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[Tepidnym

Ot kBavTikol VTOAOYLOTEG XPIOLUOTIOLODVTAL OAOEVA KAL TIEPLOTOTEPO OXL WG AVTOVOLEG UNYAVEG,
aA\d WG eTTAYVVTEG pHéoa oe VBPLOLKEG VTTOAOYIOTIKEG POEG epyaciag. Xe avTéG, éva KAaotkod
VTTIOAOYLOTIKO OVOTNHHA TIPOeTOLAlet £va KPavTiko kKOkAwpa, To vToPdIel oe évav KPavTikd
EMEEEPYAOTN KL OTN CLVEXELX EPUNVEDEL TA TIOAVOKPATIKA ATTOTEAETHATA TTOL AVTOG ETUOTPEPEL.
H napovoa SwatpiPr) avtipetwmilet n Stema@n peta&d kAaotkov kat KPavTikod VTTOAOYLOHOV WG
TPOPANUA APXITEKTOVIKAG Kat Staxeiptong cuoTnHATwY Kat Oxt ws {Rtnua @uotkig. ITpakTikég
OTIWG 1) EVOPYNHOTPWOT], O TPOYPAUUATIOHOG EKTENEONG KAl 1] TTAPATNPNOIHOTNTA, Ol OTOiEG
Bewpovvtau dedopéves ota ahyXpova kKhaotkd vitohoytotika végn (cloud-native), anovotd{ovv
o€ peydho Babuod anod to onueio 6mov ekTeAeiTAL O KBAVTIKOG VTOAOYLONOG.

Me agetnpia pa moAveminedn avalvon avthg NG OlEema@ng Kat fa emokonmnon Twv
VTAPXOLOWV TIPOCEYYIOEWV OTNV EVOPXNOTPWOT Kal TNV TapaTnenolpotnta, 1 SatpiPn
Slatund Vel £€va GOVOAO aAUTHOEWY Kat TPOTEivEL wg anodeln g 0éag (proof of concept) tov
Quantum Circuit Controller (QCC), ¢va eninedo eAéyxov (control plane) yia tn Stemaen petald
KAaotkov kat kBavtikov vroloytopov. O QCC ewodyel 610 onueio ekTéENEONG TOV KPAVTIKOD
VTTOAOYLOHOD TEXVIKEG EVOPXNOTPWOTG EUTVEVOHEVEG amo Ta cloud-native ovotipata, kabwg
Kat ovdétepn wg mpog tov mpoundevtny (vendor-neutral), Bactopévn oe avolktd MPOTULTA,
napatnpnootra.  ‘Etol, o kPavtikdg vmoloyotns, wg vmoPabpo (quantum backend),
avTipetwmileTar OXt wg évag adlaavig ATOHAKPLOUEVOG TIPOOPLOUOG EKTEAEONG, AAAA WG €vag
Slayelpiolpog kat MANPWG TAPATNPTOLUOG VTTOAOYLOTIKOG TTOPOG.

H mpotewvopevn apyitektovikny Sokpdotnke kar afohoyndnke kab oloxAnpiav pe évav
AVTUITPOOWTEVTIKO KPAVTIKO aAyoplOlo, TOCO 0€ TPOCOUOLWHEVO OCO KAl OF TPAYUATIKO
KPavtikd vrmoloylotn. Ta amotedéopata deixvouv OTL IKAVOTIOLEL TIG ATAUTHOELG TIOV €iXaV
Telel apyikd, kat kabloTd opatd TG00 TO VTOAOYLOTIKO KOGTOG 00O KAl TI CLUTEPLPOPA TNG
Stemagng petadd twv dvo kdopwv. H Siatpifr npoteiver eniong dvo katevBuvoelg Tumomoinong:
i ovdétepn Semagny ektéleons, avefaptntn and mpopnBevTég KPAVTIKWY VTTOAOYIOTWY, Kat
éva OUVOAO TIPOTUTIWV Yla TNV TAPATNPNOUOTNTA TWV KPAVIIKOV OLOTNUATWV. XVVOAIKA,
HeTaPEPEL TIG apxég TG Mnyavikng Afomotiag Zvotnudtwv (Site Reliability Engineering -

SRE) otov xwpo tng ovvepyaciag petafd kAaotkov Kat KPavTikol VTTOAOYIOHOV.

Aékeig-khedid:  Siemagn KPavTik®OV Kat KAAOWK®OV VTOAOYLOT@V, VPptdkd KPavtikd—
KAaotkd voAoytotikd optia, Kubernetes, OpenTelemetry, mapatnpnotuotnta, cloud-native

evopxnotpwon, Qiskit



Abstract

Quantum computers are increasingly used not as standalone machines but as acceler-
ators within hybrid workflows, in which a classical system prepares a circuit, submits
it to a quantum processor, and interprets probabilistic results. This thesis treats the
quantum-classical interface as a systems problem rather than a physics one. The or-
chestration, scheduling, and observability taken for granted in classical cloud-native
operations are largely absent at the quantum execution boundary.

From a layered analysis of the interface and a survey of existing orchestration and
observability work, the thesis derives a set of requirements and answers them with
a proof-of-concept, the Quantum Circuit Controller (QCC), a control plane for the
quantum-—classical interface. It brings cloud-native orchestration and vendor-neutral,
standards-based observability to the quantum execution boundary, treating a quantum
backend as a managed, observable resource rather than an opaque remote endpoint.
Exercised end-to-end on a representative quantum workload across both simulated
and real hardware, it satisfies these requirements and makes the computational cost
and behaviour of the interface visible. The thesis proposes two standardisation path-
ways, a vendor-neutral execution interface and a set of quantum observability conven-
tions. Throughout, the work brings the discipline of site reliability engineering to the
quantum-—classical space.

Keywords: quantum-—classical interface, hybrid quantum-—classical workloads, Kuber-
netes, OpenTelemetry, observability, cloud-native orchestration, Qiskit
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Introduction

1.1 Motivation and Problem Statement

This thesis is motivated by the intersection of cloud-native infrastructure engineering
and quantum computation. A professional background in Site Reliability Engineering
(SRE) makes the absence of established distributed systems paradigms, robust observ-
ability, and infrastructure reliability frameworks within contemporary quantum envi-
ronments immediately apparent. Automated scheduling, orchestration, and telemetry
are foundational in classical cloud-native ecosystems, yet they remain largely uninte-
grated into the quantum execution layer.

This operational gap surfaced during the practical evaluation of Deutsch’s algo-
rithm (Deutsch, 1985). From a systems engineering perspective, executing this ele-
mentary circuit requires a multi-stage lifecycle: the abstract circuit must be transpiled
into the backend’s native gate set, routed across physical qubits, dispatched through
a cloud runtime layer, and wait for the results. When executed on the IBM Quantum
Platform, with ibm_sherbrooke backend using Qiskit, the resulting wall-clock execu-
tion time was approximately 3 seconds, as reported from job’s QPU usage time. For
a two-qubit workload, this latency appeared disproportionately high, serving as an
empirical catalyst to systematically profile the underlying execution and compilation
characteristics.

To understand where this time was spent, two diagnostic functions were developed:
metrics (), which plots circuit depth, gate counts, scheduling timelines, and per-gate
durations for a given backend; and aer_mimic_simulation(), which transpiles and ex-
ecutes circuits across different backends using SamplerV2 with 4096 shots (the prim-
itive’s default). These tools enabled a systematic comparison across three execution
environments: an ideal AerSimulator, a noise-mimicking FakeSherbrooke, and the
real ibm_sherbrooke backend. The source code for both functions is provided in Ap-
pendix A.

The analysis revealed several findings. First, transpilation for the target backend



2 1. Introduction

substantially restructured the circuit, although its raw counts are easily misread. The
original Deutsch circuit had a depth of 5, contained 6 gates, and included a single non-
local gate; after transpilation for ibm_sherbrooke the depth increased to 15, the re-
ported gate count (size) rose from 6 to 151, and the total operation count grew from
9 to 154 (Figure 1.1, Figure 1.2). These totals are dominated, however, not by gates
but by delay instructions. Transpilation embeds the two-qubit circuit into the back-
end’s full 127-qubit register, and the asap scheduling pass then pads each idle qubit
with a delay so that the execution timeline is fully specified. On FakeSherbrooke, the
identical pipeline yields 129 delay operations against only 16 actual gates (9 rz, 4 sx,
2x,and 1 ecr); the totals reported for ibm_sherbrooke arise in the same manner. The
genuine effect of decomposition is therefore modest, expanding the circuit from 6 to of
order twenty native gates drawn from the backend’s set (rz, sx, x, ecr), mapped onto
physical qubits 115 and 116; the headline counts instead reflect scheduling scaffolding
distributed across the device. Consistent with this, the transpiled circuit (Figure 1.3),
rendered with idle wires suppressed, displays only the two active qubits, on which the
original circuit becomes a short sequence of rotation, VX, and ecr gates interspersed
with synchronisation delays.

15

14

12 4

104

pth

[a:]
1

circuit_de

Before Transpilation After Transpilation

Figure 1.1: Circuit depth before and after transpilation for ibm_sherbrooke.

Second, an examination of the scheduling behaviour using timeline_drawer () func-
tion and the system cycle time (dt = 0.2ns) showed that measurement operations and
synchronisation delays dominated the scheduled duration, while the quantum gates
themselves occupied only a small fraction of the total timeline (Figure 1.4). The to-
tal scheduled time was 9466 dt, corresponding to approximately 1.89 us. Separately,
the linear sum of aggregate per-gate durations was approximately 14.8 us (Figure 1.5);
this sum does not account for parallel execution in the scheduled timeline. Both esti-
mates fall six orders of magnitude below the observed 3-second wall-clock time. The
remaining time was consumed by the SamplerV2 primitive, the IBM Runtime layer, job
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Figure 1.2: Operation counts before and after transpilation for 1bm_sherbrooke.

Global Phase:

Del
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Figure 1.3: Transpiled Deutsch circuit for ibm_sherbrooke.
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queuing, and classical-quantum communication overhead. None of this was visible or

instrumentable by the user in Qiskit.

0 1893 3786 5679 7572 9466
System cycle time (dt)

Figure 1.4: Scheduling timeline of the transpiled Deutsch circuit on ibm_sherbrooke, generated with
Qiskit’s timeline_drawer (). Time is expressed in system cycle time (dt) units.

Estimated Duration 0.0000148267 seconds

duration

10—? 4

X SX ecr
Gate

Figure 1.5: Per-gate duration on ibm_sherbrooke for the three native gate types: «, sz, and ecr.

The comparison across execution environments also revealed the limitations of sim-
ulated noise models. The ideal AerSimulator returned the correct output for every
shot with zero errors. The FakeSherbrooke noise simulation introduced 38 erroneous
counts of |0) out of 4096 shots. However, the real ibm_sherbrooke backend produced
140 erroneous counts of |0), nearly four times more than the simulated noise model
predicted. This demonstrated that simulated noise models provide only a partial ap-
proximation of real hardware behaviour, reinforcing the need for runtime observability
on actual quantum processors.

These findings from a simple two-qubit circuit raised the question of how they scale
with circuit complexity. The same pattern returned, more sharply, in a later coursework
assignment that implemented Shor’s algorithm (Shor, 1994) for integer factoring, a
standard benchmark for quantum period-finding (LaPierre, 2021). With the larger
circuit, the choice of backend now determined whether the computation produced any
usable signal at all, and the available tooling offered no way to judge that choice in
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advance.

Factoring N = 15 with a = 4, a correct run should recover the period r = 2, visible
as two peaks in the histogram at the bitstrings 0000 and 1000, from which the factors
3 and 5 follow. On ibm_brisbane, selected for its immediate availability, the measure-
ment counts were instead scattered across all 16 output states with no discernible signal
at those outcomes (Figure 1.6), rendering the computation useless. Transpilation ex-
panded the circuit from a depth of 9 to 1,727 and increased the gate count from 14 to
over 3,400 on both backends. Executing the same circuit on ibm_sherbrooke produced
a measurable, though noisy, signal at the expected outcomes. The FakeSherbrooke
noise simulation proved more reliable than the actual ibm_brisbane hardware.

measure
412 413

400 369

355

319317

300 A
262

242 237

219

130

184 180

164

200 4

Count

127
106

100 4

Figure 1.6: Measurement counts for Shor’s algorithm on ibm_brisbane.

Counterintuitively, ibm_brisbane had fewer total operations after transpilation than
ibm_sherbrooke (3,450 versus 3,456), yet produced significantly worse results (Fig-
ure 1.7). This suggested that the quality of qubit mapping and the physical topology
of the backend mattered more than the raw operation count.
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Figure 1.7: Operations comparison for Shot’s algorithm across two backends.
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The experiments were conducted in August 2024 with the IBM Quantum Open
Plan,' which provided access to three backends, most with significant job queues. The
only programmatic selection mechanism available was Qiskit’s 1east_busy () function,
which considers queue depth but not calibration quality or circuit suitability. Beyond
that, backend selection required manually inspecting calibration data, submitting trial
jobs, and comparing outputs. This process was neither reproducible nor scalable. The
execution model itself blocked a Python process until a backend became available, far
removed from the asynchronous, event-driven patterns standard in modern cloud in-
frastructure.

By the standards of SRE practice, quantum cloud platforms lack operational matu-
rity. Backends have no health checks or readiness probes. Fidelity issues surface only
after job completion, with no programmatic signal indicating whether a backend’s cal-
ibration state is suitable for a given circuit. Standard practices such as service level
indicators have not been adapted for quantum execution: metrics like queue latency
and job completion rate would transfer directly, but execution fidelity requires new
definitions that account for the probabilistic nature of quantum measurement and the
temporal drift of hardware calibration. Without such indicators, there are no error
budgets and no systematic way to assess backend performance.

Taken together, these observations point to a structural gap. Quantum processors
remain isolated, special-purpose resources rather than accelerators in a heterogeneous
cloud platform managed with the orchestration, scheduling, and observability that
classical infrastructure has long provided. Realising the full potential of quantum com-
puting requires not further hardware refinement alone but an “integrated Quantum-
Classical systems architecture” (Seelam et al., 2026).

This is not an artefact of one set of experiments but a reflection of where the field
currently stands. Quantum computing has matured from a theoretical concept to a
technology accessible through commercial cloud platforms. Providers such as IBM
Quantum, Amazon Braket, and Azure Quantum now offer remote access to quan-
tum processors, and major HPC centres are beginning to deploy quantum hardware
alongside their classical infrastructure (Beck et al., 2024; Rallis et al., 2025; Seelam et
al., 2026). However, current quantum devices remain constrained by noise, limited
qubit counts, and short coherence times, a regime commonly referred to as the NISQ
era (LaPierre, 2021; Preskill, 2025).

