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Abstract

Due to the lack of quantum hardware, quan-
tum simulation (QS) is still the most common
method to study quantum computing. Due
to the great number of operations and mem-
ory requirements, simulators should be prop-
erly built to efficiently explore modern classic
computers. This work focuses on the memory
access requirements that present a bottleneck
not just for QS, but for computer science re-
search as a whole. Our proposed methodol-
ogy collaborates with the memory usage re-
duction, mitigating the effects of the mem-
ory wall. Our results show improvements in
memory usage and the overall speed of cir-
cuit simulations. Our case test in the D-GM
simulator with controlled operators, such as
dense, primary and secondary diagonal pat-
terns, showed an improvement for execution
time in the order of 50 %. Our methodol-
ogy can be applied not only in QS, but also
for related applications with complex mem-
ory access patterns.

Keywords: Quantum computing, Quantum
simulating, D-GM environment.

1 Introduction

One of the greatest challenges when simulating quan-
tum computing (QC) is dealing with memory issues
such as exponential growth of states [9] and complex
patterns that impact the exploration of temporal and
spatial locality.

Due to the state space of quantum computing, more
complex quantum algorithms (QA) imply in the ex-
pansion of quantum states. Quantum gates are mod-
eled and applied as the tensor product over the ma-
trices representing the quantum states, thus the num-
ber of operations greatly increases with the size of the

global state. However, even with these pitfalls, simu-
lation of QC is still one of the best ways to study and
develop QA [14].

The D-GM (Distributed Geometric Machine) environ-
ment [2] has been developed providing optimizations
for QC simulation in order to allow the simulation of
large QA with faster execution time. In addition, D-
GM has the ability to use GPU to perform heavy cal-
culations in parallel with the main CPU, thus making
it a hybrid architecture.

1.1 Main contribution

This paper is an original contribution to confront the
following research problem: How can quantum simula-
tors improve the way memory is addressed in quantum
data structures considering the analysis of previously
recorded patterns?

Aligned with this problem statement, in this work a
methodology to analyze quantum transformations fo-
cusing on the possibility of memory access improve-
ments is developed. In addition, this paper describes
the software prototype development and validation
tests.

This work also considers the data analysis related to
memory behavior of quantum systems, dealing with
techniques of memory access in the application of uni-
tary and controlled operations.

The analysis module developed in this work was used
with the D-GM simulator as a study case, since D-GM
provides a consolidated framework where quantum
transformations (QT) are performed. After analysing
the behavior of different controlled gates, modifica-
tions to the simulator were implemented, improving
performance by about 50%.

1.2 Paper Outline

This paper is organized as follows. The Introduction
describes quantum simulators, considering how they
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handle memory access. Section 3 introduces the D-
GM simulator, which is used throughout this paper.
Section 4 describes the new methodology focusing on
reducing the quantity of memory access on quantum
circuits simulations, also, it is explained and demon-
strated how this methodology was idealized and ap-
plied, with the demonstration of its results. Finally,
Section 5 presents our conclusions.

2 Related Works

In this Section, we briefly introduce how three simula-
tors represent and address their global states.

2.0.1 QuIDDPro Quantum Simulator

The simulator QuIDDPro proposed in [15] uses struc-
tures called QuIDDs (Quantum Information Decision
Diagrams) as an efficient way to represent multi-
dimensional QT and states, represented by matrices
which have replicated blocks for identical values. The
patterns which are constant in many algorithms can
be used more than once, allowing a controlled redun-
dancy which results in significant reduction of memory
usage and in data accessing time.

QuIDD provides a compressed matrix and vector rep-
resentations, allowing computations to be performed
directly over these optimized structures. In such sim-
ulator performance, the idea is that memory consump-
tion increases greatly as the number of states of a
quantum system grows, reducing the memory usage
is a complex task, since it is an exponential problem.
This approach has shown improvements when com-
pared to other simulators, being faster and using sig-
nificantly less memory (as pointed out by [1, 16]).

