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Abstract: There is a consensus that the distri-
bution of quantum circuits among processing 
agents is a viable approach to achieve greater 
scalability with current hardware technologies 
of noisy intermediate-scale devices. Thus, new 
quantum computer architectures with multiple 
processing units should consider additional 
circuit partitioning steps, with the generation 
of subcircuits with lower communication costs 
between partitions. This article presents a mo-
dular multi-QPU quantum computer architec-
ture, as well as results with hypergraph partitio-
ning of circuits, as a permanent layer in future 
distributed quantum system architectures.

INTRODUCTION
The field of quantum computing promi-

ses unprecedented benefits in speeding up 
solutions to complex problems by using the 
principles of quantum mechanics. However, 
many challenges prevent these advantages 
from being applied in all scenarios. These 
challenges are present throughout the quan-
tum machine development stack [BANDIC 
2022], from the physical implementation of 
qubits to control hardware [RIESEBOS 2022], 
from control software to applications in real 
scenarios. This portrait defines the limita-
tion of the computational power of current 
machines, noisy intermediate scale devices, 
or NISQ - Noise Intermediate Scale Quantum 
[PRESKILL 2018], with few qubits, high error 
rates, latency of operations, low port fidelity 
and short state duration, which prevents the 
execution of large algorithms. This reality is 
likely to persist until error-tolerant quantum 
computers become a reality.

The distribution of circuits between proces-
sing agents is a viable approach to achieving 
greater scalability with current hardware te-
chnologies, at the cost of greater control over 
communication between the agents involved 
[DIADAMO 2021]. NISQ quantum computer 
architectures with multiple processing units 

should be considered with additional quantum 
circuit partitioning steps, making it possible to 
generate subcircuits with lower communication 
costs between partitions. In the literature, we 
find works that explore different approaches to 
distributed systems such as [MONROE 2014], 
[LOKE 2022], as well as discussions on circuit 
distribution [YIMSIRIWATTANA 2004] and 
circuit partitioning, through the generation 
of smaller segments for distribution [DAVAR-
ZANI 2020], [DAEI 2020]. These works have 
paved the way in the area of circuit slicing, 
outlining different approaches to the challen-
ge of segmenting quantum circuits. However, 
there is still a need to consolidate these tech-
niques in the context of a modular quantum 
computer architecture, taking into account the 
operating costs of communication, latency, cir-
cuit coupling and the dedication of qubits for 
communication between partitions. These are 
real challenges present in NISQ machines of 
different technologies for implementing actual 
physical qubits.

This article completes the experiments on 
hypergraph partitioning discussed in [CAM-
BIUCCI 2023], presenting a modular architec-
ture for NISQ quantum systems with multiple 
processing units, with steps for slicing quantum 
circuits in distributed systems. A hypergraph 
approach to the partitioning process was adop-
ted, with the aim of achieving a more efficient 
distribution, reducing communication costs 
between partitions and allowing a higher le-
vel of circuit abstraction, when compared with 
approaches from previous work. The article is 
organized as follows: in section 2 we will see a 
brief description of the layers of a monolithic 
architecture; section 3 presents the proposal for 
a multi-QPU quantum computer architecture, 
with the partitioning of circuits using hyper-
graphic heuristics; section 4 presents aspects of 
hypergraphic partitioning and the results of ex-
periments with benchmark circuits; the article 
ends with conclusions and references.
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LAYERS OF A MONOLITHIC 
QUANTUM ARCHITECTURE
The literature contains different layouts for 

the components of a modular quantum com-
puter architecture. Some works such as [JO-
NES 2012], [BERTELS 2020] and [BHARTI 
2021] explore important steps for handling and 
processing quantum algorithms. In [BANDIC 
2022] we have a comprehensive description of 
the layers involved in the processing of NISQ 
quantum computers and a segmentation be-
tween compilation and the instruction set of 
the quantum machine, or ISA - Instruction 
Set Architecture. [JONES 2012] highlights the 
quantum error correction layer, which is cru-
cial for error-tolerant quantum computing. 
Currently, this quantum error correction layer 
is migrating to classical control hardware in 
some architectures and platforms [RIESEBOS 
2022]. In [FU 2017] we find relevant aspects 
for the construction of a quantum computer 
microarchitecture, with emphasis on the con-
version between the high-level representation 
and the microinstruction lines, which are res-
ponsible for the transformations on qubits in 
the physical hardware layer.

From this literature, we can describe a 
monolithic architecture through three main 
layers, as follows:

Programming layer: where we find the co-
ding resources, libraries and frameworks avai-
lable on the platform for developing quantum 
programs. Currently, each platform supplier 
on the market, such as IBM, MICROSOFT, 
GOOGLE or RIGETTI, offers a wide range of 
resources for the developer, such as program-
ming tools, simulation, resource estimation 
and visualization of results.

Compilation layer: from the description 
of the circuit in a high-level programming 
language, in this layer the circuit undergoes 
transformations that make it compatible with 
the target processor for execution. We can list 
different related stages such as decomposition, 

optimization, scheduling, mapping and syn-
thesis. These activities manipulate the gates 
and quantum operations of the circuit, with 
various objectives, such as: - preparation of 
quantum states and efficient initialization of 
qubits; - physical mapping of qubits according 
to connectivity in the hardware; - grouping 
of operations by equivalence and removal of 
redundancies; - translation of operations into 
the basic ports supported by the target proces-
sor; - decomposition and synthesis of quan-
tum circuits; - and optimization of circuits 
according to target hardware.

Execution layer: from the synthesis of the 
optimized quantum circuit, we carry out the 
translation of the instructions into commands 
for the electronics involved in controlling the 
quantum hardware and physical qubits. Cur-
rently, many preparation, control and measu-
rement tasks are moving to classical control 
hardware as well as new definitions for the 
quantum microarchitecture in use [FU 2017].

