reached. The contri-

bution is calculated as the sum of the squared magnitude of each

amplitude that has a path from root to leaves crossing the node.

The benefits of the technique are the following:

• The method reduces the size of the decision diagram in

terms of memory.

• It reduces the synthesis time, since its complexity is tied to

the size of the decision diagram.

• Lastly, the technique enables synthesizing shorter circuits

for the state preparation, with guarantees on the fidelity

reached by the procedure

The second optimization consists in the reduction of the decision

diagram, intended as the capability of two edges pointing to the

same node, whenever it represents two identical sub-trees, that

would be otherwise stored twice. The advantage here lies in the

logical significance of this reduction. When all edges with weights

other than zero point to the same node, it resembles a tensor product

operation between the two qudits representing adjacent levels in

the tree. Consequently, operations in the sub-tree will not consider

the father node with successors pointing to the same child as a

control qudit, thereby reducing the number of entangling gates

during transpilation.

Example 6. Figure 2 depicts the application of the optimization
techniques. The successor node with lowest fidelity contribution (0.1) of
the root is pruned from the decision diagram. The two remaining edges
that point to nodes representing the same sub-vectors are redirected
to the same shared node. This will reduce the amount of memory
used for storing nodes, and due to the properties of tensor products,
no controls will be synthesized.

Overall, the method results in a state preparation procedure of

three main steps, as depicted in Figure 2: starting with a represen-

tation of the state as a decision diagram, followed by an approxi-

mation routine to reduce the size of the DD, and concluding with

the realization of optimized quantum circuits.

5 EXPERIMENTAL EVALUATION
To evaluate the feasibility of the proposed quantum state prepa-

ration approach, we implemented the method and evaluated it on

several types of quantum states. The selected benchmarks are

• Embedded W-State [27],

• GHZ State [33],

• W-State [34], and

• Random states with amplitudes generated from a uniform

distribution.

For each state a mixed-dimensional system is used as target ar-

chitecture. The implementation is written in Python 3, excluding

third-party dependencies. The evaluations were performed on a

server running GNU/Linux using an AMDRyzen Threadripper PRO

5955WX (at 4GHz) and 125GiBmain memory. The implementation

used in this evaluation is freely available (as part of the Munich

Quantum Toolkit, MQT) at github.com/cda-tum/mqt-qudits.
The results are presented in Table 1. The synthesis procedure

is executed 40 times to average possible fluctuations. The initial

group of columns provides key information about the benchmark,

including the algorithm’s name, the number of qudits involved, and

the qudit dimensions represented as Count × Dimension, randomly

selected to further prove the efficacy of the method. For example,

an entry 2 × 4 signifies two qudits, each with a dimension of four.

The following two column groups present details on the resulting

qudit circuits for both “Exact” (circuits that compile the target state

with fidelity 1) and “Approximated 98 %” (compiling the target state

with fidelity of at least 0.98). The columns “Nodes” and “DistinctC”
represent the average number of nodes and unique complex num-

bers in the decision diagram representing the state. These are the

main metrics for evaluating the efficiency in the decision diagram

for storing the mixed-dimensional quantum states. The “Opera-

tions” column indicates the average number of multi-controlled

operations synthesized for a state on a specific mixed-dimensional

architecture, relevant for both exact and approximated synthesis.

Additionally, the column “Controls” refers to the average median

number of controls present in multi-controlled operations synthe-

sized for a state on the mixed-dimensional architecture. The use

of controlled operations as a primary metric is justified by the fact

that the circuit can later be transposed into a sequence of local and

two-qudit operations [35], with also linear complexity in terms of

depth, as demonstrated in [36]. Finally, the “Time” column denotes

the elapsed time during the approximation and synthesis process.

The method is efficient, since the synthesis routine has time com-

plexity linear in the number of nodes of the DD. Moreover, the

approximation technique leads to a linear improvement in the num-

ber of quantum gates, with the reduction of control nodes during

the synthesis.

Both approaches, “Exact” and “Approximated” have been shown

to be capable of preparing a given quantum state in a mixed-

dimensional system. Due to the regular structure of the first three

(non-random) benchmarks, the approximation shows no effect. In

contrast, approximation decreases the number of operations (and

controls) by about 5% while losing only 1% fidelity. Regardless

of the approximation step, the individual runs of the benchmarks

finish in less than one second.