2.1 PVLIB Quantum Simulator

The simulator developed by Samoladas [13] is named
PVLIB, which extends the Multi-terminal Binary De-
cision Diagrams (MTBDDs) [7] to efficiently represent
QTs and quantum states, this approach is similar to
the QuIDDPro (described in 2.0.1). Even though the
PVLIB consists of a symbolical representation of QTs
instead of matrices representation, either compressed
(QuIDDPro) or not.

In this way, an MTDBB is used to represent the space
of states of a quantum system, while its own structures
are adopted to represent QTs. Additionally, evolu-
tion of the system does not require operations between
two graphs with complex structures, but with recur-
sive functions working through the space of states.

2.2 LIQUi|〉Quantum Simulator

LIQUi|〉is a research project from Microsoft [17] pro-
viding a software architecture for quantum computing
which is hardware independent. It has its own lan-
guage, projected with the sole purpose of quantum
circuits development, having F# as its host language.
Also, it allows data structure extraction from circuits,
which can be used for optimization, generating a com-
pact version, with better potential for simulation.

Two distinct simulation environments are available
to users, allowing a trade-off between the number of
qubits and classes of operations. The simulator is
highly optimized, and is able to use a vast number
of techniques: memory management, parallel execu-
tion, gate growing, and virtualization e.g., it can be
simulated using cloud environment.

3 Distributed Geometric Machine

D-GM [5] allows simulation of quantum circuits
through GPU, as an initial enforce to use hybrid ar-
chitectures to simulations. In order to achieve better
results with parallel simulations, the D-GM environ-
ment is structured using two main frameworks [4]:

(i) VPE-qGM (Visual Programming Environment for
Quantum Geometric Machine Model) [10] as the
development environment, a graphical interface
providing graphical resources to quantum circuits
mainly related to unitary and controlled QT; and

(ii) VirD-GM (VirtualDistributedGeometricMachine
Model) [3] as the execution environment, han-
dles tasks such as scheduling, communication, and
synchronization when computations require a dis-
tributed simulation.

With all its features, the D-GM has a graphical in-
terface, the possibility to simulate quantum circuits
through parallel or sequential steps. Furthermore, new
options are being added to the D-GM, such as us-
ing the GPU to simulate, and improvements [5]. Fi-
nally, Figure1 presents the D-GM framework organiza-
tion with its distinct levels, each with its own purpose,
with all of them working together to design and simu-
lation of quantum circuits.

In order to handle memory management the D-GM
simulator employs two vectors to work with operators:
(i) the input vector, containing the actual state of the
quantum system; and (ii) the output vector, receiv-
ing the new values resulting from amplitudes. While
simulating quantum circuits, new amplitudes are gen-
erated through the most recent iteration, since new
states have to be considered as operations continue.
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Figure 1: D-GM architecture.

These new amplitudes are added to the output vector.
As the operations proceed, the output vector becomes
the input vector from the upcoming operations.

There are two relevant optimizations in the D-GM,
the Reductions and Decompositions aiming at reduc-
ing the amount of memory necessary to perform QT.

Reductions focus on QT, mostly decreasing the stress
of tensor products (⊗) [6] by using the Id -operation.
The Id -operation works replicating values of other op-
erators, also they allow a better sparsity than other
QT. When applying a tensor product with other QT,
the main diagonal of the Id -operation keeps unitary
values (1), generating data replication from other op-
erators, while the secondary diagonal having null val-
ues (0) is used for the spatially in the resultant matrix.

Meanwhile, decomposition operators work by decom-
posing a QT, increasing the number of steps for com-
putation, and allowing to control the amount of Id-
operators in each step while preserving their behavior
and properties. For instance, the operator H ⊗H can
be expressed as a decomposition in two steps, H ⊗ I
and I⊗H, keeping the same behaviour regardless their
composition order.

Controlled QTs can also be decomposed keeping the
controls associated with the operators in the compu-
tations. As the number of operations grows, the repli-
cation of previous states also grows. It is possible to
replicate the operations, and even with larger matri-
ces, most of it consists of copying the previous state.
Furthermore, with the null values and the same oper-

ations, it is possible to take advantage of spatial and
temporal locality. These two aspects are the main fo-
cuses, since read/store cannot be avoided.

