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Abstract. Programming for today’s quantum computers is making sig-
nificant strides toward modern workflows compatible with high perfor-
mance computing (HPC), but fundamental challenges still remain in the
integration of these vastly different technologies. Quantum computing
(QC) programming languages share some common ground, as well as
their emerging runtimes and algorithmic modalities. In this short paper,
we explore avenues of refinement for the quantum processing unit (QPU)
in the context of many-tasks management, asynchronous or otherwise,
in order to understand the value it can play in linking QC with HPC.
Through examples, we illustrate how its potential for scientific discovery
might be realized.

Keywords: quantum computing - high performance computing

1 Introduction

A quantum computer is a physical system in which an initial quantum state
evolves in time quantum mechanically to reach a new state that will contain the
solution to a certain problem. Like other accelerators such as GPUs, ASICs and
FPGAs, quantum computers have their own niche applications at which they
excel, and are not meant to universally outperform classical computing. The set
of problems that will benefit from quantum computing (QC) is still being defined,
but some research points to Hamiltonian simulation as a good first candidate,
which has practical applications that will enhance drug development [3]. QC
has also shown advantages over classical implementations in very specific, but
arguably not useful problems [1, 6]. More optimistically, however, research on all
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aspects of QC from the technology to the software stack and high performance
computing (HPC) integration is advancing the field to reach quantum advantage
on real life problems.

QC is intricate in its workings, but as the software stack advances, and ap-
plications are defined, non-quantum experts should be able to take advantage
of these accelerators without deep knowledge of quantum entanglement, quan-
tum superposition, or quantum noise mitigation [4,9, 5]. One aspect that users
will need to be aware of is the probabilistic nature of quantum mechanics. The
quantum state of a quantum system cannot be observed by classical means. The
quantum state can be in a superstition of waves similar to the way sound can
contain waves on different frequencies. But in quantum mechanics, a classical ob-
servation can only see one of these frequencies, and the others will collapse and
be un-observable. For that reason, the measurement is done by repeated obser-
vation, through which each specific frequency or wave is observed with a certain
probability. The building of this probability distribution contains information
that can be used to solve computational problems. Therefore, quantum mea-
surement requires repeated stochastic runs (shots) and measurements to extract
the quantum state’s probability distribution on a certain quantum basis.

Accelerated computing has become a leading architectural approach for HPC
systems. This paper explores the possibility of quantum computers claiming their
role as hardware accelerators, with the understanding that their architectures
rely on the presence of specialized devices to process specialized workloads or
tasks. The ways that this can be combined effectively remains to be seen and
for the moment, a concrete realization of how to integrate a quantum computer
with a HPC system would not necessarily demonstrate a performance advantage
with current systems, but would be able to show that testing such an integration
is feasible with current programming tools. In this paper, we outline how compu-
tation tasks might interact with each other in this context on known quantum
programs.

2 Quantum Programming Tools

Despite the nascent technology underlying QC, there has been substantial progress
in the development of programming tools that integrate QPUs with conventional
systems. Issuing instructions to a quantum control unit plays a pivotal role in
the execution of a quantum program, while the recovering of data from the QPU
depends on subsequent post-processing of measurement results. This interplay
between the QPU and the calling system—depicted in Fig. 2—can be developed
to be either synchronous or asynchronous depending on the algorithm, but the
latter is more generally used at the moment.

One way of classifying programming paradigms involves its distance from the
program to the hardware. Thus, how tasks are to be viewed might be relative to
how easy it is to access hardware and manage its latency, resources, and general
effectiveness. At the analog level, pulse sequences drive the transformation of a
quantum state, circumventing the need to involve the full stack in computation.
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Fig. 1. A sequence diagram detailing the interactions between a CPU, memory, and
a QPU [2]. Operands are the sequence of quantum gates that implement an input
instruction logic, the quantum control unit (QCU) parses these instructions while the
quantum execution unit (QEU) initiates the corresponding gates through applied fields
that modify the quantum physical state of the quantum register. The return process
generates data that corresponds with measured results from hardware.

At the digital level, the instructions to manage computations can range from
low-level (close to hardware) assembly languages, which can be transformed to
signals for physical implementation, to a higher level that can support algorith-
mic descriptions closer to the user’s natural language, and then brought down
closer to hardware via a compiler. Recent integration attempts [7,8] were mo-
tivated by the desire to balance ease-of-use for the general user and flexibility
for the domain scientists, but those frameworks and paradigms still sit quite
close to the hardware without a consensus on how to approach quantum high
performance computing (QHPC) task management at a system level.