These constraints make hybrid quantum-—classical computing the dominant exe-
cution model. The quantum processor handles specific subroutines while classical
systems manage the surrounding workflow: preparing inputs, configuring the circuit,
mitigating errors, and processing results. Even an algorithm that issues a single circuit
reflects this division of labour. Shor’s algorithm pairs a quantum period-finding circuit
with classical pre-processing and a classical continued-fraction step that recovers the
factors (LaPierre, 2021).

L Qiskit 1.1.1, Qiskit IBM Runtime 0.27.0, Qiskit Aer 0.14.2, Python 3.11.1.
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This hybrid model is gaining institutional momentum. In 2024-2025, several HPC
centres integrated quantum processors into their infrastructure: Quantinuum’s trapped-
ion system was coupled with the Fugaku supercomputer in Japan (Quantinuum, 2025),
the EuroHPC programme deployed quantum simulators at Tier-0 sites in Germany and
France (EuroHPC Joint Undertaking, 2025), and the University of Innsbruck integrated
a trapped-ion system into its LEO5 cluster (University of Innsbruck and AQT, 2024).
A 2025 perspective from the ADAC Institute, a consortium of more than twenty lead-
ing HPC centres, draws on a member survey to report that only a subset currently
operate their own quantum systems, while many are building testbeds or accessing
quantum hardware through the cloud and anticipate rising demand (ADAC Institute
QC Working Group, 2025). This momentum extends to the software layer, where
Kubernetes-based orchestration platforms such as Qubernetes (Stirbu et al., 2024) and
Qonductor (Giortamis et al., 2025b), along with vendor-neutral middleware such as
QRMI (Bacher et al., 2025), have been proposed to manage hybrid workloads.

Despite this momentum, a significant gap remains between quantum algorithm
research and the infrastructure needed to deploy hybrid workloads in practice. Quan-
tum SDKs such as Qiskit provide tools for circuit construction and execution (Javadi-
Abhari et al., 2024), and compilation toolchains address instruction-level coordina-
tion (Seitz et al., 2023; Elsharkawy et al., 2024). The cloud-native efforts noted above,
however, remain early-stage; the infrastructure layer that deploys, schedules, monitors,
and manages hybrid workloads is still largely bespoke, with no common standards yet
in place (ADAC Institute QC Working Group, 2025). A review of 107 publications on
HPC-QC integration identifies the standardisation of interfaces and tools as the field’s
principal next step (Dé&bler et al., 2025).

This thesis addresses that gap by bringing cloud-native infrastructure practices to
the classical layer surrounding quantum execution for workload orchestration, declar-
ative deployment, and standards-based observability.

1.2 Research Objectives and Guiding Questions

1.2.1 Objectives

O1. Interface classification. Survey existing approaches for quantum-—classical inter-
facing across architectural layers, establishing a classification that organises the
current landscape.

0O2. Representative interface analysis. Analyse interface models at the programming-
framework level and the infrastructure level, identifying their design choices and
limitations.

03. Operational gap identification. Identify gaps related to production deployment,
workload orchestration, and observability.

0O4. Cloud-native workflow design. Design and demonstrate a cloud-native hybrid
execution workflow using K8s for orchestration and OTel for telemetry.
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1.2.2 Guiding Questions

Q1. Layers and classification. At which architectural layers does quantum-—classical
interfacing occur, and how can these layers be classified?

Q2. Framework versus infrastructure. How do framework-level interfaces differ from
infrastructure-oriented approaches?

Q3. Production and observability limits. What limitations exist with respect to pro-
duction deployment and observability?

Q4. Cloud-native transfer. How can cloud-native practices be adapted to hybrid
quantum-classical workloads?

1.3 Scope and Boundaries

1.3.1 In Scope

Software-based interfaces for gate-based quantum computing.

Cloud-accessible quantum execution models.

Hybrid workflows in which a quantum circuit executes within a classical orches-
tration layer, with Shor’s algorithm (N = 15) as the reference workload.

Orchestration, execution lifecycle, and observability for hybrid workloads.

1.3.2 Out of Scope

e Hardware-level control (pulse engineering, control electronics).

e New quantum algorithm design or claims of quantum advantage.

e Quantum error correction as a primary topic (Cai et al., 2023).

e Quantum networking and distributed entanglement (Caleffi et al., 2024).

1.3.3 Implementation Boundaries

Qiskit was selected as the primary SDK due to its maturity, extensive documentation,
and the availability of cloud-accessible backends through IBM Quantum, used exten-
sively throughout the MSc coursework. Shor’s algorithm factoring N = 15 was chosen
as the reference workload because it is a standard period-finding benchmark with a
known-correct output, so result quality can be scored against ground truth, and its
post-transpilation depth is large enough to exercise the full compile-route—execute—
measure pipeline and to expose differences in backend quality across substrates.

1.4 Thesis Structure

Chapter 2: Information and Computation. Establishes computation as a physical
process: Shannon entropy, Landauer’s principle, the abstract model of computation,
and the conditions under which a physical system can be said to compute.
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Chapter 3: Classical Computing. Traces the classical infrastructure stack: hardware,
operating systems, distributed systems, HPC, cloud computing and containers, and
observability.

Chapter 4: Quantum Computing. Covers the qubit, multi-qubit systems and entan-
glement, quantum gates and reversibility, the circuit model, and the physical architec-
ture of the QPU under the constraints of the NISQ era.

Chapter 5: Literature Review. Surveys the quantum—classical interface literature across
four software-interface layers (applications, programming frameworks, compilation
and runtime, and infrastructure and orchestration), with observability as a cross-cutting

concern.

Chapter 6: Architecture. Proposes a cloud-native architecture for quantum-classical
interfacing, with K8s-based orchestration and an OTel-based observability model.

Chapter 7: Implementation and Demonstration. Details the proof-of-concept: Shor’s
algorithm (N = 15) executed through K8s custom resources reconciled by an operator,
with distributed tracing and metrics collected across the quantum-—classical boundary,

and the workload compared across simulated and real backends.

Chapter 8: Discussion. Assesses the results, discusses production readiness, and

considers implications for researchers and platform engineers.

Chapter 9: Conclusions and Future Work. Summarises the contributions and out-

lines future work.



Information and Computation

The interface this thesis treats as a systems problem is an interface between two phys-
ical substrates. Each encodes, transforms, and decodes information in a different way.
Treating that interface as an engineering problem first requires establishing what it
means for a physical system to compute.

2.1 Information as a Physical Quantity

Information is always tied to a physical representation. Establishing this connection
required resolving a paradox that persisted for over a century. The resolution revealed
a link between information, energy, and entropy.

Entropy spans multiple domains of science. In thermodynamics, it quantifies the
disorder of a physical system, the number of microscopic configurations (microstates)
consistent with its observed macroscopic state (Boltzmann, 1877). A gas dispersed
uniformly through a container has high entropy while the same gas compressed into
one corner has low entropy. The second law of thermodynamics states that the total
entropy of an isolated system can only remain constant or increase, but it never spon-
taneously decreases. It defines the arrow of time for physical processes. The heat flows
from hot to cold, ordered states evolve toward disorder, and certain processes cannot
be reversed.

In information theory, Shannon introduced an analogous measure to address the ef-
ficient communication of messages (Shannon, 1948). Shannon entropy quantifies the
average uncertainty of a random variable’s possible outcomes. Equivalently, it mea-
sures the expected information gained when the outcome is observed, or the minimum
average number of bits needed to encode a source. A fair coin has maximum entropy
of one bit. Each flip is maximally uncertain, so each outcome conveys exactly one bi-
nary digit of information. A coin that always lands heads has zero entropy because
the outcome is certain, and observing it reveals nothing. Shannon’s formula is identi-
cal in form to Boltzmann’s thermodynamic entropy, with the probabilities of message
symbols replacing the probabilities of physical microstates.

10
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In his 1871 Theory of Heat, Maxwell proposed an experiment that appeared to violate
the second law (Maxwell, 1871). He imagined a container of gas divided into two
halves by a partition with a small door, operated by an intelligent agent, the demon
(Figure 2.1). The demon observes individual molecules approaching the door. When
a fast molecule approaches from one side, it opens the door to let the molecule pass
and when a slow molecule approaches from the other side, it lets the molecule through
in the opposite direction. Over time, fast molecules accumulate on one side and slow
molecules on the other. A temperature difference emerges from an initially uniform
gas, an apparent decrease in entropy with no work performed on the gas.

A%B. A IR B
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Figure 2.1: Maxwell’s demon. Adapted from Htkym, Wikimedia Commons, licensed under CC BY-SA
3.0.

The paradox stood for over a century because Maxwell’s formulation did not ac-
count for the demon itself as a physical system. The demon observes, decides, and
acts, but each operation has a physical cost. Landauer addressed this cost from the
perspective of computation. He showed that any logically irreversible operation, such
as erasing a bit of memory, must dissipate at least kT In 2 of energy as heat, where k is
Boltzmann’s constant and T is the temperature of the environment (Landauer, 1961).
This result, known as Landauer’s principle, defined the energy cost of irreversible com-
putation and unified thermodynamics and information with entropy. Erasing one bit
of Shannon entropy must increase the thermodynamic entropy of the environment by
a corresponding amount.

Bennett completed the resolution by showing that the demon’s measurements can
in principle be performed reversibly, without thermodynamic cost (Bennett, 1982).
The entropy cost arises elsewhere, because the demon has finite memory. After enough
observations, it must erase its recorded data to continue operating. That erasure, by
Landauer’s principle, dissipates at least as much energy as the sorting saved. The total
entropy of the combined system, gas and demon together, never decreases. The second
law is preserved.

This chain of reasoning leads to a foundational conclusion: information is not an
abstract mathematical construct but a physical entity, subject to the same laws that gov-
ern energy and matter. Recording information requires a physical medium. Processing
information involves physical operations. Erasing information has a measurable, irre-
ducible energy cost. Landauer captured this view by arguing that the laws of physics
are themselves algorithms for handling information (Landauer, 1996). Physical sys-

tems are therefore not only carriers of information but also computational entities.
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2.2 The Abstract Model of Computation

While Landauer established that information processing is a physical act, the question
of what can be computed was formalised decades earlier. In 1936, Turing addressed
the Entscheidungsproblem, the question of whether a mechanical procedure can decide
the truth or falsity of any mathematical statement, by introducing an abstract machine
now known as a Turing machine (Turing, 1936).

A Turing machine has three components: an infinite tape divided into cells, each
holding a symbol from a finite alphabet; a read/write head that moves one cell at a
time in either direction; and a finite state register with a transition function. The transi-
tion function determines, for each combination of current state and symbol read, which
symbol to write, which way to move, and which state to enter next. Despite this sim-
plicity, Turing proved that such a machine can simulate any algorithmic process. The
Church-Turing thesis generalises the result. It asserts that any function which can be
effectively computed by any procedure can be computed by a Turing machine. The
thesis has never been proven in the mathematical sense, but it remains the benchmark
for computational universality.

Modern digital computers are practical realisations of this principle. They replace
the infinite tape with finite memory and the transition rules with instruction sets, and
they add parallelism, input/output systems, and layered software abstractions. The
Turing model defines what is computable in the abstract, but it does not address the

physical substrate that performs the computation.

2.3 When Does a Physical System Compute?

Recognising the gap between abstract computability and physical realisation, Horsman
etal. developed Abstraction/Representation (AR) theory to formalise when a physical
process constitutes computation (Horsman et al., 2014).

In AR theory, a computer is a physical system with constituent parts and internal
interactions that can move from one physical state to another. To qualify as computing,
the system must satisfy three requirements: it must encode abstract data into physical
states, it must evolve those states through at least one dynamical operation, and it must
allow the results to be decoded back into abstract form. The element that distinguishes
computation from physical evolution alone is the representation relation, a mapping be-
tween physical states and mathematical objects that lets the physical dynamics be in-
terpreted as an abstract calculation.

AR theory introduces the concept of computational entities, the physical components
that locate and maintain the representation relation within the system. These entities
perform the encoding and decoding steps, translating abstract data into physical states
and back. In classical computing, computational entities include processors, mem-
ory controllers, and input/output interfaces. In quantum computing, they include the
control electronics that prepare quantum states and the measurement apparatus that
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extracts classical results. A key insight of AR theory is that computation is predictive,
since a computer is used to predict the outcome of an abstract evolution. This predic-
tive role distinguishes computing from other physical processes, because the system
must reliably produce results that correspond to the abstract calculation.

Stepney and Kendon extended the AR model to include a Representational En-
tity (RE), the agent that establishes and maintains the representation relation between
physical and abstract domains (Stepney et al., 2021). The full compute cycle, shown
in Figure 2.2, proceeds through several steps. The RE represents its desired physical
state Prg as an abstract model mpg,, encodes this into a computational model mp,, and
instantiates it into the physical computer state P.. The physical computer evolves to
a new state P/ through its internal dynamics H.. The resulting state is represented as
an abstract computational solution 1}, . This is finally decoded to the abstract problem

’
Pr

RE. Each step in this cycle must approximately commute, keeping the representational

solution m o the result of the abstract evolution C. that models the final state of the

entity and the physical computer consistent throughout the computation.
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Figure 2.2: The full compute cycle with the Representational Entity extension. Reproduced from Step-
ney et al. (2021) Fig. 5.

2.4 Implications for Classical-Quantum Interfacing

The Turing model and AR theory together provide the lens for this thesis. The Turing
model defines the boundary of what is computable and AR theory defines what it
means for a physical system to realise that computation. Both frameworks apply to
classical and quantum computers alike, since a quantum computer follows the same
encode—evolve—decode cycle described by AR theory.

The concrete realisation of each step differs between the two substrates. In a clas-
sical system, encoding is the familiar process of writing data to memory, evolution is
deterministic gate-level logic, and decoding is reading a definite result. The supporting
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infrastructure (operating systems, schedulers, monitoring systems) has been refined
over decades. In a quantum system, encoding becomes quantum state preparation,
evolution becomes the application of unitary gates to qubits in superposition, and de-
coding becomes projective measurement. Measurement is probabilistic and collapses
the quantum state, yielding to a statistical distribution rather than a definitive state.



Classical Computing

Chapter 2 established computation as a physical process, an encode-evolve-decode
cycle that any substrate, classical or quantum, must realise. On classical hardware
the cycle is concrete and familiar. Encoding writes data to memory, evolution applies
deterministic logic, and decoding reads a definite result. The infrastructure that makes
this cycle reliable, repeatable, and observable was refined over almost five decades.
This chapter traces that infrastructure as a stack of abstractions across those decades.