MULTIPLE QPU QUANTUM 
COMPUTER ARCHITECTURE
Considering the needs for circuit partitio-

ning and efficient distribution of processing 
loads, we propose the reference architecture 
for quantum computers with multiple pro-
cessing units in figure 1, with preparation and 
execution steps for circuit partitioning.

In the proposed design, it is possible to 
identify the programming, compilation and 
execution layers, as well as the additional 
steps for preparing and cutting circuits. As a 
challenge in the circuit distribution process, 
we need to address the objective function re-
lated to the cost of communication between 
partitions. The aim is to reduce the number 
of ebits or qubits dedicated to communication 
between partitions throughout the execution 
of the circuit, as well as to optimize the use 
of links between subpartitions throughout the 
execution [MARTINEZ 2019] and [DAVAR-
ZANI 2020].
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Figure 1. Reference architecture for a quantum computer with multiple processing units and hypergraph 
partitioning steps for efficient distribution of subcircuits. Source: prepared by the author [2024].

Figure 2 - Hypergraph representation of quantum circuits and possible cuts during the partitioning 
process. Source: prepared by the author [2024].

Circuit n d cnots bipart fm red.% Circuit n d cnots bipart fm red.%
QFT 4 31 18 5 4 20% QPE 4 28 11 4 2 50%
QFT 6 47 39 12 9 25% QPE 6 54 34 12 8 33%
QFT 8 63 68 22 16 27% QPE 8 84 65 22 16 27%
QFT 10 79 105 35 25 29% QPE 10 94 98 35 24 31%
QFT 119 231 77 56 QPE 15 168 231 77 56
QFT 30 239 915 330 225 32% QPE 30 342 910 330 225 32%
QFT 50 399 2525 925 625 32% QPE 50 588 2522 925 625 32%
QFT 100 799 10050 3725 2500 33% QPE 100 1188 10047 3725 2500 33%
QFT 14460 5370 3600 QPE 14457 5370 3600

Table 1. Bipartition for circuits with n qubits and depth d, varying the number of cnots; bipart is the total 
number of ebits between partitions; fm is the total number of ebits obtained with Fiduccia-Mattheyses; 

red.% is the communication reduction obtained with hypergraphic heuristics.
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HYPERGRAPHIC PARTITIONING 
OF CIRCUITS
As a strategy for partitioning circuits, we 

explored the hypergraph representation of 
the input circuit, for subsequent use of par-
titioning heuristics in two configurations: 
the first is based on weighted hypergraph 
partitioning heuristics, using the circuit’s 
coupling ratio as a weight in hyperedges; the 
second configuration considers the connec-
tivity restrictions between qubits present 
in the target machine topologies, generating 
weights in hyperedges of the hypergraph. As 
a circuit impact metric, the coupling ratio 
can be calculated from the number of quan-
tum gates between multiple qubits, over the 
total number of qubits present in the circuit 
under consideration. This measure gives an 
indication of cost of partitioning the circuit: 
the higher the coupling ratio, the higher the 
potential cost generated by cutting the circuit, 
which requires optimized heuristics for more 
efficient partitioning.

Numerous partitioning heuristics have 
been explored in the literature, such as KL 
[KERNIGHAN-LIN 1970] and SW [STO-
ER-WAGNER 1997]. We focused on the FM 
heuristic [FIDUCCIA-MATTHEYSES 1982] 
as the basis for the hypergraph partitioning 
process, due to its simple implementation and 
reduced execution time, with a Big-O ( n ) 
function, i.e. linear time. Its choice was mo-
tivated by the results discussed in the work 
of [CAMBIUCCI 2023], based on a compa-
rison of different graph and hypergraph par-
titioning heuristics in the context of quantum 
circuits.

The FM heuristic is an effective method for 
dividing a set of vertices in a hypergraph into 
two groups or partitions, minimizing the rela-
tionships between them. The algorithm works 
in iterative steps, where each vertex is moved 
from one partition to another if this reduces 
the number of edges between the subparti-

tions. We have created a variation of this algo-
rithm, where a weighted telemetry is applied 
to guide the vertex movement process. This 
telemetry considers weights on the hypered-
ges, based on the number of connections be-
tween a vertex and a partition. The weights 
are dynamically updated when over iterations, 
allowing the algorithm to prioritize moves 
that result in significant reduction in commu-
nication between partitions. By considering 
not only the structure of the circuit, but also 
the weights in the hyperedges, the algorithm 
is able to achieve a more efficient partition, 
reducing the communication costs between 
partitions for distributed systems. Centralized 
bipartite partitioning was addressed because 
it is widely used as a calibration test, and is 
carried out by centrally cutting the width of 
the input circuit, i.e. each of the two partitions 
has the same number of qubits. Table 1 illus-
trates the results of this experiment:

With the hypergraph approach used, the 
reduction in cuts in binary gates was arou-
nd 35% compared to random central parti-
tioning, when we simply cut the circuit to its 
width without reordering qubits. Quantum 
Fourier transform (QFT) and Quantum Phase 
Estimation (QPE) benchmarks were used, ge-
nerated using the MQTBench tool [QUETS-
CHLICH 2023]. The machine used was a 
16GB RAM 2.20GHz notebook with 12 cores 
and 16 processors.

CONCLUSIONS
This paper proposes a modular multi-QPU 

quantum computer architecture design, with 
a hypergraph approach based on FIDUCCIA- 
MATTHEYSES heuristics to optimize circuit 
partitioning, reducing communication costs 
between partitions, as previously discussed in 
[CAMBIUCCI 2023].
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