We begin to consider a higher-level perspective revolving around the idea
of runtimes, task-oriented and workflow-oriented approaches in QC and HPC
integration for the purpose of interoperability. An example of this is shown in
Fig. 2. This might be most akin to hybrid runtime environments with multi-
processing, multi-threading and accelerator offloading capabilities (e.g., MPI,
OpenMP and CUDA, respectively), where similar challenges inherent in the
handling of heterogeneous systems arise: there are trade-offs with respect to
the overhead of offloading a computation to an accelerator vs. the obtained
performance improvement. A vast amount of literature exists on this topic, with
years of experience and incremental optimizations. But, while popular solutions
in HPC exist, there is a shift to try to find more flexible, productive, and higher-
level mechanisms to define tasks, dependencies, resource requirements and other
constraints, especially with systems that operate different physical systems from
traditional computing platforms.

For example, let’s consider a machine learning model implemented in Tensor-
Flow running on CUDA/OpenACC vs. an Al-powered workflow doing ensemble
molecular dynamics at scale through a true workflow management system (e.g.,
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Fig. 2. An example of a high-level view of the task-based interactions in a hybrid
quantum-classical system.

PyCOMPSs). In this scenario, the level of integration moves away from the inter-
action between the accelerator and the CPU to involve multiple nodes potentially
dedicated to different types of tasks. HPC systems are remotely accessible with
resources assigned for a particular task via a scheduler and resource manager.
In QC, existing approaches for this kind of system-level integration usually go
through similar remote access by necessity, as there are strict environmental con-
straints for operating a quantum system. However, such system integration is
not tightly-coupled and would not be managed as in HPC, but is nevertheless a
tangible scenario for actual workflow composition, and we already see solutions
that allow writing hybrid quantum-classical workflows running on cloud-based
QC-HPC systems (e.g., Covalent, which supports AWS Braket and IBM Quan-
tum on the QC side).

We can begin to understand the interoperability challenges of a hybrid appli-
cation use case by analyzing it holistically in a top-down manner (i.e., starting
from the high-level workflow and finishing at the low-level programming of the
hardware instructions). For example, one might consider the following progres-
sion of analysis:

1. Identify the high level steps.

2. Identify, out of those steps, which ones will be suitable for the classical
side and which ones will be suitable for the quantum side. For the parts
that can be accelerated by quantum computers, one needs to understand
the existing quantum algorithm and how to encode the information. Such
translations might be easier for physics problems. Since the applications that
benefit from QC acceleration are not well-defined yet, understanding how
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information is handled in the quantum world becomes essential to make use
of this information on the classical world. The desired approach is that this
quantum algorithm and its quantum information encoding can be abstracted
away from the user.

3. Define how information is going to be exchanged between the classical and
quantum sides, which would require some sort of memory at both ends to
account for the different representations of data on each side. Furthermore,
CPU and GPU can share memory but CPU and QPU cannot. This encoding-
decoding from classical to quantum and vice-versa is a challenging and com-
putationally intensive step.

4. Identify existing integration tools with access to possibly several backends.
It will be necessary to define the call to quantum kernels and what those
kernels will do depending on the compiler requirements. The runtime or
workflow manager would account for latency, memory management, and
task interactions, while the compiler takes care of generating a synthesizable
quantum instruction stream from a high level quantum program description.

3 Task Modeling in Quantum Computation

This section frames quantum programs in terms of their related tasks and where
asynchronous multi-tasking requirements might appear in the context of a hybrid
workflow management. However, we note that existing QC hardware is suitable
for both synchronous and asynchronous operations, and we provide two ex-
amples to illustrate this. The distinction here represents a choice for how the
QPU behaves in response to instructions accepted from the parent node within
the accelerator architecture. This choice depends on the desired behavior of the
QPU and, for purposes of performance, on the ability for the QPU to process
an assigned workload in a well-characterized time. For example, synchronous
operations of a QPU place a timing constraint on the compute response that
depends intimately on the size of the quantum program, i.e., the depth of the
circuit, and the number of measurements samples generated through repeated
execution of the program. While these parameters are well-defined prior to exe-
cution, the subsequent impact on the execution time varies with the technology
and communication methods.

For our first example, we take quantum phase estimation, a ubiquitous
quantum procedure that is used in many other fundamental quantum algorithms.
This presents a first opportunity to look at task modeling from a QC perspective.
The phase estimation problem is formulated as follows: Given a unitary operator
U and eigenstate |¥) with an unknown eigenvalue e**™%? estimate the value .

Some of the assumptions on this problem come from the underlying physics
and hardware, that U (as well as any of its corresponding control operations) can
be efficiently implemented by a quantum circuit, and that we have the ability
to efficiently prepare the state |¥). Furthermore, we impose the mathematical
assumption that (for simplicity) ¢ can be written in an exact binary represen-
tation,
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One way to construct ¢ is by iteratively determining ; from the least significant
to the most significant bit. To illustrate a synchronous model, for each ¢; we
require two quantum bits for computation and a classical bit to store measured
results. To determine the least significant bit ¢,,, we (1) initialize the two qubits
(one auxiliary, one in the eigenstate); (2) apply a certain operation (in this case,
controlled U2""); (3) measure the auxiliary qubit in a certain basis (in this
case, Pauli X); and (4) store the result in the classical register.