3.1 Hardware Foundations and Binary Encoding

The classical representation relation is binary encoding. Every abstract value, whether
an integer, a character, or an instruction, maps to a sequence of bits, and each bit is re-
alised physically as a voltage held above or below a threshold in a transistor circuit (Sil-
berschatz et al., 2018). Two properties of this encoding shape every layer above it. It
is deterministic, since one abstract value always maps to the same bit pattern, and that
pattern always decodes back to the same value. It is also non-destructively readable, since
any bit can be inspected at any time without disturbing it. These properties are so ba-
sic to classical computing that they are rarely stated. They become significant only by
contrast, with Unconventional Computing paradigms, such as Quantum Computing.

Bits compose upward into a hierarchy of digital logic (Silberschatz et al., 2018;
Matthews et al., 2022). A register is a small, fast group of bits that the processor treats as
a single unit with the width of a specific word size. Logic gates transform bits according
to fixed Boolean rules such as AND, OR, and NOT, and gates wired in sequence form
the circuits that carry out operations such as integer addition. Most classical gates are
irreversible. An AND gate maps two input bits to a single output bit, and the inputs
cannot be recovered from that output alone. Chapter 2 gave this irreversibility its ther-
modynamic weight through Landauer’s principle. Quantum gates, by contrast, must
be reversible, a difference taken up in Chapter 4.

These components are organised by the von Neumann architecture (Figure 3.1),
the model underlying most modern computers (Matthews et al., 2022). It defines five

15
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units: a processing unit that executes instructions, a control unit that drives their execu-
tion, a memory unit that holds both data and instructions, and input and output units
that move data in and out. The processing and control units together form the CPU.
The processing unit contains the arithmetic/logic unit (ALU), which performs the arith-
metic and logical operations, together with a bank of registers holding the operands
and results currently in use. The control unit tracks execution through two special-
purpose registers. The program counter (PC) holds the address of the next instruction,
and the instruction register (IR) holds the instruction currently being executed.

The CPU
1. Processing 2. Control 3. Memory
Unit Unit Unit 4. Input 5. Output
ALU registers PC IR Units Units

address bus | | | |
control bus
data bus

Figure 3.1: The five units of the von Neumann architecture. Reproduced from Matthews et al. (2022),
licensed under CC BY-NC-ND 4.0.

The five units repeat a four-stage fetch—decode—execute—store cycle (Matthews et al.,
2022). The control unit fetches the next instruction from the address in the PC, decodes
it to determine the operation and the location of its operands, the processing unit exe-
cutes it in the ALU, and the result is written back to a register or to memory. The PC
then advances and the cycle repeats. Modern processors overlap consecutive instruc-
tions through pipelining, fetching one while another is decoded and a third is executed,
which raises throughput by keeping the stages busy at once (Matthews et al., 2022).
Each pass is one step of the physical system evolving from one state to the next, the
hardware-level realisation of the encode—evolve-decode cycle of Chapter 2.

The CPU does not work in isolation. It reads instructions and data from main mem-
ory, the random-access memory (RAM) that is fast but volatile, while persistent stor-
age such as solid-state and hard drives retains data across power cycles at far lower
speed. Buses connect the units: a data bus transfers values, an address bus carries
the location of each read or write, and a control bus signals the requested action. The
stored-program model places instructions and data in the same memory (Matthews et
al., 2022). This is what makes a computer programmable, because loading a different
program, rather than rewiring hardware, changes what the machine computes. It also
imposes a structural constraint. The shared path between processor and memory must
carry both instruction fetches and data transfers, and the processor can consume data
faster than that path can supply it (Silberschatz et al., 2018). This bottleneck is the first
instance of a pattern that recurs throughout the chapter, in which a resource limit at
one layer drives the design of the next, from on-chip caches to computation distributed
across thousands of machines.

A bare machine can execute only one program at a time. Abstracting and mediating
access to the physical resources is the role of the operating system.
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3.2 Operating Systems and the Kernel

An operating system is the software layer that manages a computer’s hardware and
provides the environment in which programs run (Silberschatz et al., 2018). It is made
up of the kernel together with system libraries and utilities. The kernel is the part that
matters most for this thesis. It is the lowest layer of software, runs in privileged mode
with direct access to the hardware, and stays resident in memory for as long as the
system is running. Everything an application does, from reading a file to sending a
network packet, ultimately passes through it. The kernel’s way of organising compu-
tation is worth establishing carefully, because the architecture proposed in Chapter 6
reuses its core concerns for quantum workloads: scheduling, lifecycle management,
resource isolation, and observability.

The kernel’s central job is to manage resources so that many programs can share
one set of physical components without interfering with each other (Silberschatz et al.,
2018; Gregg, 2020). This work falls into a handful of areas that recur, in different forms,
at every level above it. Process management creates, schedules, and terminates the
running programs that compete for the processor. Memory management gives each of
them a private address space, backed by virtual memory and page tables, so that one
program cannot reach into another’s memory. Storage is reached through the virtual
file system (VFS), a uniform interface that hides the differences between the many file-
system implementations beneath it. Device drivers do the same for hardware, present-
ing disks, network adapters, and accelerators to the rest of the kernel through standard
internal interfaces. Hardware interrupts let those devices signal the processor asyn-
chronously when they need attention, and a periodic timer interrupt lets the kernel
preempt a running process to reclaim the processor. Two further mechanisms handle
communication. The networking stack implements the TCP/IP protocols and the sock-
ets that let processes talk across machines, while inter-process communication (IPC)
lets processes on one machine coordinate through pipes, signals, and shared mem-
ory, the kernel-mediated channels by which separate processes combine into a larger
working system.

Because user programs cannot touch the hardware directly, they ask the kernel to
act for them through system calls (Silberschatz et al., 2018; Gregg, 2020). A system call
is the defined entry point for a privileged operation such as reading a file, allocating
memory, or opening a network connection. Invoking one switches the processor from
user mode into kernel mode, the kernel carries out the request, and control returns to
the program. This controlled crossing between user space and kernel space is the inter-
face through which an application reaches everything the operating system manages.

The unit the kernel actually schedules and isolates is the process (Silberschatz et
al., 2018). A program sitting on disk is only data, a stored sequence of instructions
and constants, and it does nothing until the kernel turns it into a process by giving it
memory, loading its binary, assigning it an identifier, and starting execution at its entry
point. The same program can be launched many times over, each instance a separate
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process with its own state. The kernel records that state in a per-process structure,
the Process Control Block, called the task_struct in Linux, which holds the process’s
registers, program counter, memory mappings, open files, and scheduling priority.

That isolation rests on the virtual address space (Silberschatz et al., 2018). Each
process sees a private range of memory addresses, and the memory management unit
(MMU) translates those virtual addresses into physical ones through per-process page
tables. Because no process’s page tables map another’s memory, one process cannot
read or corrupt the memory of another, even by accident. The same boundary contains
failures. When a process crashes, the kernel reclaims its memory and other resources,
and the rest of the system carries on.

Creating and running a process on Unix-like systems, which underpin almost all
modern servers, HPC clusters, and cloud platforms, follows a distinctive two-step pat-
tern (Silberschatz et al., 2018; Gregg, 2020). A process first duplicates itself with fork,
producing a child that is a copy of the parent, and the child then replaces its own pro-
gram image with a new binary through exec. The parent waits for the child to finish
and collects its exit status when it does. This shape, in which a unit of work is cre-
ated, run to completion, and then has its result collected, is one of the most durable
patterns in computing. It reappears at every scale, from a single Unix process up to a
K8s Job that runs a quantum circuit on a remote backend and reports back when the
run completes (Chapter 7).

Among these responsibilities, scheduling is the one this thesis leans on most heav-
ily. At any instant a machine may have far more runnable processes than processor
cores, so the kernel’s scheduler must decide which process runs where, and for how
long (Silberschatz et al., 2018). Switching the processor from one process to the next
is a context switch, in which the kernel saves the registers and program counter of the
outgoing process into its task_struct and restores those of the incoming one, a small
but real cost the scheduler must weigh.

It does so while balancing goals that pull in different directions: responsiveness for
interactive tasks, throughput for batch work, and fairness across everything competing
for the processor. Linux has revised this component repeatedly.

A final design sensibility runs through all of this. The Unix tradition favours small,
focused tools that combine through simple, standard interfaces such as pipes, files, and
sockets. Its guiding principles carry forward into every layer that follows: modularity,
composability, and separation of concerns.

Underlying every one of these mechanisms is a single principle. The kernel man-
ages the resources a computation needs and leaves the computation itself to the appli-
cation. It allocates processor time, isolates memory, schedules competing work, and
exposes the interfaces through which programs reach the hardware, yet the logic being
computed is never its concern. This separation between a computation and the infras-
tructure that runs it is one of the most productive ideas in systems engineering, and it
is the separation this thesis carries into the quantum setting, where a classical control
plane manages execution and the quantum processor performs the computation.
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3.3 Distributed Systems

Distributed computing extends the single-machine model by coordinating many in-
dependent computers to solve problems that no single processor and memory could
hold (Kleppmann et al., 2026). Workloads such as weather simulation, molecular dy-
namics, genomics, and large-scale data analysis routinely outgrow one machine, and
the only way forward is to spread the computation across many.

Spreading a computation across a network breaks three assumptions that held on
a single machine (Kleppmann et al., 2026). Processes on different machines share no
memory, so every exchange of information has to be made explicit. They share no
clock, so events on different machines cannot be placed in a definite order without
extra coordination. And they fail independently, so any one machine can crash, become
unreachable, or simply slow down while the others keep running.

The distinction between a distributed system and a parallel one turns on exactly
these points. Figure 3.2 contrasts the two. A distributed system is a set of networked
computers, each with its own private local memory, that coordinate only by passing
messages across the links between them. A parallel system instead places its processors
behind a single shared memory, through which they exchange information directly.
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Figure 3.2: Distributed (a) and parallel (c) systems contrasted. Adapted from Miym, Wikimedia Com-
mons, licensed under CC BY-SA 3.0.

Because there is no shared memory, communication itself becomes a first-class de-
sign problem (Burns, 2024). On one machine, processes exchange data through the
kernel-mediated inter-process communication of Section 3.2, with negligible latency
and guaranteed delivery. Across a network none of that holds, since messages can be
delayed, reordered, duplicated, or lost. Two models dominate the response. Message
passing keeps the network in plain view, with nodes sending and receiving messages
directly, as MPI (Message Passing Interface) does for HPC workloads and HTTP does
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for web services. Remote procedure calls (RPCs) take the opposite approach, hiding the
network behind an ordinary function-call interface so that a remote invocation reads
like a local one. gRPC, built by Google on HTTP/2, has become the dominant RPC
framework in cloud-native infrastructure. Kubernetes (K8s) uses it for internal com-
munication between components, and it is the usual choice for service-to-service calls
between microservices (Burns, 2024).

A local function call either returns or fails, whereas a remote call can also hang
indefinitely, or return only after an unpredictable delay due to unreliable network. In
addition, a request may succeed on the server while its response is lost on the way back,
leaving the caller unable to tell whether the operation took effect at all. Distributed
systems manage reliability with a standard set of techniques: replication keeps copies
of data on several nodes, timeouts bound how long a caller waits before assuming the
worst, retries paired with idempotency let a request of uncertain outcome be reissued
safely, and health checks probe components continuously so that failures are caught
early (Burns, 2024).

Beyond tolerating failure, a distributed system needs ways to have consensus over
the distributed states. Communication protocols let a set of nodes agree on shared state
even when some of them fail. Distributed schedulers decide which node runs which
piece of work. Across a cluster they play the role that the kernel’s process scheduler
plays on a single machine (Section 3.2), multiplexing a pool of shared resources among
more consumers than it can serve at once. How they do so depends on the workload.
Tightly coupled clusters rely on batch schedulers, also known as HPC schedulers, while
loosely coupled services are placed by orchestrators (Section 3.4).

High-performance computing is distributed computing specialised for compute-
intensive scientific and engineering work (Gropp et al., 2020). It sets aside the as-
sumption of an unreliable, open network and builds instead on dedicated hardware,
tightly coupled clusters joined by high-bandwidth low-latency interconnects, and a sin-
gle administrative domain over every resource. Its two programming models mirror
the memory distinction of Figure 3.2. MPI, introduced above, provides distributed-
memory parallelism by passing messages between nodes; OpenMP provides shared-
memory parallelism within a node through compiler directives; and large codes com-
bine the two (Gropp et al., 2020).

Work reaches an HPC cluster through a batch scheduler, most often Slurm, to which
users submit jobs declaring the resources they need (nodes, cores, memory, runtime,
and accelerators) for the scheduler to place by availability and priority (Gropp et al.,
2020). The model suits large, predictable jobs, but it assumes that resources are co-
located and that requirements are known in advance. Modern clusters are also hetero-
geneous, pairing general-purpose CPUs with accelerators such as GPUs for the heavi-
est numerical work (Gropp etal., 2020). Co-located hardware, tight interconnects, and
batch scheduling served large-scale scientific computing for decades.

From a single kernel to clusters of thousands of machines, these principles set the
stage for the next shift: computing delivered on demand as a service.
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3.4 Cloud Computing, Virtualisation, and Containers

Cloud platforms turned computing into a utility. Instead of buying and running phys-
ical hardware, organisations and users provision resources on demand through APIs
and pay only for what they use. This changed the economics of the technology indus-
try. Infrastructure shifted from a capital expense, bought and maintained ahead of
need, to an operating cost billed by the hour, and capacity could grow or shrink with
demand rather than being provisioned for the long term (Armbrust et al., 2010).

Commercial providers such as Amazon Web Services, Google Cloud Platform, and
Microsoft Azure built large businesses on this model, while open-source platforms
such as OpenStack let organisations run private clouds on their own hardware. Infras-
tructure as a service (IaaS) provides raw virtual machines, storage, and networking,
leaving the operating system and everything above it to the customer. Platform as
a service (PaaS) adds a managed runtime, so the customer deploys code rather than
machines. Software as a service (SaaS) delivers an application over the network. A
further level, serverless or function as a service (FaaS), runs short-lived functions on
demand and charges only for the time they execute. The more of the stack the provider
operates, the less the customer has to run.

Two technical foundations made this possible, virtualisation and containerisation,
and both build on the kernel primitives described in Section 3.2.

Virtualisation lets several operating systems share one physical machine, each run-
ning inside a virtual machine that behaves as though it were dedicated hardware. A hy-
pervisor, or virtual machine monitor, creates and runs these virtual machines (Gregg,
2020). The result is two levels of system software. At the lower level the hypervisor
controls the real processor, memory, and devices. At the upper level, inside each vir-
tual machine, a full guest operating system runs, its guest kernel driving the virtual
hardware as though it were real. The guest kernel expects the same control over the
processor that a kernel has on bare metal, but the hypervisor cannot grant real control
without losing the machine. So the processor runs the guest’s ordinary instructions
directly and traps any instruction that would touch the real hardware down to the hy-
pervisor, which performs it on the guest’s behalf. This is trap-and-emulate (Popek et al.,
1974).