The presented simulators showed distinct approaches
towards the quantum simulation. These distinctions
are important to choose the best options while work-
ing with QC, since better simulators are needed as
the complexity of circuits grows. Further, the prob-
lem with memory was evident, which is still being a
problem that cannot be fixed, only reduced.

For those interested in more comprehensive compari-
son of D-GM with QC simulators, see [11] for simula-
tors which are being developed for some years, and [12]
or [8] for more recent approaches.

4 Memory Access Optimization

In order to optimize the D-GM memory access during
simulations, it was first necessary to study a memory
pattern generated by three types of operators since
they access the memory in distinct ways. To accom-
plish that, a module was developed to capture the D-
GM memory access during an execution and convert
it to a graphic visualization in order to facilitate the
memory access analysis.

The memory access patterns in D-GM graphs for cir-
cuits with 5 qubits were produced, considering 3 types
of operation (dense matrix, primary diagonal matrix,
and secondary diagonal matrix). It had unitary and
controlled operations, where the qubit with the oper-
ation and the one which has a control were changed.

In the following graphs (Figure 2), the horizontal axis
(X-axis) corresponds to the execution time of quan-
tum circuit simulation, meanwhile, the vertical axis
(Y-axis) has positions from each vector (32 positions
are available since 5 qubits are used). Last, the graphs
have marks with distinct colors for reading and writing
operations.

In this article, the graphical approach of unitary oper-
ations will be shown with operation on 0-qubit (hav-
ing 5 qubits). While controlled gates will have just
one control, the operation will be in the 0-qubit, and
control on 1-qubit. Unfortunately, the high number of
graphs will not allow to show them all.

See the three composing graphs in Figures 2(a), 2(b)
and 2(c) one for each pattern, displaying the projected
operation going on in qubit 0 and describing the allo-
cated memory being accessed during execution time.

The unitary gates have a simple access pattern as they
do not depend on external factors as controlled oper-
ations. For each graph, the operation qubit was dis-
located to the next qubit (through all available posi-

469



(a) Unitary dense

(b) Unitary primary diagonal

(c) Unitary secondary diagonal

(d) Controlled dense

(e) Controlled primary diagonal

(f) Controlled secondary diagonal

(g) Controlled dense after modifica-
tions

(h) Controlled primary diagonal after
modifications

(i) Controlled secondary diagonal af-
ter modifications

Figure 2: Comparison between previous and modified dense operator simulations in D-GM

tions), producing 5 graphs for every kind of operation
(a sum of 15 in the end).

The extensive study of controlled gates present more
than one pattern according to whether the operation
happens or not. Furthermore, when working with con-
trolled gate two qubits have to be considered: the
qubit where the operations are happening, and the
controlled qubit (responsible for determining whether

the operation happens or not). Then, our objective
was to simulate all possibilities with 28 qubits. It was
necessary to place the operation in one qubit, and an-
alyze it while changing where the control was. In the
end, for each gate, a sum of 20 graphs was produced.

See Figures 2(d), 2(e) and 2(f) showing samples of
graphs obtained from controlled gates, each subfigure
representing one of the patterns, whenever operations
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happen in 0-qubit while the control is on 1-qubit.

Information extracted from these graphs interpreta-
tion helps to improve the D-GM performance through
memory access optimization.

By comparing the graphs for non-controlled and con-
trolled gates, one can observe that for controlled gates
only certain blocks of amplitudes have to be computed
while other blocks are only copied from the input vec-
tor to the output vector once their amplitudes do not
satisfy the control value.

As a result, removing one vector established a new pat-
tern: only one vector for input and output, performing
the computations in-place and thus avoiding unneces-
sary memory access, once the blocks which had been
copied before will be in their place already.

Another optimization was to avoid verifying if an am-
plitude satisfies the control value (as the previous
code), only then to perform the computation, by work-
ing directly with the blocks of amplitudes which need
to be computed. As a result, information related to
the block size, and stride are used to implement the
new functions for each operator:
1. Primary diagonal: implemented a loop to go
through the blocks, and an internal loop to compute
each amplitude in a block.
2. Dense matrix and secondary diagonal: for these
operators the computation of a amplitude must access
other amplitudes besides itself.