After this process is complete, the auxiliary qubit is reinitialized and then a
phase correction is performed in order to remove the contribution from ¢, in
order to identify the next significant bit, ¢,,_1 in pretty much the same manner
as described above (but now with the new phase), and so on and forth until ;.
This is the notion of classical feedback: the next stage of computation depends
on the value of the classical register holding the previous result. This example
relies on a synchronous execution paradigm, in which results from programs
submitted to the QPU depend on successful execution of an ordered sequence of
computations with the final result collected when available.

To contrast this, the ¢ construction process can be executed in a parallel
fashion, where each precision bit is realized in its own sequence of initialization
and control-U operations with the results stored in its own classical register. This
would require more qubits, larger circuit depth, and more classical registers to
store the precision data. However, it is an illustration of asynchronous quantum
tasks, introducing the potential to manage them at a higher level. The caveat
here is that the synchronicity requirement is still imposed before the final mea-
surement in the form of the inverse quantum Fourier transform that is applied
to the results of the previous asynchronous steps. The inverse QFT is necessary
for producing the correct transformation for estimating the phase. In this sense,
the example would not be illustrative of a ‘fully asynchronous’ process.

For our second example, we consider an algorithm that uses a quantum
computer to create and measure the properties of a parameterized trial wave
function, and a classical computer to optimize the wave-function parameters.
In this case, error detection during the quantum computation could present a
different kind of opportunity for synchronous task modeling within a hybrid
quantum-classical computation [10]. (a) In the first stage of the quantum com-
putation, the circuit would use an ancilla qubit, a1, to detect an error in the
preparation of the initial logical state. The detection of an error from the mea-
surement of this ancilla qubit would reset the stage. (b) In the second stage
of the quantum computation, a second ancilla qubit, as, is entangled with the
logical qubit and is utilized to perform an arbitrary angle rotation; the result
for its measurement indicates which angle 6 was used in the computation. (c¢)
From there, the expectation values (depending on ) are computed. The classical
computation would then identify the angle that minimizes the algorithm’s cost
function.

In principle, the actions on the two ancillas are independent of each other
and can be performed asynchronously. However, the synchronous model applies
when both the detection of an error in state preparation and the determination
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of the angle 6 are combined into a single ancilla. In such a scenario, upon the
right measurement outcome on ap, this qubit is reset and the circuitry on as
follows on the same qubit.

Ultimately, noisy intermediate-scale quantum (NISQ) and fault-tolerant op-
eration of QHPC systems will introduce separate requirements for asynchronous
multi-tasking. In the NISQ context, we need to periodically characterize the
quantum processors to estimate noise parameters and perform error mitigation
to finalize QPU results. There is also the concern of making calls to multiple
QPUs as they lack the reliability and reproducibility of traditional technology;
this introduces additional programming concerns.

In the context of fault-tolerant quantum error correction (FTQEC), we need
to process conditional statements that may affect the runtime of the QPU them-
selves. This will lead to uncertainty in device operation times and, hence, will
be better treated as an asynchronous request. Moreover, the devices are inher-
ently probabilistic and post-processing will require gathering statistical confi-
dence that affects runtime. This leads to an intersection between requirements
for QC and other probabilistic computing paradigms.

4 Perspective on the Role of Quantum Technology

Coupling HPC and QC systems will affect the way we interact with the latter.
For instance, a QC system might only be accessible through a cloud environ-
ment, potentially leading to queue waiting and larger communication latency.
Conversely, a tighter coupling with the HPC system will result in more efficient
execution due to the availability of specialized encoding and a tailored instruction
set, but this will also require the runtime to be more responsive, thus increasing
the computational load of the classical side.

A leading performance concern is the choice of a system-level/compiled pro-
gramming model versus an interpreted (Python) programming model that is
very common for QC today. We advocate for more integration at the system
level, notably via libraries and their direct management of system resources. In
addition, the examples described in Section 3 are relatively simple but illustrate
that quantum data types and a standardizing format of data structures can
lead to performance advantages, especially when leveraged to take advantage of
classical resources.

In task-based models for irregular, dynamic and heterogeneous applications,
critical paths are probabilistic and we cannot estimate them a priori. Schedulers,
resource managers, and runtimes will have to face a challenging transformation
in order to minimize idle times and leverage asynchronous operations. Further-
more, the ability to manifest the probabilistic behavior expected from quantum
computers is hindered by noise from the environment, and how this kind of ad-
ditional complexity affects quantum-classical task management might reveal its
importance in the future.
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