Doing it in software for every such instruction is slow, so processors gained hard-
ware support, the extensions Intel calls VT-x and AMD calls AMD-V (Uhlig et al.,
2005). These run the guest in a dedicated guest mode, where its kernel executes di-
rectly on the processor and schedules its own processes without trapping into the hy-
pervisor, at close to native speed. The guest leaves guest mode only when it reaches
hardware the hypervisor owns, such as reading or writing a virtual disk or sending
a network packet. That transition is a VM exit. Like a trap or interrupt, it forces the
processor into a more privileged handler, except that it enters the hypervisor rather
than the kernel. The hypervisor performs the operation, then resumes the guest with
a VM entry. Each exit costs time, so a compute-bound workload runs almost as fast as
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on bare metal, while an I/O-heavy one pays for its frequent exits.

Hypervisors come in two kinds. A Type 1, or bare-metal, hypervisor runs directly
on the hardware with the guests as its only tenants, as in VMware ESXi or Xen. A
Type 2, or hosted, hypervisor runs as a program on top of an ordinary operating sys-
tem, as VirtualBox does on a desktop. Linux blurs the line between the two. There
the hypervisor is the host kernel itself. The Kernel-based Virtual Machine (KVM) is
a module that gives the running kernel this role, so it runs directly on the hardware
like a Type 1 while remaining a full operating system that still schedules ordinary pro-
cesses like a Type 2 (Gregg, 2020). KVM switches the processor into its virtualisation
mode and reuses the scheduler, memory management, and cgroups the kernel already
provides. A guest is then an ordinary host process, each of its virtual CPUs a thread
that the normal Linux scheduler runs like any other. KVM handles the processor and
memory, while a userspace process such as QEMU provides the guest’s virtual devices
and handles the device I/O that traps out to it. From the host kernel’s point of view,
a virtual machine is just a process, one that periodically drops into guest mode. The
isolation is strong, because each guest keeps its own kernel. That kernel is also the
cost, since every VM carries a full operating system and takes gigabytes of memory
and seconds or more to boot.

A container is the lighter alternative, and to the kernel it is barely an abstraction at
all. Where a VM gives each guest its own kernel, every container on a host shares the
host’s single kernel and runs as an ordinary process, isolated by features that kernel
already provides (Gregg, 2020). A container starts with the clone system call, the gen-
eral form of the fork from Section 3.2, issued with namespace flags. The new process
lands in fresh namespaces, each giving it a private view of one global kernel resource. A
PID namespace makes the process believe it is PID 1, the root of its own process tree. A
network namespace gives it its own interfaces, routes, and ports, and a mount names-
pace its own filesystem tree. Further namespaces isolate the hostname, inter-process
communication, and the user and group IDs. Cgroups, or control groups, then meter
and cap the process’s CPU time, memory, and I/O, while seccomp filters the system
calls it may issue and the Linux security modules confine what it may access.

The container’s root filesystem comes from its image rather than a disk. A union
filesystem such as overlayfs stacks the read-only layers of the image into one tree, adds
a thin writable layer on top, and presents that tree as the process’s root. From the ker-
nel’s point of view, a container is just a process too, running with a restricted view of
the system. The kernel never creates a thing called a container. It creates a process,
scheduled no differently from any other, and limits what that process can see and use.
This is why a container starts in milliseconds and costs megabytes rather than giga-
bytes. It is also why its isolation is weaker, since the shared kernel means a single
kernel vulnerability crosses the boundary a separate guest kernel would have held. A
virtual machine and a container are thus two ways of confining the same primitive, a
scheduled process, differing only in whether the boundary is a second kernel or the
host kernel’s own features.
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What runs a container is a container runtime, split in practice into two layers (Burns
etal., 2022). A high-level runtime, containerd with Docker built on top of it, pulls and
stores images and manages the container lifecycle. It hands creation to a low-level run-
time, runc, the reference implementation that turns the OCI bundle into the running
process. The Open Container Initiative (OCI) standardises the two contracts between
these pieces, an image format and a runtime specification, so any compliant tool in-
teroperates. A container image is an immutable, content-addressed artifact, identified
by a cryptographic digest of its contents. It packages the application binary with the
shared libraries and files it needs at run time, so the process brings its own userspace
and depends on nothing installed on the host. Images live in a registry, and because
each is addressed by its digest, any node that pulls one runs the identical artifact, which
makes a container deployment reproducible.

Running containers on one machine is straightforward, but running thousands across
a fleet is not, and that is the problem Kubernetes was built to solve (Burns et al., 2022).
Kubernetes became the industry-standard orchestrator, and its design descends di-
rectly from Borg, the system Google used to manage clusters of tens of thousands
of machines through declarative configuration and reconciliation loops (Verma et al.,
2015). What it inherited from Borg is a single principle, reconciliation, and it runs
through everything that follows. At the scale these clusters run, machines, processes,
and network links fail constantly, so the design assumes failure rather than trying to
prevent it. The user declares the desired state, and controllers compare it against what
is actually running and act to close the difference, again and again. Action follows from
observation rather than from a fixed sequence of steps. A dropped event or a crashed
process is never fatal, because the next pass of the loop sees the gap and corrects it.
Convergence, not choreography, is what keeps the system correct.

A Kubernetes cluster divides into a control plane, which holds the cluster’s de-
sired state and makes global decisions, and a set of worker nodes, which run the work-
loads (Figure 3.3). Table 3.1 lists the components of each (Burns et al., 2022). Above
these components are the abstractions that workloads are built from. A handful recur
in the architecture and implementation that follow, and Table 3.2 collects them.

Custom Resource Definitions, Operators, and Device Plugins together make Ku-
bernetes extensible enough to orchestrate far more than the stateless microservices it
was first built for. With new object types, controllers to reconcile them, and hardware
advertised beyond CPU and memory, one declarative model can govern workloads the
platform never shipped with. The same control loop now governs how clusters them-
selves are operated, an approach the industry has converged on, GitOps!, in which a
Git repository holds the declared cluster state and reconciliation controllers such as
Argo CD? drive the live infrastructure to match it. Chapter 6 builds on exactly this ex-
tensibility, treating a quantum backend as one more schedulable resource and a circuit
as a Job that runs to completion.

Lnttps: //opengitops.dev
Zhttps://argoproj.github.io/argo-cd/
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Figure 3.3: Kubernetes cluster architecture. Reproduced from the Kubernetes documentation, by The
Kubernetes Authors, licensed under the CC BY 4.0.

Table 3.1: The Kubernetes cluster components.

Component

Role

Control plane

API server

eted

Scheduler

Controller manager

Cloud controller manager

The cluster’s API surface and single point of entry. All reads and
writes of cluster state pass through it, and it is the only
component that talks to the datastore.

The cluster’s source of truth, a consistent key-value store that
persists the desired and observed state every other component
reconciles against.

Decides placement, assigning each unscheduled Pod to a node
whose available resources and constraints satisfy the Pod’s
requirements.

Runs the built-in control loops, among them the node,
Deployment, and Job controllers. Each watches one kind of
object and drives its observed state toward the declared one.

Connects the cluster to a cloud provider, delegating
provider-specific logic such as load balancers and node lifecycle.
It runs only on cloud-hosted clusters.

Worker node

kubelet

Container runtime

kube-proxy

The control plane’s agent on each node. It drives the node’s
container runtime to match the Pods assigned to it and reports
their status back.

The component that executes containers on a node, invoked by
the kubelet through a standard interface.

Implements the Service abstraction on each node, routing traffic
addressed to a Service to one of the Pods currently backing it.
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Table 3.2: Kubernetes building blocks relevant to this thesis.

Building block

Role

Pods

Services

Endpoints

ConfigMaps & Secrets

Deployments

Jobs

CRDs

Operators

Device Plugins

Labels & annotations

The smallest unit Kubernetes runs and schedules. It wraps one or
more co-located containers that share a single network address and
storage.

A stable network identity in front of a set of interchangeable Pods.
Because individual Pods are ephemeral, clients address the Service
and it forwards to whichever Pods are currently available.

The current list of Pods that back a Service. Kubernetes keeps it up
to date automatically as matching Pods come and go.

External configuration for a workload, kept out of the container
image. A ConfigMap holds plain settings and a Secret holds
sensitive ones such as credentials. A Pod reads either as
environment variables or as files mounted into it.

The controller for long-running, stateless services. It manages a
ReplicaSet that keeps a declared number of identical Pods running,
replacing failures and rolling out new versions without downtime.

A task that runs to completion, rather than a service that stays up.
The Job starts Pods and finishes once the required number complete
successfully.

The extension point for new API types. A CRD declares a new kind
of object with its own schema, which the API server stores, validates,
and serves like a built-in resource. A CRD adds only the type, and
its behaviour comes from a controller.

The controller that gives a CRD its behaviour. It watches the custom
resource and manages the application behind it automatically, as a
human operator would by hand.

The bridge between specialised hardware and the scheduler. A
node-local plugin registers hardware such as GPUs and FPGAs with
the kubelet over a defined gRPC interface, making it schedulable like
CPU or memory.

Key-value metadata attached to objects. Kubernetes groups and
selects objects by their labels, while annotations hold non-identifying
notes for humans and tools that the system does not select on.
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3.5 Observability

The term observability comes from control theory, where Rudolf Kdlmén introduced
it in 1960 as a formal property of dynamical systems (Kalman, 1960). A system is ob-
servable when its complete internal state can be reconstructed from its external outputs
over a finite interval. For a linear time-invariant system with state matrix A and output

matrix C, this holds when the observability matrix

C
CA

0=| CA? (3.1)

cArt

has full rank, so that its rows span the entire state space. The property has a formal
dual, controllability, which is the ability to drive a system from any initial state to any
desired one through its inputs. A system is controllable exactly when its dual is ob-
servable (Kalman, 1960).

The same property matters for software as well. A system is observable to the de-
gree that an operator can tell what is happening inside it from what it emits outside,
namely its telemetry (Majors et al., 2022). The reason this matters grows with scale.
On a single machine a developer can attach a debugger and read program state di-
rectly. A distributed system offers no such vantage point, because its components run
on separate machines and fail independently (Section 3.3), so the telemetry they emit
is the only practical window into their combined behaviour.

Much of this telemetry is engineered into the operating system itself. The kernel
exposes system-call tracing and the /proc pseudo-filesystem for resource accounting
and statistics (Section 3.2). This is the lowest and always-present source of metrics, the
layer on which higher-level instrumentation builds (Gregg, 2020).

How much of that behaviour can be recovered depends on how the telemetry is
structured (Majors et al., 2022). Each independent dimension of telemetry is a mea-
surement axis, and the more such axes a system records, the more of its state becomes
visible. Within a dimension, cardinality (the number of distinct values it can take) sets
the resolution. A high-cardinality dimension such as a unique request identifier can
pinpoint a single transaction among millions, whereas a low-cardinality one such as
an HTTP status code only sorts events into a few buckets. Higher cardinality therefore
buys finer insight, at the cost of more data to store and index, which makes observabil-
ity both powerful and expensive.

These pressures are sharpest in cloud and K8s environments. Workloads there are
ephemeral, scheduled onto nodes, rescheduled, and destroyed as load changes (Sec-
tion 3.4), so there is rarely a stable host left to inspect after a problem. The platform
itself runs on the same principle, because a K8s control loop acts on the difference be-
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tween observed and desired state. The high-cardinality identifiers that cloud-native
systems generate as a matter of course, among them pod names, container identifiers,
and per-request trace identifiers, are exactly the dimensions that make a fast-changing
system reconstructable. For that reason observability has become a first-class concern
in cloud-native operations.

Whatever the environment, telemetry takes a small number of complementary forms:

e Metrics: numerical measurements sampled at regular intervals, such as requests
per second, CPU utilisation, or tail latency. They are cheap to store and well
suited to long-term trends, capacity planning, and alerting.

e Traces: the end-to-end path of a single request as it crosses services, assembled
from spans, the individual timed units of work in a parent—child hierarchy that
together show where time is spent and where a request fails.

e Logs: timestamped, structured records of discrete events, such as an error with
its stack trace or a configuration change.

e Profiles: an emerging fourth signal that samples where a program spends its CPU
and memory. Correlated with the other three, a profile explains why a request

was slow, not only where.

No single signal reveals much on its own. Their power comes from correlation,
from linking a latency anomaly in a metric to the trace that experienced it, and from
that trace to the log entry or profile that explains the cause (Majors et al., 2022).

OTel has become the open, vendor-neutral standard for producing this telemetry
across the cloud-native ecosystem.® It standardises how telemetry is produced, how it
travels, and how its attributes are named.

Telemetry moves through a pipeline (Figure 3.4). A workload is instrumented to
emit signals, either engineered into its own code or through libraries that produce them
automatically. A Collector commonly receives this telemetry, processes it, and routes
each signal onward to the store suited to it. The component that delivers telemetry to
a store is an exporter. The exporter is where that destination is chosen, so the workload
stays independent of any particular store. Some exporters push to a store, while others
expose an endpoint that the store reads from, the model Prometheus uses when it
scrapes metrics.

Metrics go to a time-series database such as Prometheus®, traces to a tracing back-
end such as Tempo®, logs to a log store such as Loki®, and profiles to a profiling backend
such as Pyroscope’. Monitoring and analysis tools such as Grafana® query these stores
together, so an operator can move from a metric to the trace, log, or profile that explains
it.

3https://opentelemetry.io
4https://prometheus.io
5https://grafana.com/oss/tempo/

6 https://grafana.com/oss/loki/
7https://grafana.com/oss/pyroscope/
8 https://grafana.com/oss/grafana/
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Because the exporters and the Collector hold this routing, changing a backend is a
configuration change rather than a change to instrumented code.

Instrumentation - Collector Backends - Monitoring and analysis
——emit—» i ——export— R ——provide—»| Zo
telemetry source receive - process - route per-signal storage query - visualize - alert

Figure 3.4: The telemetry pipeline.

Metrics, traces, and logs are stable parts of the standard. Its most consequential fea-
ture is a set of semantic conventions, standardised attribute names for common concepts
such as http.request.method, db.system.name, and k8s.pod.name, which let teleme-
try from different services, languages, and frameworks stay consistent and correlatable

across an entire system.



Quantum Computing

Chapter 3 traced how classical systems compute, from bits encoded in voltage levels,
through the logic gates that transform them, to the circuits and infrastructure that turn
those gates into manageable systems. This chapter builds the quantum computer along
the same path, starting from the information primitives, developing the circuit model,
and then turning to the machine that runs circuits and the toolchain that prepares them.

4.1 Quantum Information

In Section 3.1 the classical bit was defined as a physical system with two stable states.
A bit is always exactly 0 or exactly 1, and reading it does not change its value. The
qubit is the quantum analogue, and it keeps neither of these guarantees. It can hold a
blend of both values at once, and reading it disturbs what it holds.