Overall, the results confirm the successful development of the

first automated method for synthesizing quantum circuits that can

construct arbitrary states for mixed-dimensional quantum systems.

Furthermore, the outcomes demonstrate the method’s efficiency

and the capabilities in optimizing the circuits, preparing the desired

state without significantly affecting its fidelity.

6 CONCLUSION
In this work, we proposed a novel synthesis method for the gen-

eration of quantum circuits, performing the state preparation of

arbitrary states for mixed-dimensional quantum systems. This is

the first developed automated method for such an application on

quantum architectures with qubits and qudits of different sizes.

The approach uses edge-weighted decision diagrams with a vari-

able number of successors for the representation of the state and

for the synthesis of the quantum circuits. Extended approximation

techniques applied to the data-structure optimizes the number of

operations in the circuits. The evaluations conducted in the study

showcased the method’s efficiency and versatility in preparing

arbitrary quantum states for any mixed-dimensional quantum ar-

chitecture. Through optimizations, we achieved a notable reduction

https://github.com/cda-tum/mqt-qudits
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Table 1: Evaluation of the proposed approach comparing the average results over 40 runs of the synthesismethod per benchmark

Benchmark Exact (Averaged) Approximated 98% (Averaged)

Name #Qudits Qudits Nodes DistinctC Operations #Controls Time [s] Nodes DistinctC Operations #Controls Time [s] Fidelity

Emb. W-State 3 [1 × 3, 1 × 6, 1 × 2] 58.0 5.0 21.0 2.0 0.00 22.0 6.0 21.0 2.0 0.00 1.00

4 [1 × 9, 1 × 5, 1 × 6, 1 × 3] 1135.0 7.0 49.0 3.0 0.01 50.0 8.0 49.0 3.0 0.01 1.00

6 [3 × 4, 1 × 7, 1 × 3, 1 × 5] 8657.0 12.0 91.0 3.0 0.03 92.0 12.0 91.0 3.0 0.03 1.00

GHZ State 3 [1 × 3, 1 × 6, 1 × 2] 58.0 3.0 19.0 2.0 0.00 20.0 3.0 19.0 2.0 0.00 1.00

4 [1 × 9, 1 × 5, 1 × 6, 1 × 3] 1135.0 3.0 51.0 2.0 0.01 52.0 3.0 51.0 2.0 0.01 1.00

6 [3 × 4, 1 × 7, 1 × 3, 1 × 5] 8657.0 3.0 73.0 2.0 0.04 74.0 3.0 73.0 2.0 0.05 1.00

W-State 3 [1 × 3, 1 × 6, 1 × 2] 58.0 5.0 37.0 2.0 0.00 38.0 6.0 37.0 2.0 0.00 1.00

4 [1 × 9, 1 × 5, 1 × 6, 1 × 3] 1135.0 11.0 186.0 2.0 0.03 185.0 10.0 186.0 2.0 0.03 1.00

6 [3 × 4, 1 × 7, 1 × 3, 1 × 5] 8657.0 14.0 262.0 4.0 0.06 259.0 14.0 262.0 4.0 0.06 1.00

Random State 3 [1 × 3, 1 × 6, 1 × 2] 58.0 58.0 57.0 2.0 0.00 40.2 52.9 54.05 1.9 0.00 0.99

4 [1 × 9, 1 × 5, 1 × 6, 1 × 3] 1135.0 1135.0 1134.0 2.0 0.12 573.92 1071.97 1084.28 2.82 0.10 0.99

5 [2 × 6, 1 × 5, 2 × 3] 2383.0 2383.0 2382.0 4.0 0.14 1255.22 2276.62 2287.07 3.75 0.16 0.99

6 [3 × 5, 1 × 4, 2 × 2] 3266.0 3266.0 3265.0 5.0 0.18 2187.15 3121.65 3136.9 4.79 0.19 0.99

6 [3 × 4, 1 × 7, 1 × 3, 1 × 5] 8657.0 8657.0 8656.0 5.0 0.44 3176.65 8336.8 8357.35 4.78 0.39 0.99

in the number of operations and controls required, while main-

taining a high fidelity. Potential future work could involve further

refining and exploring qudit quantum circuit optimization and ap-

proximation techniques by taking the capabilities of the targeted

quantum hardware in account.
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