
3
http://excel.fit.vutbr.cz

MTBDD-based Quantum Circuit Simulation
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Abstract

Quantum circuit simulation is well-known as a very challenging computational task due to the amount of

possible quantum states. This work’s aim is therefore introducing a novel and efficient way of simulating

quantum circuits and comparing it with the current state of the art.
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1. Introduction

Quantum computation is a very intriguing field of

computer science which, however, is still full of ambi-

guity. Recent research confirms the ability of quantum

computers to effectively solve problems that would

be practically unsolvable on classical computers, or

the so-called quantum supremacy [1]. Even though

the technology has now advanced enough to allow

quantum computing, this hardware still has a largely

experimental character. It is therefore useful to sim-

ulate the behavior of quantum circuits on classical

computers as it is an important tool for revealing the

true power of quantum computers. However, this

is not a trivial task as one needs to accurately and

compactly represent complex numbers (which are nec-

essary for the simulation) and efficiently carry out the

needed calculations.

Today, several such simulators exist, however, when

discussing the current state of the art in terms of

performance, there is still a lot of room for improve-

ment when it comes to complex circuits or circuits

with a large number of qubits.

The aim of this work is then to present the implemen-

tation of such a simulator. Our simulator is based on

an algebraic complex number representation in com-

bination with the use of MTBDDs (multi-terminal

binary decision diagrams) and MTBDD operations

for the circuit representation. Finally, this work also

provides an experimental comparison with the current

state of the art and shows that our implementation’s

performance is superior for some types of simulated

circuits, especially nontrivial circuits implementing the

Grover’s search algorithm.

2. Preliminaries

2.1 Quantum circuits

Quantum state. A qubit’s state |ψ⟩ can be in a super-
position of the computational basis states |0⟩ and |1⟩

|ψ⟩= α |0⟩+β |1⟩ ,

where α,β ∈ C are the probability amplitudes for the
respective basis states. Because a single qubit’s state

is a two-dimensional unit complex vector, generally

n-qubit system’s state |ψ′⟩ can be in a superposition
of all the system’s basis states

|ψ′⟩= ∑
i∈{0,1}n

ai · |i⟩ ,

and therefore is generally a 2n-dimensional unit com-

plex vector (again, ai ∈ C).
Quantum gates are used to alter the system’s quan-

tum state. They can be conveniently represented

as unitary matrices (e.g. Figure 4). The update

of the system’s quantum state is simply carried out

as a matrix multiplication of the gate matrix (or its

size-adjusted modification) with the state vector.

2.2 Decision diagrams

A reduced ordered binary decision diagram (ROBDD),

simply referred to as a BDD, is a data structure that

can be efficiently used for encoding Boolean functions

as was suggested by Bryant [2].

Multi-terminal binary decision diagrams (MTBDDs)

are a generalised variant of BDDs — the only differ-

ence is that MTBDD’s terminals can have an arbitrary

value. Because of that, MTBDDs can represent any

function f (v1, ...,vn) : {0,1}n → D, for any D ̸= ∅
with finitely representable elements.
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3. MTBDD-based quantum circuit represen-

tation

The following features make it possible for the sim-

ulator to meet the required speed with the use of

reasonable computing power.

3.1 Algebraic representation of complex numbers

This work utilizes the algebraic representation (see

(1)) presented in [3] and [4]. Even though this method

does not cover the entire set of complex numbers, the

subset is sufficient for a quantum circuit simulation

without loss of generality as it suffices for certain

universal gate sets.

3.2 Quantum gate representation using MTBDDs

Representation of quantum gates using matrices is

not very convenient, as one needs a 2n×2n matrix for
an n-qubit system. It is more compact to represent

the system’s quantum state using an MTBDD with

leaves containing an algebraic representation of the

probability amplitudes and then apply the gate oper-

ations as update formulae for this MTBDD. For all

gates except X, Y, Z, S and T, the universal update

formulae presented in [4] are used (Table 1). These

five gates can use the permutation-based update for-

mulae — they are less computationally demanding,

but can be used universally only with single qubit

gates that modify the values of the probability ampli-

tudes in such a way that the new values can always

be obtained directly from an already existing value of

some probability amplitude (or by permutation of its

coefficients in the case of multiplication with ω).

4. Implementation

Our simulator MEDUSA is implemented in C to max-

imise performance. MEDUSA only supports circuits

specified in OpenQASM (Open Quantum Assembly

Language). The supported set of gates is identical to

the gates whose MTBDD representation is defined

in Table 1.

MEDUSA is built on top of the Sylvan library [5].

Sylvan is a parallel BDD library providing, amongst

others, custom MTBDDs and MTBDD operations.

This framework can be also used conveniently in com-

bination with the GMP [6] library, which is needed due

to the character of the MTBDD representation of

quantum gates introduced in Table 1 as the values of

the integers needed for the algebraic representation

increase exponentially.

5. Experimental results

The experiments consisted of measuring runtimes for

various quantum circuits and they were carried out

in comparison with the the BDD-based state-of-the-

art simulator SliQSim [3]. In all of the conducted

tests, the benchmark circuits of the quantum circuit

verification tool AutoQ [4] were used. These circuits

can be divided into eight different sets of circuits,

worth mentioning are especially circuits implement-

ing Bernstein–Vazirani’s algorithm (BV), Grover’s

search algorithm (both single and multi-oracle) and

circuits implementing multi-controlled Toffoli gates

(MCToffoli).

As can be seen from Figure 5, our implementation

MEDUSA noticeably outperforms SliQSim in a large

portion of benchmarks. The difference is most obvi-

ous when it comes to non-trivial circuits implementing

Grover’s search algorithm — it is clear that MTBDD-

based implementation is exponentially better (the

exact comparison of some runtimes can be found in

Table 2). On the other hand, SliQSim is mostly su-

perior to MEDUSA when it comes to non-trivial random

quantum circuits.

6. Conclusions

This submission introduces a new method for quan-

tum circuit simulation based on the use of MTBDDs.

This is possible thanks to the aforementioned accu-

rate algebraic representation of complex numbers and

the possibility to represent quantum gates universally

using just MTBDDs and MTBDD operations. In com-

parison with the state-of-the-art simulator SliQSim,

it is shown that when it comes to non-trivial circuits

implementing Grover’s search algorithm, MEDUSA is

exponentially faster than SliQSim. However, in the

case of non-trivial random quantum circuits, SliQSim

is superior. It is therefore obvious that in the matter

of future work on this subject, there certainly still is

some room for improvement in the implementation

itself, both in terms of performance and functionality.
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