A qubit is a two-level quantum system. In Dirac notation its state is written as a
combination of the two basis states |0) and |1) (LaPierre, 2021):

) =a|0)+B 1) (4.1)

The two basis states are represented by column vectors, and a general state by the cor-
responding pair of coefficients:

0 — (;) 1) - ((1)) ) — (g) (42)

The coefficients @ and f are complex numbers called probability amplitudes. They
are not probabilities themselves. The probability of an outcome is the square of the
modulus of its amplitude, so a measurement returns 0 with probability |a|? and 1 with
probability |8]>. Because one of the two outcomes must occur, the amplitudes satisfy
the normalisation condition |a> + |B]> = 1, which makes the state a unit vector in a

two-dimensional complex space.
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Reading a qubit is therefore unlike reading a bit. Measurement collapses the super-
position onto a single basis state, chosen at random with the probabilities the ampli-
tudes prescribe, and the amplitudes themselves are never observed directly. A single
measurement yields one bit and discards the rest of the information, so a quantum
program returns statistics rather than one definite value. A classical bit, by contrast,
can be inspected as often as needed without disturbance. This statistical read model
shapes everything above the hardware, because the classical computer never receives
a state, only the counts it must interpret.

A qubit with nonzero a and  is in a superposition of |0) and [1). Because the ampli-
tudes are complex, each carries a phase as well as a magnitude, and it is the phase that
gives quantum computation its character. Two amplitudes that meet with opposite
phase cancel, which is destructive interference, while two that meet in phase reinforce,
which is constructive interference. Classical probabilities can only add and never can-
cel, so nothing of this kind happens in classical computation. The effect is clearest in
the two equal superpositions [+) = (|0) + [1))/V2 and |-) = (|0) — |1))/V2, which both
give 0 or 1 with equal probability yet behave differently under later gates because their
relative phase is opposite. Quantum algorithms exploit exactly this, steering phases so
that wrong answers cancel and correct ones reinforce.

Every pure single-qubit state also has a geometric picture. Once the normalisation
is applied and the unobservable overall phase is dropped, the state depends on just
two angles (LaPierre, 2021):

) = cosg 0 + i sing 1) (4.3)

These angles place the state on the surface of a unit sphere known as the Bloch sphere
(Figure 4.1). The poles are the basis states |0) and |1), the equator holds the equal su-
perpositions such as |+) and |-), the polar angle O fixes the measurement probabilities,
and the azimuthal angle ¢ fixes the relative phase. A single-qubit gate acts as a rotation
of this sphere, which is why the Bloch picture is the usual way to reason about what a
gate does.

A qubit holds its state only for a limited time. Any unwanted interaction with the
surrounding environment leaks information out of the qubit and destroys its super-
position, a process called decoherence (LaPierre, 2021). Two timescales measure it.
The relaxation time T; is how long a qubit stays in its excited state before decaying to-
ward |0), and the dephasing time T5 is how long it keeps a well-defined relative phase.
Whichever is shorter sets the window in which a computation must finish, because
once coherence is gone the stored state is indistinguishable from noise.

This coherence window varies widely across the physical platforms on which qubits
are built. Superconducting transmon qubits, used by IBM and Google, operate near
absolute zero and hold coherence for a few hundred microseconds, with gate times
of tens of nanoseconds (National Academies of Sciences, Engineering, and Medicine,
2019). Trapped-ion qubits, used by IonQ and Quantinuum, hold coherence for seconds
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Figure 4.1: The Bloch sphere. A pure single-qubit state is a point on the surface, fixed by the polar angle
0 and the azimuthal angle ¢.

and reach higher gate fidelity, at the cost of slower operations. These differences are
not incidental to the software above the hardware. Because coherence and error rates
differ by platform and drift over time, both the choice of backend and the timing of a
run affect the result, a point that recurs throughout the thesis.

A single qubit is limited, and useful computation needs registers of many qubits
whose joint state has a structure with no classical parallel. The state of two independent
qubits is the tensor product of their individual states (LaPierre, 2021):

[Y1) ® [P2) = a1a2|00) + a1 B2 [01) + Braz [10) + B1B2|11) (4.4)

The two-qubit system lives in a four-dimensional space spanned by |00), |01), [10), and
|11). In general a system of n qubits is described by 2" probability amplitudes:

271 271
V) = Z ax|x), Z lax? =1 (4.5)
x=0 x=0

The amplitude count doubles with every qubit added, so the state space grows ex-
ponentially. A register of three hundred qubits already holds more amplitudes than
there are atoms in the observable universe, which is why no classical machine can track
it (LaPierre, 2021). Simulating a quantum system on a classical computer is therefore
intractable in general, the observation that first motivated quantum computers (Feyn-
man, 1982), and the same exponential growth is the resource that quantum algorithms
exploit.

A multi-qubit state is separable when it factors into individual qubit states, so that
each qubit has a state of its own. Many states do not factor, and the clearest examples
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are the four Bell states, the maximally entangled states of two qubits (LaPierre, 2021):
%) = —(00) £ [11),  [W*) = —(|01) +]10)) (4.6)
¥ B

The @ pair holds the two qubits in the same value and the W pair holds them in opposite
values, with the sign recording the relative phase between the terms. None of the four
can be written as a product of two single-qubit states. In [®*), for instance, measuring
the first qubit returns 0 or 1 with equal probability, and that outcome immediately fixes
the second qubit to the same value, however far apart the two qubits are. States with
this property are entangled.

Superposition, interference, and entanglement are the primitives of quantum in-
formation. Composing them into circuits and reading out the results is the quantum

circuit model.

4.2 'The Quantum Circuit Model

Section 3.1 built classical computation from logic gates such as AND, OR, and NOT.
Quantum computation has its own gates, with one structural difference. A quantum
gate is reversible, which means it has an inverse that undoes it exactly. Most classical
gates are not, because an AND gate maps two input bits to a single output and the
inputs cannot be recovered from it. As Chapter 2 showed, that erasure carries a ther-
modynamic cost, and the gates of a quantum circuit avoid it because they discard no
information.

A single-qubit gate is an operator on the state vector, and in the computational basis
it is a two-by-two matrix. The three Pauli gates and the Hadamard gate are the ones
used most often (LaPierre, 2021).

The Pauli-X gate is the quantum NOT. It exchanges the two basis states, and on a
superposition it swaps the two amplitudes:

Xloy=11), X[)=10), X-= L o

0 1] (4.7)

The Pauli-Z gate leaves |0) unchanged and flips the sign of the [1) amplitude. It changes
no measurement probability on its own, yet it flips the relative phase:

1 0
0 -1

Z0y=10), ZH=-l1), Z (4.8)

The Pauli-Y gate does both at once, a bit flip and a phase flip together:

Y[0y=i|]l), Y[I)=-il0), Y= (: _i] (4.9)

0
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The Hadamard gate turns a definite state into an equal superposition, sending |0) to
|[+) and [1) to |-). It is its own inverse, so two Hadamards in a row return the qubit to
where it started:

H0y=|+), H)=|-), H:%[i _11] (4.10)

These four gates are fixed operations, but a gate can also turn the qubit by any angle.
The rotation gates form a continuous family, one for each axis of the Bloch sphere:

cos g —isin g cos g —sin g e~10/2 0
Rx(e) = ’ Ry(a) = ’ Rz(e) = .
—isin? cos? sin€  cos? 0 ei0/2
2 2 2 2 (411)

Each rotation turns the Bloch vector about its axis by the angle 0, and any single-qubit
gate can be written as a short sequence of such rotations. The angle is a continuous
parameter set by the classical program that builds the circuit, and the single-qubit gates
a processor provides natively are rotations of this kind, as Section 4.4 describes.

A short single-qubit circuit makes the interference of Section 4.1 concrete. Passing
a qubit through H, then Z, then H gives:

0y 5 i2<|o>+|1>) 2 Lio-m) Lo (4.12)

B B
The first Hadamard splits the qubit into two paths. The Z gate flips the relative phase
between them without changing any probability. The second Hadamard recombines
the paths, and the |0) amplitudes cancel while the |1) amplitudes reinforce, leaving |1)
with certainty. Without the Z gate the two Hadamards cancel and the qubit returns to
|0), so a phase that was invisible to measurement decided the outcome. This is the pat-
tern quantum algorithms exploit. Superposition creates paths, gates write information
into relative phases, and a final interference step turns those phases into a measurable

answer.

A circuit acts not on one qubit but on a register. A quantum register is a row of n
qubits, labelled g through g,,—1, all initialised to |0). Gates act on one or more of these
qubits in sequence, and every qubit is measured at the end. Two numbers describe the
circuit. Its width is the number of qubits, bounded by what the processor provides.
Its depth is the number of gate layers applied in sequence, bounded by the coherence
time, because each added layer gives decoherence more chance to corrupt the state.

A single-qubit gate must be placed within the register before it can act, and the
same tensor product that combined qubit states in Section 4.1 combines gate matrices
here. Applying H to the first qubit of a two-qubit register while leaving the second
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alone is the operator H ® I, a four-by-four matrix:

1 1 0
101 0 1
Hol=— (4.13)
V2|t 0 -1 o0
01 0 -1

When two gates act on different qubits in the same step, the combined operation is
their tensor product, and a qubit that no gate touches receives the identity.

Some gates act on two qubits at once and cannot be split into a tensor product of
single-qubit gates. The most important follows the controlled pattern, in which one
qubit, the control, decides whether an operation applies to another, the target. The
controlled-NOT gate, written CNOT, applies an X to the target when the control is |1)
and does nothing when the control is |0) (LaPierre, 2021):

1000
0100

CNOT = (4.14)
0001
0010

On definite inputs it computes the exclusive-or, CNOT |c,t) = |c, c &), so the target
becomes the parity of the two bits while the control is left unchanged (Table 4.1).

Table 4.1: The CNOT gate on the computational basis. The control is unchanged; the target is flipped
when the control is |1).

Input |c t) Output [c t')
|00) 00)
[01) [01)
[10) [11)
[11) [10)

A related two-qubit gate, the SWAP, exchanges the states of two qubits and decom-
poses into three CNOTs. This decomposition matters for hardware, because a processor
can apply a two-qubit gate only to qubits that are physically connected.

The CNOT is what makes entanglement possible, because on a control already in
superposition it correlates the two qubits. The smallest example is the two-qubit Bell
circuit, a Hadamard on the first qubit followed by a CNOT across both. As a composi-
tion of operators on the register it is:

|d*) = CNOT (H ® I) |00) (4.15)

The operators apply right to left, so the Hadamard layer acts first. Acting on the register



4.2. The Quantum Circuit Model 35

written as a column vector, the H ® I matrix gives:

1 0 1 0f/1 1
110 1 O 1110 110 1
H®I) |00) = — = — = —(|00) + |10 4.16
ol =—1 " o llel= 5|1 500 +ho) (4.16)
01 0 -—-1]\0 0

The CNOT then acts on this superposition. It leaves the |00) term untouched and flips
the target of the |10) term to give |11):

1

V2

1

1
CNOT — -
V2

V2

= ) (4.17)

S = O =
o O O =
S O = O
= o o O
oS = O O
S = O =
_ o O =

The output is the Bell state |®*) of Section 4.1. Measuring the register gives 00 or 11
with equal probability and never 01 or 10, and those forbidden outcomes are the sig-
nature of entanglement.

A small set of gates is enough to build any circuit. Arbitrary single-qubit rotations
together with CNOT form a universal set, in the same sense that the NAND gate is
universal for classical logic (LaPierre, 2021). A real processor supports only the native
gates fixed in its hardware, so a circuit written in abstract gates must be translated to
that native set before it can run. That translation is where hardware constraints first
enter the software stack.

Gates combine in two ways. Gates in the same time step combine by the tensor
product, and gates applied one after another combine by matrix multiplication, with
the first gate written closest to the state. A circuit of any size is therefore a single unitary
applied to the initial register:

[Yout) = U -~ Uy Uy [0)*" (4.18)

Two structural rules follow. A unitary is invertible, so every gate can be undone and
a circuit has as many output wires as input wires; no gate can discard a qubit. The
no-cloning theorem forbids copying an unknown qubit (LaPierre, 2021), so the wires
never fork.

Many quantum algorithms are organised around an oracle, a subroutine that en-
codes a problem-specific function f as a unitary without prescribing how it is built.
The standard construction keeps the operation reversible by writing the result into a
separate register rather than overwriting the input:

Uy ) |y) = ) ly & f(x)) (4.19)

Here the first register holds the input |x) and the second the target |y). The oracle writes
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into the target, yet an algorithm must read its answer from the input register. Phase
kickback connects the two. Preparing the target in |—) rather than |0) turns the recorded
bit into a phase, because applying the oracle to |x) |-) leaves the target unchanged and
attaches a sign to the input that depends on f(x):

Uy [x) =) = 1/ [x)]-) (4.20)

When f(x) = 0 the target is untouched, and when f(x) = 1 its two amplitudes swap
and the state picks up an overall minus sign, so the factor (—1)/*) lands on |x). A single
application of the oracle therefore evaluates f on all 2" inputs at once, recording each
value in a phase, the effect Deutsch named quantum parallelism (Deutsch, 1985):

Uy \/% D)= \/% DD W) (4.21)

This parallel evaluation cannot be read out wholesale. A measurement returns one
|x) at random, so the 2" values are never all recovered; the phases become useful
only when interference concentrates them into a global property of f. A final layer
of Hadamard gates does exactly that, just as the H, Z, H sequence of Equation 4.12

turned an invisible phase into a definite outcome.

Deutsch’s algorithm is the smallest circuit that uses this (Deutsch, 1985). A one-
bit function f is constant when f(0) = f(1) and balanced when f(0) # f(1); deciding
which classically needs both values, and so two queries, while one quantum query
suffices. The input qubit starts in |0) and the target in |1), a Hadamard on each prepares
|[+)|-), the oracle is applied once, and a final Hadamard returns to the input qubit
before it is measured (Figure 4.2):

[Your) = (H®I) Uy (H®H) |0)[1) (4.22)

Kickback places (=1)@ on |0y and (=1)/ W on |1) in the input register, leaving a relative
phase of (=1)/(©®f(1) between them. The final Hadamard sends the input qubit to |0)
when that phase is positive and to |1) when it is negative, so the measured bit equals
f(0)® f(1), reading 0 for a constant function and 1 for a balanced one. One measure-
ment decides a global property of f thatno single classical evaluation can reach. Shor’s
algorithm extends the same idea, hiding the period of a modular-exponentiation func-
tion in the oracle and using interference to expose it. The oracle is still an ordinary
unitary and obeys the same wire rules as any other gate, and the transpiler later syn-
thesises it into the processor’s native gate set.