Once the computation has to happen in-place, the am-
plitudes must be computed in pairs (according to the
index of the target qubit) and use a temporary variable
to resolve their dependencies.

Besides, a pair of amplitudes belongs (does not belong)
to the same block if the index of the target qubit is
previous to the index of the controlled qubit.

For the posterior case, the blocks are organized in pairs
with correspondent positions forming a pair of ampli-
tudes.

Putting all together, the implemented functions are
split in two parts:

(i) “Previous” - consisting of a loop to go through the
blocks and an internal loop to go through each
pair of amplitudes in a block (determined by the
target qubit) and computing them; and

(ii) “Posterior” - with a loop going through pairs
of blocks (determined by the target qubit) and
an internal loop computing a pairs of amplitudes
formed by correspondents positions in the block
pair.

Additional features improving memory usage intro-

duces a new set of graphs (making a comparison before
and after making changes).

From comparisons between Figures 2(d), 2(g) and Fig-
ures 2(f) to 2(i), and last Figures 2(e) and 2(h), one
can realize a change in the number of memory ac-
cesses. This change was occasioned by the modifica-
tions made, mostly because of the second vector re-
moval, and reusing the same in further loops inter-
actions. Thus, the reduced number of access means
an improvement over the memory allocation for the
D-GM data structures.

In order to test this assumption, graphs of speedup
are developed. Tests comprise 28 cases with 28 qubits,
with each graph changing where the operation is hap-
pening, except when it happens in the control qubit,
meaning in 0, 7, 13, 20 and 27-qubit.

Finally, for each case 30 simulations were made, taking
the averages and the standard deviation as displayed
Figure 3. Table 1 sums up the overall speed improve-
ment.

Operation Dense Op. Prim. Diagonal Sec. Diagonal

Standard 7.3s 4.5s 4.9s
Optimized 4.0s 2.2s 2.0s

Table 1: Comparison between execution times from
D-GM with 28 qubits before and after modifications

Therefore, an overall improvement in execution times
around 50 % faster towards the selected operations was
achieved.

Furthermore, the module of analysis developed to as-
sist this research can be easily modified to accommo-
date other types and program patterns, as a new re-
source helping to better understand the access memory
working with data structures.

So, the developed methodology provides a coher-
ent way to improve QC, based on assisting memory
through a program execution.

5 Conclusion

The QS in classic computers is a huge task requir-
ing a considerable amount of efforts, since neither the
necessary quantum hardware is available, nor the full
potential of the machines. However, this is one of the
most viable ways to study QA and also encourage more
studies about the subject.

One constant problem for simulators is the inefficient
use of the available resources. For this reason, the
D-GM environment is trying to approach strategies,
enabling the parallelism and the efficient usage of dis-
tinct peripheral and also allowing a better application
of resources and improvement in performance as well.
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(a) Speedup dense matrices.

(b) Speedup primary diagonals.

In this article, a methodology to improve performance
in QC simulations is applied to the D-GM environ-
ment, a general-purpose quantum simulator. The
goal was to improve memory bandwidth and latency
through changing access patterns for operations. In
order to achieve this goal, an analysis module was de-
veloped, allowing a perception of how quantum oper-
ations take place in the memory during a simulation.

Collected information used only the operations that
could help in the process of improving the performance
of the D-GM (the set of data contained distinct types
of operation for each pattern). The focus was on con-
trolled operations with a single control.

Changes in the D-GM source code resulted from this
step. As the main result, it was cut the amount of
memory used by the D-GM environment. As men-
tioned before, the results of this change is summarized
by table 1: a time of execution gain in the order of
50 % for each kind of operation.

(c) Speedup secondary diagonals.

Figure 3: Speedup graphs of QT.

Furthermore, the methodology developed here worked
in conjunction with the D-GM, it also may be able to
work with other programs with small modifications,
creating a way to optimize memory usage.
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