A circuit that ends in superposition or entanglement gives a probabilistic result,
so it is run many times, and each run is called a shot. The outcomes across all shots
form a histogram of bit-string counts (Javadi-Abhari et al., 2024). A classical computer
submits the circuit, collects the histogram, and interprets the distribution, and some
algorithms feed that result into a new circuit and run again. The submit, measure, and
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Figure 4.2: Deutsch’s circuit.

update steps form a loop between a classical computer and a quantum processor.

The circuit model defines what a quantum computer must do, namely initialise a
register, apply a gate sequence, and measure the result. The machine that carries out
those steps is a physical system unlike any classical processor.

4.3 The Quantum Computer

A quantum processor is not a standalone computer but an accelerator driven by a clas-
sical host, in much the same way a GPU is (Shehata et al., 2025; National Academies
of Sciences, Engineering, and Medicine, 2019). The host prepares the circuit, submits
it, and reads the results back, while the processor runs only the quantum step. Every
quantum computation is therefore hybrid by construction, with a classical computer
deciding what to compute and interpreting what comes back.

Quantum processors are built on several physical technologies. Superconducting
circuits, trapped ions, photons, and neutral atoms each realise a qubit in a different
way, with their own control mechanisms and operating conditions, so there is no sin-
gle physical machine. What they share is a functional architecture, and it is this shared
structure, rather than any one technology, that the software above has to address. A
quantum computer has no operating system of its own to schedule work or manage
resources. Its structure is described instead by four functional planes, set out in the
National Academies report and independent of the underlying qubit technology (Na-
tional Academies of Sciences, Engineering, and Medicine, 2019).

The first is the quantum data plane, the qubits together with the couplings that let
them interact. It is where gates act and where measurement reads out a result, and it
is unlike any classical data plane because it holds no persistent state. The no-cloning
theorem forbids copying a qubit, idle qubits decohere, and measurement destroys what
it reads, so a computation must finish inside the coherence window or be lost.

The second and third planes drive the first. The control and measurement plane is
the analogue layer that turns abstract gates into physical action. It generates the signals
that implement each gate, delivers them to the qubits, and amplifies the faint return
signals into a readable 0 or 1. Because qubit properties drift, this mapping is not fixed
and has to be recalibrated regularly, often daily (Javadi-Abhari et al., 2024). Above it,
the control processor plane is a classical real-time controller that issues the precisely
timed sequence of operations the control and measurement plane carries out.
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The fourth plane is the host processor, an ordinary classical computer. It runs the
software stack, the SDK, the transpiler, the scheduler, and the result handling, and it
holds all of the system’s persistent data because no other plane can. Only the host
is a general-purpose programmable machine, and only the host keeps anything that
outlives a single circuit. Taken together, the first two planes are the quantum hardware,
the qubits and the analogue electronics that drive and read them, commonly called
the quantum processing unit (QPU); the control processor and host are conventional
classical computers. The line between them, where digital control meets the analogue
quantum device, is the classical-quantum interface this thesis addresses (Ddbler et al.,
2025). Table 4.2 summarises the four planes and the property that sets each apart.

Table 4.2: The four functional planes of a quantum computing system, as set out in the National
Academies report.

Plane Role and key property

Holds the qubits and runs the gates. Keeps no persistent state and

Quantum data is bounded by the coherence time.

Generates control signals, delivers them, and reads the qubits out.

Control & measurement . . . .
Drifts over time, so needs recalibration.

Sequences operations in real time, issuing the timed instructions

Control processor .
P the hardware carries out.

Runs the SDK, transpiler, scheduler, and result handling. Holds all

Host .
st processot persistent state.

A superconducting machine, the kind this thesis uses, makes the planes concrete.
The chip is about the size of a thumbnail and sits at the bottom of a dilution refrigerator
that cools it to roughly 15 millikelvin, colder than interstellar space. Heavily attenu-
ated cryogenic wiring carries the control signals down without swamping the qubits in
thermal noise (Krantz et al., 2019). Wiring, filtering, amplifiers, and shielding fill most
of the volume, so most of the machine is classical hardware wrapped around a few
fragile qubits. The planes follow the temperature, with the host and control proces-
sor at room temperature, the control and measurement plane spanning the cryogenic
wiring, and the quantum data plane at the coldest stage.

A single gate shows the planes working together. It starts as a line of code on the
host, which compiles and schedules it and passes it to the control processor for tim-
ing. The control electronics generate the corresponding signal and send it to the chip,
the qubits interact, and the readout signal travels back up the same path to become a
classical bit the host records. This round trip, from a method call to a physical interac-
tion and back to a bit, is the classical-quantum interface, and every stage along it adds
latency and a chance of error.

For all this resemblance to a classical computer, one difference has no precedent.
The quantum data plane is stateless, with no cache, no memory, no disk, and nothing
that survives measurement. A classical processor can run its own operating system
and keep track of its own state, but a quantum computer cannot. It cannot schedule its
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own work, manage its own calibration, or keep any record of what it did. Every such
function lives on the classical side and reaches the processor only across the interface.
A quantum computer in this sense is never used alone, but always as one half of a
classical-quantum pair.

A typical processor of today, such as IBM’s Heron generation, holds more than
a hundred transmon qubits, with coherence times of a few hundred microseconds
and gates that remain far from perfect. This is the noisy intermediate-scale quantum
(NISQ) regime (Preskill, 2018). Each processor also has its own native gate set and its
own qubit connectivity, so a circuit cannot simply be written and run (Javadi-Abhari
et al., 2024). It must first be compiled for the specific machine and the calibration that
machine currently reports.

4.4 Compilation and Runtime

A quantum processor implements only a small set of native gates and couples only
qubits that are physically adjacent, so a circuit expressed in a high-level SDK cannot run
as written. Turning that abstract circuit into instructions a specific device can execute
follows a compilation pipeline, and that pipeline parallels the classical software stack
of Chapter 3.

Seen end to end, the toolchain carries a problem to a solution in four phases (Fig-
ure 4.3). A problem is first mapped to a quantum circuit; the circuit is transpiled into
a form the target device can execute; the device executes it; and the raw measurements
are post-processed into a result. The first two phases are compilation and the last two

are runtime, the two halves this section examines in turn.

Problem Solution
<=/
Map to circuit(s) : Transpile 3 Execute : Post-process

: [ Result
Pass Manager &

Post-processing
-v Routing [ Schedulinﬁ

Functions/Services Backend

Sampler | Estimator Distributions | Observables

Std. Gates | Circuit Library | Timing / Delay Synthesis | Optimization

[ControlFlowI Classical IParameter]
A

Transpiler Service | Code Assist

Quantum Info Serialization

Statevector, Density
Matrix, Stabilizer State

Measures,
Distances

Unitary, Clifford, Pauli Channel, Choi, PTM, Super Op G QASM QPY

Figure 4.3: The Qiskit software architecture. Reproduced from Javadi-Abhari et al. (2024) Fig. 2.
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In classical computing, source code is lowered through successive layers, from
a high-level language down through an intermediate representation and a compiler
backend to the instruction set architecture and finally to hardware control signals. The
quantum stack follows the same pattern, with a direct counterpart at each layer (Javadi-
Abhari et al., 2024):

1. Quantum SDK (Qiskit, Cirq, PennyLane) is the user-facing programming frame-
work, analogous to a high-level language. The developer builds circuits from
abstract gates (H, CNOT, R;(0)) with no reference to any specific processor.

2. Quantum Intermediate Representation is a hardware-agnostic description of the cir-
cuit, analogous to LLVM IR or JVM bytecode, a common middle format that many
languages compile to and many machines run from. The most widely adopted
form is OpenQASM 3 (Cross et al., 2022), which adds classical control flow and
explicit timing to a plain gate list, with Microsoft’s QIR (QIR Alliance, 2021) and
Rigetti’s Quil (Smith et al., 2016) as alternatives.

3. Transpiler is the compiler backend. It rewrites the abstract circuit into a form a
chosen processor can execute, through the six stages detailed below, and is where
hardware constraints first enter the pipeline.

4. Instruction Set Architecture (ISA) is the contract between software and hardware,
fixing which operations the processor natively supports. IBM calls a circuit that
already conforms to a backend’s native gate set, connectivity, and timing an ISA
circuit. The Qiskit Target object carries that specification, the basis gates such
as {CZ,R;, \/Y,X}, the coupling map, and the per-gate error rates and dura-
tions (Javadi-Abhari et al., 2024).

5. Pulse-Level Control translates each native instruction into the physical pulses that
drive the qubits. It is analogous to microcode, the low-level steps a processor
runs for each machine instruction (McKay et al., 2018).

6. Quantum Processing Unit executes the native operations on the physical qubits,
the role the CPU plays in the classical stack.

Table 4.3 sets the two stacks side by side.

The parallel is a deliberate engineering pattern rather than a loose analogy. Both
stacks face the same problem, bridging a high-level hardware-agnostic programming
model and the constraints of a specific physical device. The quantum stack differs in
one respect that matters later. Its abstraction boundaries leak, exposing physical details
such as gate error rates, connectivity, and coherence times to the higher layers, so the
layers are co-designed rather than cleanly isolated (Bandic et al., 2022; Shi et al., 2020).

The transpiler, the third layer above, is itself a pipeline. It accepts a circuit expressed
in abstract gates and produces an equivalent ISA circuit that uses only the target proces-
sor’s native gates and respects its connectivity. Qiskit’s StagedPassManager runs it as
six sequential stages, each the quantum counterpart of a classical compiler pass (Javadi-
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Table 4.3: The quantum compilation pipeline mirrors its classical counterpart at every layer of abstrac-
tion.

Layer Classical Quantum

High-level language (C, Python,

Source / SDK Go)

Quantum SDK (Qiskit, Cirq)

Intermediate repr. LLVM IR, bytecode Quantum IR (OpenQASM 3, QIR,

Quil)
Compiler backend Code generation ;rsi?;{;%er (decomposition,
ISA x86, ARM, RISC-V Native gate set and connectivity
Control signals Microcode Pulse sequences
Hardware CPU QPU

Abhari et al., 2024):

1. Initialisation unrolls high-level constructs and lowers multi-qubit operations into
one- and two-qubit primitives, putting the circuit into the standard form the later
stages expect. It is analogous to macro expansion and inlining.

2. Layout maps the logical qubits of the circuit onto physical qubits on the proces-
sor, weighing qubit quality and connectivity. It is analogous to register allocation,
the step that assigns a program’s values to the CPU’s small set of registers. The
placement matters for fidelity, because a low-error region of the chip yields mea-
surably different results from a high-error one.

3. Routing inserts SWAP gates wherever a two-qubit operation falls on non-adjacent
qubits. It is analogous to spill code insertion, the extra moves to and from mem-
ory a compiler makes when it runs out of registers, though the no-cloning theo-
rem means a SWAP must physically exchange two qubit states rather than copy
data. Each SWAP decomposes into three entangling gates, which makes rout-
ing the dominant fidelity cost of compilation, and finding the optimal routing is
NP-hard (Siraichi et al., 2018).

4. Translation rewrites every gate into the backend’s native gate set through an equiv-
alence library. It is analogous to instruction selection, choosing the machine in-
structions that implement each operation. On a device with native gateset{CZ, R, VX , X}
a Hadamard becomes R (%) VX R;(%), and because R; is a virtual gate with no
physical duration (McKay et al., 2017), only the single VX carries a cost. A CNOT
becomes a CZ flanked by single-qubit rotations.

5. Optimisation reduces depth and gate count through gate cancellation, commutation-
based reordering, and resynthesis of two-qubit blocks. It is analogous to peephole
optimisation, small local rewrites that simplify a few neighbouring instructions at
a time. Qiskit exposes four levels, from level 0, which applies only what correct-
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ness requires, to level 3, which can substantially reduce the entangling-gate count
at the cost of longer compilation.

6. Scheduling assigns a start time to each operation and inserts delays for idle qubits.
It is analogous to instruction scheduling, though the aim is to limit decoherence
rather than to maximise pipeline use. When explicit timing is needed, Qiskit of-
fers two strategies, as soon as possible (ASAP) and as late as possible (ALAP), the
latter keeping qubits in the ground state where possible. Dynamical-decoupling
pulses can fill idle windows to suppress decoherence.

Once transpiled, the circuit runs on the backend through one of Qiskit’s execution
primitives. The sampler returns the distribution of measured bit strings; the estimator
returns expectation values, the average value of a measured quantity (Javadi-Abhari
et al., 2024). Because the circuit runs for many shots, each returns a statistic rather
than a single value, as Section 4.2 described. Some algorithms are iterative, with a
classical optimiser reading the result and submitting a new circuit, so compilation and
execution repeat in a loop between the host and the processor.

A classical ISA is fixed when the chip is manufactured, but a quantum processor’s is
not. The Target carries calibration data, the gate error rates and qubit frequencies, and
this data drifts over time, so the device is recalibrated regularly to keep it current (Shi
et al., 2020). A circuit transpiled against one day’s calibration is tuned to numbers
that may not hold the next, so in practice the instruction set is temporally dynamic,
changing from one day to the next. The best result comes from transpiling against the
calibration the device reports at the moment it runs.
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The previous chapters established the theoretical framework of computation and intro-
duced the foundations of classical and quantum computing, while beginning to exam-
ine the intersection between these paradigms. This chapter surveys the broader liter-
ature on quantum-—classical interfacing through four software-interface layers: appli-
cations, programming frameworks, compilation and runtime, and infrastructure and

orchestration. Observability is treated as a cross-cutting concern, spanning all layers.

5.1 Review Methodology

The layer model used in this chapter is a thesis-specific synthesis rather than a taxon-
omy. Itis derived by aligning the QPU plane model discussed in Section 4.3, the QCSC
reference architecture of Seelam et al. (2026), the HPC-QC interfacing survey of Rallis
et al. (2025), and the software-interface concerns identified across the surveyed litera-
ture. Each layer section opens with the problem that the literature at that layer attempts
to address, synthesises across sources to evaluate the proposed approaches, and closes
by identifying the residual gaps that inform the requirements in Chapter 6. The con-
solidated gap analysis in Section 5.8 builds on those findings rather than introducing
new ones.

Literature was drawn from IEEE Xplore, the ACM Digital Library, arXiv, Scopus,
and Google Scholar, supplemented by venue-specific searches on Nature, Physical Re-
view, npj Quantum Information, and the Proceedings of the IEEE. Searches combined terms
related to quantum-—classical interfacing, hybrid quantum workflows, quantum cloud
execution, orchestration, observability, K8s, OpenTelemetry, and variational workloads.

The temporal scope extends from 2016 to 2026. The lower bound is anchored at the
emergence of publicly accessible gate-model quantum cloud execution, marked by the
launch of the IBM Quantum Experience in May 2016. The upper bound is the publica-
tion of the QCSC reference architecture in early 2026, which frames the present thesis.
Foundational work predating 2016 is included only where it remains the canonical ref-

erence.

43
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Authoritative standards and reference documentation are cited where they are the
primary description of an interface or operational model. This applies to OpenTeleme-
try semantic conventions, the Kubernetes API specification, Qiskit Runtime documen-
tation, the CNCF definition of cloud-native (Cloud Native Computing Foundation,
2024), and the Site Reliability Engineering book (Beyer et al., 2016). For these tech-
nologies, standards and reference documentation provide the most direct source for
terminology, interfaces, and operational semantics.

The surveyed literature is weighted toward the IBM quantum ecosystem for three
reasons. First, several systems-level references central to this thesis originate from the
IBM Quantum ecosystem, including Javadi-Abhari et al. (2024), Bandic et al. (2022),
Kanazawa et al. (2025), and Seelam et al. (2026). Second, Qiskit and OpenQASM 3
provide mature, open-source interfaces that expose enough compilation and runtime
detail to support the analysis carried out in this thesis. Third, IBM Quantum was the
cloud platform available during the MSc coursework and was therefore the natural ex-
ecution target for the proof-of-concept implementation developed in Chapter 7. Work
from Google, Rigetti, IonQ, Quantinuum, NVIDIA, PASQAL, and other ecosystems is
cited where it provides distinctive perspectives on compilation, accelerator integration,
orchestration, or cross-platform portability.

5.2 Related Surveys and Positioning

Nguyen et al. (2024) survey quantum cloud computing, defining the service-model
taxonomy (QCaaS, QAaaS, Quantum Serverless, Hybrid, and Distributed) that the
infrastructure-layer section below adopts as its organising vocabulary. Their survey
catalogues open problems in quantum cloud platforms, none of which is observabil-
ity. Elsharkawy et al. (2025) survey the integration of quantum accelerators with HPC
systems, focusing on programming models and compilation toolchains. Caleffi et al.
(2024) survey distributed quantum computing, with attention concentrated on quantum-
network protocols. Finally, Dobler et al. (2025) provide the most recent structured
synthesis of HPC-quantum integration, mapping 107 publications across the period
2016-2025.

5.3 Applications and Hybrid Execution

A workload’s operational demands first appear at the application layer, mapping the
problem for quantum computation. A classical program runs as a process under an
operating system that schedules it, isolates it, and accounts for it. A quantum circuit,
today, has no such process environment. Instead, it is submitted to a QPU as a job
from a classical computer. Building the circuit, submitting it, reading out the measure-
ments, and interpreting the results all fall to that classical system to arrange. Every
quantum workload is therefore hybrid, and the classical-quantum interface belongs to
all of them, not to one style of algorithm.
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The NISQ-era literature is dominated by the variational quantum algorithm, in-
troduced by Peruzzo et al. (2014) as the variational quantum eigensolver (VQE) for
chemistry and extended to combinatorial problems as the Quantum Approximate Op-
timisation Algorithm (QAOA) (Blekos et al., 2024). Both run a short parameterised
circuit inside a loop with a classical optimiser. That loop makes the classical-quantum
coupling easy to see, but it is not the source of it: the same coupling surrounds a single
deep circuit such as Shor’s algorithm, where one quantum step sits between classical
pre- and post-processing. Variational work is the most visible case of a structure every
workload shares.

Not every workload justifies that machinery. Hoefler etal. (2023) shows that quadratic
speedups, such as Grover-style search and many quantum machine-learning propos-
als, cannot overcome the constant-factor cost of quantum execution, and so deliver
no practical advantage. The workloads that remain worthwhile are those with super-
quadratic or exponential speedups: quantum chemistry, materials science, and factor-
ing via Shor’s algorithm. These are also the deepest and most demanding circuits to
run.

For exactly those workloads, a usable result is not a property of the algorithm but
of the whole stack on the day it runs. The utility demonstration of Y. Kim et al. (2023),
which estimated expectation values on IBM’s 127-qubit Eagle processor beyond the
reach of exact classical simulation, succeeded only because transpilation, calibration,
and error mitigation were correct together; had any been wrong, the result might have
looked plausible but been false, with nothing in the live output to flag it. The hard-
ware also changes between runs, so the same program submitted twice will not return
the same result. To tell whether a different outcome came from the code or from the
machine, each run must be recorded together with the calibration, queue, and transpi-
lation state it ran under.

The application literature establishes all of this, but does little to manage it sys-
tematically. Classical software achieves reproducibility through hermeticity, pinning
every input and isolating the environment so that a build behaves the same anywhere
(Beyer et al., 2016). Only part of that transfers here. Qiskit’s seed_transpiler can
pin the software side, fixing the otherwise-random layout and routing so that a circuit
compiles the same way each time; the hardware cannot be pinned, because calibration
and noise are uncontrolled, time-varying inputs. Reproducibility therefore has to be
recovered by recording the backend state behind each run rather than by controlling
it. In the application-layer literature this recording is done by hand, one experiment at
a time, with no repeatable way to schedule runs, observe them, or correlate them with
the backend that produced them.

5.4 Programming Frameworks and SDKs

A quantum workload is expressed through a software development kit, and the SDK
layer is where vendor coupling concentrates. What a framework exposes at the classical—-
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quantum boundary bounds what the orchestration and observability layers above it
can do, so the choice of SDK is also a choice about how much of the execution the
rest of the stack can reach. The major frameworks differ along two axes: the abstrac-
tion each presents to the developer, and how far each reaches across more than one
vendor’s hardware.

Qiskit, IBM’s open-source Python framework, is the most widely used in the open-
source quantum ecosystem. A program is built as a circuit and then run through ex-
ecution primitives that hide the mechanics of submitting a job and collecting results.
Sampler returns measurement distributions, and Estimator returns expectation val-
ues. Qiskit is integrated most tightly with IBM Quantum, but it is not confined to IBM
hardware: community provider packages route circuits to Amazon Braket,! IonQ,?
and Rigetti® backends through the same programming model. Those providers widen
the frontend, not the backend. Native gate sets, calibration data, runtime primitives,
and error-mitigation features remain provider- and device-specific. Qiskit therefore
exposes a rich view of execution, but a vendor-specific one.

Cirq (Cirq Developers, 2018; A. Ho et al., 2018), from Google Quantum Al, is
a Python framework built around explicit, low-level circuit construction, with fine-
grained control over gate scheduling and timing suited to research on Google’s super-
conducting hardware. Unlike Qiskit, it keeps circuit construction and execution sepa-
rate and embeds no execution primitives of its own. TensorFlow Quantum (Broughton
et al., 2020) builds on Cirq to add differentiable-programming primitives integrated
with the TensorFlow machine-learning stack: a quantum circuit becomes a layer in a
model, and gradients flow through both the classical and quantum parts, so hybrid
models can be trained end to end with familiar tooling. The pairing is vendor-native,
oriented to Google’s hardware and ecosystem.

PennyLane (Bergholm et al., 2018), from Xanadu, is the most explicitly hardware-
agnostic of the major frameworks. Its model is differentiable quantum programming;
a quantum function is differentiable like any other, and gradients pass into and out of
quantum subroutines, so it interoperates with automatic-differentiation libraries such
as PyTorch, TensorFlow, and JAX. Its portability comes from a plugin architecture,
in which the same circuit description runs on Qiskit-reachable QPUs, Cirg-reachable
QPUs, Xanadu’s photonic hardware, and simulators through one uniform interface.
PennyLane occupies the vendor-neutral pole of the landscape and shows that frontend
portability is achievable when a framework is designed for it from the start.

CUDA Quantum (J.-S. Kim et al., 2023), since renamed CUDA-Q, is NVIDIA’s
quantum-—classical platform, and it sits differently on the vendor axis than the two
frameworks above. It is QPU-agnostic: one kernel runs across IonQ, Quantinuum,
IOM, OQC, and Amazon Braket by selecting a target at compile time, so it is bound
to no single quantum vendor. Its coupling is on the classical side instead. It treats

Lhttps://github.com/qiskit-community/qiskit-braket-provider
Zhttps: //github.com/qiskit-community/qiskit-iong
3https://github.com/rigetti/qiskit-rigetti
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the QPU as one accelerator alongside the GPU and expresses quantum work as ker-
nels, procedures whose body runs on the QPU, marked @cudaq.kernel and callable
directly from classical accelerator code.

T|ket) (Sivarajah et al., 2020), from Quantinuum, takes the compiler route to neu-
trality. It is a language-agnostic optimising compiler built around an intermediate rep-
resentation, a directed acyclic graph with structural annotations, transformed by a se-
quence of optimisation passes, rather than an execution model of its own. Its modular
frontend and backend architecture emits executable circuits for IBM, Google, Rigetti,
Quantinuum, AQT, and other targets from a single representation, so one compiled
description can be retargeted across heterogeneous hardware. It is the clearest demon-
stration that retargetable compilation across vendors is an engineering reality rather
than an aspiration.

OpenQASM 3 (Cross et al., 2022) is not an SDK but the closest the field has to a
vendor-neutral interchange language. It is a text-based quantum assembly. A circuit’s
qubits, gates, and measurements are written down independently of the framework
that produced them, and version 3 adds classical control flow, parameter expressions,
and timing. Its place in the stack is the software interchange layer, between the fron-
tends that build circuits and the toolchains that compile them, so a program exported
by one tool can be read by another. That reach is broad: version 2 was supported
across Cirq, PennyLane, and XACC among others, and version 3 is now implemented
by Qiskit, Amazon Braket, and Zurich Instruments’ LabOne Q*, which makes it the
de facto way to move a circuit between tools. What it standardises, though, is that
software representation, not the hardware beneath it: a backend must still support the
required instruction set and timing semantics, and the mapping to a vendor’s native
gates is not itself standardised. OpenQASM is therefore a software-layer agreement,
not a hardware one. It is the field’s proof that a vendor-neutral standard can be reached
at the representation layer, and a reminder that reaching it there leaves the execution
layer untouched.

Table 5.1: Major quantum SDKs, by abstraction and multi-vendor posture.

SDK Developer Abstraction Multi-vendor posture

Qiskit IBM Circuit 4+ Primitives IBM-native, provider-extensible
Cirq + TFQ Google Circuit / Differentiable =~ Vendor-native (Google)
CUDA-Q NVIDIA Kernel-based QPU-agnostic, GPU-coupled
PennyLane Xanadu Differentiable Plugin-based

tlket) Quantinuum Compiler IR Compiler-frontend

Taken together, these frameworks show that portability is genuinely achievable,
not aspirational, at the SDK level (PennyLane, CUDA-Q), the compiler level (t|ket)),
and the interchange level (OpenQASM). Nation et al. (2024), an IBM-authored open-

4https://github.com/openqasm/openqasm/blob/main/implementations.md
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source benchmark covering seven SDKs at their default settings across more than 1,000
tests, found Qiskit producing 24 % fewer two-qubit gates than t|ket) and transpiling
13x faster on geometric mean. The point is not which compiler leads but that retar-
geting across heterogeneous backends works. Error-mitigation primitives, pulse-level
access (McKay et al., 2018), and calibration-aware transpilation differ per device and
are either hidden behind the common abstraction or reached through backend-specific
extensions. And whatever the frontend, execution still delegates to a vendor-specific
compiler and runtime, so the portable layer is always thinner than the native interface
beneath it, and can offer no more neutrality than the runtime it delegates to.

This is the layer’s defining limitation. It concentrates vendor coupling more than
any layer above the hardware, and the neutrality it does achieve does not propagate
upward: because every portable frontend delegates down to vendor-bound execution,
the orchestration and observability layers cannot inherit vendor-neutrality from the
SDK. Therefore, they have to build it themselves, on standards of their own. Classi-
cal systems reached neutrality the same way, through standards that sit outside any
single framework, such as POSIX, container runtimes, and OTel, rather than from the
frameworks themselves.

5.5 Compilation and Runtime Toolchains

Compilation turns an abstract circuit into one specific machine’s program: logical qubits
are placed onto physical ones, two-qubit gates are routed onto the device’s connec-
tivity, and the circuit is rewritten into the backend’s native gate set. A computation
only happens when the circuit’s abstract dynamics match the physical dynamics of the
device; where the two diverge, the execution returns noise rather than a result (Sec-
tion 2.3).

Every choice a transpiler makes turns on the device’s current error profile: some
qubits and couplings carry far lower error than others, and good compilation steers
the circuit onto the better ones. Qiskit’s transpiler (pipeline introduced in Section 4.3)
is built like a classical optimising compiler, in which a pass manager runs an ordered
sequence of passes over an in-memory representation, the DAGCircuit. Several of those
passes are calibration-aware: they read the device’s measured gate and readout errors
and place the circuit accordingly (Javadi-Abhari et al., 2024).

Routing is the difficult stage, since the qubit mapping problem has been proved
to be NP-Complete (Siraichi et al., 2018). Thus, transpilers fall back on heuristics and
the open-source baseline is the SWAP-based bidirectional heuristic search algorithm
(SABRE), which fixes an initial layout and inserts SWAP gates by alternating forward
and reverse passes over the circuit (Li et al., 2019). SABRE is stochastic, since its output
depends on a random seed and it is reproducible only when that seed is fixed.

So a transpiled Qiskit circuit is compiled against real, device-specific calibration
data (Javadi-Abhari et al., 2024). The catch is that the data is the last published cali-
bration snapshot, not a measurement taken now. The numbers are real; they are not
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Figure 5.1: Non-predictable qubit fidelity between IBM’s daily calibrations. Reproduced from Wilson
et al. (2020) Fig. 1.

current. Calibration-awareness here means snapshot-awareness.

That distinction would not matter if the device held still between calibrations. It
does not. Wilson et al. (2020) measured qubit fidelity hourly on IBM Poughkeepsie for
two weeks and found that it varies chaotically and unpredictably between IBM’s once-
daily calibrations (Figure 5.1): the best-quality qubit layout changes at least hourly,
sometimes within minutes. The drift is unreliable rather than a predictable trend, so
the snapshot cannot track the live state, and it can only be re-measured. And its shelf
life is often shorter than the queue wait (Ravi et al., 2021): a circuit compiled against
the published snapshot waits in a queue and, by the time it runs, is mapped to a device
state that no longer holds.

Compiling against fresh data closes much of that gap. Wilson’s just-in-time transpi-
lation re-measures readout and two-qubit errors immediately before submission and
feeds them to the level-3 transpiler, improving result accuracy by 3-304 % across repre-
sentative workloads, and up to 400 %, over the default snapshot-based mappings (Wil-
sonetal., 2020). The full-stack picture is the same: Murali et al. (2019)’s noise-adaptive
TriQ toolflow, driving mapping, routing, and scheduling from current calibration, im-
proved program success rate by up to 28x (geomean 3X) on IBM hardware, gains on
the order of the differences between whole hardware platforms. Across both, the more
closely compilation tracked the device’s present state, the better the result. On this
evidence, Compilation is a runtime concern.

This is the move classical compilers made long ago. An LLVM-based toolchain can
keep a program in its intermediate representation and lower it to machine code only
once the target is known. This practice is called just-in-time compilation (Lattner et al.,
2004). A classical JIT fits a target that is unknown beforehand but fixed once found,
whereas calibration keeps drifting, so the same mapping can quietly fall out of date.
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Tracking the device that closely only pays off if re-transpiling is cheap, and the ref-
erence SDK transpilers are the bottleneck: re-mapping before every submission repeats
routing, the NP-hard and most expensive stage, and Qiskit’s Python transpiler can ex-
ceed an hour on the large, dense circuits of chemistry and optimisation (Hua et al.,
2023). A separate line of work attacks exactly this cost. QASMTrans is a self-contained
C++ transpiler that parses OpenQASM, maps and routes with SABRE for IBM, Rigetti,
IonQ, and Quantinuum, and runs 10-369x faster than the Qiskit transpiler, finishing
in seconds circuits that Qiskit cannot transpile within an hour (Hua et al., 2023). The
authors note that this speed matters because hybrid workloads transpile constantly.
A hybrid algorithm is not a single fixed circuit but a loop. Every iteration produces
a structurally new circuit that must be transpiled before it can run, so transpilation is
paid on each pass through the loop rather than once, and a slow transpiler’s cost mul-
tiplies with the iteration count. A circuit may also be re-transpiled mid-run to track the
device, re-mapping against fresher calibration as the hardware drifts.

Table 5.2: Compilation toolchains compared by intermediate representation, backend-neutrality, and
calibration data.

Toolchain IR Backend-neutral Calibration data
Qiskit transpiler DAGCircuit No Snapshot
QASMTrans Gate IR (C++) Yes Snapshot

tlket) Internal DAG Yes Snapshot

XACC XACCIR Yes None

CUDA-Q MLIR / QIR Yes None

Cirq compiler Cirq IR No Snapshot (Google)

This is not a Qiskit quirk. Across the compilation landscape, no toolchain reads
the device live; the most current any of them uses is a periodic snapshot. T|ket) retar-
gets one compiled representation across IBM, Google, Rigetti, and Quantinuum, and
its noise-aware placement uses reported error data, but that data is the same periodic
characterisation. QASMTrans reads device topology and fidelity from a static descrip-
tion loaded from file, so its speed buys faster re-transpilation, not fresher data. XACC
(McCaskey et al., 2018) and CUDA-Q map against no calibration at all: XACC treats
the quantum kernel as a callable component in a classical workflow, and CUDA-Q com-
piles QPU-agnostically across vendors through an MLIR-and-QIR toolchain, but nei-
ther maps against the device’s current errors. Cirq incorporates calibration only inside
Google’s own toolflow (Table 5.2).

What the field has standardised at this layer is the part that can be agreed on paper:
the representation. OpenQASM 3 (Section 5.4) gives a vendor-neutral interchange for
circuits. QIR offers a common compiler-level target: a set of rules for expressing quan-
tum programs inside LLVM IR, the classical “one IR, many back ends” recipe applied
to quantum. It is backed by a Linux Foundation alliance, though the largest vendors,
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IBM and Google, stay on their own representations (QIR Alliance, 2021). The effort
is maturing along a telling trajectory. Earlier IR-unification frameworks did not bring
qubit mapping and routing to real devices, and coupled only weakly to classical HPC
(Zhu et al., 2026); QLLVM closes both gaps, lowering an MLIR quantum dialect to
QIR, running SABRE mapping at the LLVM IR level against real coupling graphs, and
linking quantum kernels with CUDA, MPI, and C++ into a single executable. But a
representation describes the program, not the running machine. The one gap QLLVM
leaves open is the one this section turns on: it maps against the static coupling graph,
not live calibration, and lists just-in-time and adaptive compilation as future work.

Whether to re-map a circuit against the device’s current state is a decision that de-
pends on live information, and in classical operations such decisions are run as a con-
trol loop: observe the current state through telemetry, decide, act, and repeat. For
instance, in cloud computing, autoscaling provisions resources from current load and
events, and load balancers route traffic based on runtime conditions. Vendor runtimes
already act at execution time, but only to mitigate errors on a circuit that has already
been mapped against the snapshot.

5.6 Infrastructure and Orchestration

Above the compiler, the question is no longer how a circuit is rewritten for one machine
but how a job reaches hardware at all: which cloud model exposes the QPU, which
scheduler places the job on a backend, and which substrate coordinates the surround-
ing hybrid quantum-—classical loop. Two axes order the survey: how vendor-neutral
each mechanism is, and how far it has matured from sketch to deployed system.
Quantum cloud computing has a stabilised vocabulary. Nguyen et al. (2024) or-
ganise the field into five aspects: computing models, software use cases, providers and
platforms, resource management, and security. Three computing models matter here:

e QCaaS (Quantum Computing as a Service): remote access to a QPU as a raw
resource, with the Quantum-Algorithms-as-a-Service refinement hiding the circuit
behind a higher-level APL

e Quantum Serverless: a function-as-a-service abstraction that removes infrastruc-
ture management from the user.

e Hybrid quantum—classical computing: classical pre- and post-processing wrapped

around quantum execution.

A fourth strand, distributed quantum computing across networked QPUs (Cuomo
et al., 2020; Caleffi et al., 2024), is networking-bound and outside the scope set in Sec-
tion 1.3.2. Production workloads combine several of these, with QCaaS providing ac-
cess and the hybrid model the orchestration around it.

Operational access follows one of two arrangements, distinguished by Nguyen et
al. (2024): hardware vendors that run their own cloud over their own devices (IBM

Quantum, Google, Rigetti, IonQ), and aggregator platforms that expose third-party
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hardware behind a uniform job-submission API (Amazon Braket, Azure Quantum).
The distinction matters to this thesis because it bounds what can be observed: a first-
party cloud can in principle instrument deep into the backend but ties the user to one
vendor, whereas an aggregator is portable across vendors yet cannot see inside the
remote backend it reaches.

How quantum workloads actually behave on these platforms has been characterised
empirically by Ravi et al. (2021), who analysed more than six thousand jobs and six
hundred thousand circuit executions on over twenty IBM machines across a two-year
period to April 2021. The study documents the realities a scheduler must accommo-
date: jobs enter a per-machine queue ordered by a fair-share policy rather than first-
come-first-served. The median wait is around an hour, yet more than a tenth of jobs
queue for a day or longer, and waits vary by orders of magnitude across machines.
Giortamis et al. (2025b) corroborate the heterogeneity on a more recent IBM fleet (six
27-qubit Falcon-r5 systems, November 2023), reporting up to a 38 % fidelity difference
between the best and worst same-vendor same-day QPU and up to ~100x queue-size
differences across QPUs at the same calibration cycle.

These measurements define what scheduling means in this setting. Nguyen et al.
(2024) decompose the resource-management problem into two coupled sub-problems:
resource estimation (predicting a circuit’s runtime and fidelity on a candidate backend)
and resource allocation, or job scheduling (placing and ordering the job). They frame the
surrounding orchestration as the joint task of allocating, scheduling, and monitoring
quantum and classical resources. Ravi et al. (2021) draw the line from classical prac-
tice directly: as in classical HPC a vendor wants to maximise throughput, but unlike
classical HPC a quantum backend’s usefulness is governed by fidelity constraints. Its
qubit topology is static and its error profile is dynamic and calibration-dependent, so
a backend cannot be packed to capacity the way a homogeneous classical node can.

Scheduling a quantum job is therefore a two-part decision over a fleet that is both
heterogeneous and time-varying: which backend the job runs on (backends differ in
qubit count, connectivity, and a fidelity profile that drifts with each calibration cy-
cle) and when it runs, against per-machine queues that today order jobs by fair share
(the policy Ravi et al. (2021) observe across the fleet and Nguyen et al. (2024) confirm
for IBM’s Open plan) and can hold a job for a day. The two objectives pull against
each other, since the highest-fidelity backend is also the most contended; this is the
fidelity-versus-wait tradeoff. The decision sits between the two layers the rest of the
section examines: the infrastructure substrate that exposes a backend as a schedula-
ble resource, and the orchestration that coordinates the surrounding hybrid loop. The
systems below differ chiefly in how much quantum-specific awareness they bring to it,
from delegating placement to a stock scheduler to casting it as explicit multi-objective
optimisation. The third process in Nguyen’s triad, monitoring, is the one each system
handles only on its own terms.

Integrating quantum accelerators with classical HPC infrastructure has produced a
body of work that maps the design space without converging on a shared engineering
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practice: early software-systems requirements (Humble et al. 2016; Britt et al. 2017),
algorithmic implications (Moller et al. 2017; Harrow et al. 2017), and the practical in-
tegration challenges of heterogeneous scheduling, data-movement cost, and absent in-
terface standards (Gropp et al., 2020). The most pointed framing of integration as a
software-engineering problem rather than a hardware one comes from M. Schulz et al.
(2022), which Shehata et al. (2025) concretise into a comprehensive, hardware-agnostic
software-stack architecture for HPC-QPU integration. Having manually evaluated 107
publications across 2016-2025, Dobler et al. (2025) identify standardisation of inter-
faces and tools as the principal next step for the field.

A common abstraction has begun to emerge from this body of work. Bacher et al.
(2025) consolidate the integration problem around a vendor-neutral middleware inter-
face, the Quantum Resource Management Interface (QRMI), that treats quantum hard-
ware as a first-class schedulable resource in classical workload managers (Figure 5.2).
Vendor-specific complexity is encapsulated behind modular adapters, so scheduler-
level code remains agnostic to vendor details. The interface decomposes the job into
three lifecycle phases: acquire (the manager locks a quantum resource before execu-
tion), execute (tasks run through task_start, task_status, and task_result primi-
tives), and release (the resource is freed at completion). It groups its endpoints into
three API surfaces: resource acquisition, task running, and metrics.

QRMI Middleware

Resource Acquisition API
e (acquire / release /
is_accessible)

Task Execution API

Infrastructure System Quantum Resources
(task_start / s
(e.g., Slurm, PBS, > task_status / »| (QPUSs, lanes, partitions,
Kubernetes, etc.) - emulators)

task_result)

Metrics & State API
(metadata / monitoring)

Figure 5.2: QRMI as thin middleware between infrastructure systems and quantum resources. Repro-
duced from Bacher et al. (2025) Fig. 3.

The same middleware supports two host integrations and two access models. The
reference implementation is a SPANK plugin that registers each QPU as a schedula-
ble Slurm resource; a Kubernetes device-plugin variant, reusing the same adapters, is
sketched in an appendix. The two access models are on-premises direct access, where a
co-located QPU is held for the duration of the classical job, and quantum cloud bursting,
where remote QPUs are pulled in at runtime; both have been deployed at HPC centres.
Cloud bursting is the case that most needs a vendor-neutral interface, since the local
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and remote devices may come from different vendors. QRMI ships adapters for IBM
and PASQAL hardware today. As the work of a broad industry and HPC-centre collab-
oration, QRMI sits alongside the QCSC reference architecture of Seelam et al. (2026)
at the centre of current cross-vendor effort.

The QRMI design also names a capability it does not yet implement, which it calls
resource selection through attributes: a submission requests a quantum resource by qubit
count and minimum quality metrics rather than by named backend. Its hardware-
topology and monitoring-metadata endpoints expose what such selection would con-
sume, but the semantic conventions that would make those metrics comparable across
vendors are not defined, a gap returned to in Section 5.7.

Pre-QCSC full-stack models (Bertels et al., 2020; Bandic et al., 2022) contribute the
QPU-as-accelerator framing that Seelam et al. (2026) later integrate into a system-scale
reference architecture. The move from those models to operational orchestration runs
through two routes. The first adapts the pilot-job abstraction from HPC grid comput-
ing: Mantha et al. (2025) wrap quantum workloads in a placeholder job that pulls tasks
from a queue, hiding backend-selection complexity but adding neither observability
nor vendor-neutral orchestration.

The second route is Kubernetes-native, and it has followed two architecturally dis-
tinct patterns. Stirbu et al. (2024) demonstrate the lower-level pattern through Qu-
bernetes, a research prototype that maps quantum execution onto existing Kubernetes
abstractions. In their model, a quantum-capable backend is represented as an ordi-
nary Kubernetes node annotated with a label such as accelerator: gpu and an ex-
tended resource such as vendor.example.com/gpu. A quantum computation is pack-
aged as a container image and submitted as a standard Kubernetes Job; the resulting
Pod uses a node selector and an extended-resource request to ensure placement on
a node that advertises QPU capacity. Scheduling is therefore delegated to the default
kube-scheduler, which performs conventional label and resource matching rather than
quantum-aware backend selection.

In the authors” experimental setup, the QPU-capable node acts as a proxy to the
HELMI quantum computer: the container entrypoint connects to HELMI over SSH,
submits the workload, waits for completion, and exposes the result through the nor-
mal Kubernetes Job and logging model. The same Job-based pattern is also used for
CPU- and GPU-based quantum simulation, with the execution target selected through
Kubernetes resource requirements. The prototype therefore shows that Kubernetes can
provide a common low-level execution substrate for simulated and hardware-backed
quantum tasks. However, calibration awareness, fidelity-aware placement, queue-state
awareness, and backend selection across a heterogeneous QPU fleet remain outside its
scope. The evaluation is also limited to a single physical QPU, HELMI, which the au-
thors identify as an internal threat to validity. They mention CRDs as a possible path
beyond the built-in Job primitive, but do not implement such an extension.

Bacher et al. (2025) also outline a Kubernetes-oriented path for QRMI (Figure 5.2).
Rather than defining quantum execution as a new Kubernetes workload abstraction,
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this path follows the existing accelerator integration model. Kubernetes Device Plugins
are already used to expose vendor-specific hardware such as GPUs, FPGAs, and high-
performance network devices as schedulable resources. In the same spirit, a quantum
Device Plugin could expose QPU capacity as a Kubernetes extended resource, while
QRMI would remain responsible for the provider-facing acquisition, execution, and re-
lease logic. This model is most direct when the QPU is node-bound, since the backend
can then be treated similarly to a specialised accelerator associated with a worker node.
The paper also points to a broader case in which quantum capacity is shared rather than
node-local. This is where Kubernetes Dynamic Resource Allocation (DRA) becomes
relevant. In current Kubernetes practice, DRA is motivated by accelerator scenarios
that are difficult to express as simple integer resources, such as partitioned GPUs, de-
vice slices, or resources with specific placement and configuration requirements. The
analogous quantum case is a backend that is remote, facility-level, cloud-hosted, par-
titioned, or exposed through execution lanes. Such a backend is less like a physical
device attached to one worker node and more like an allocatable access right that must
be claimed and coordinated across Pods. This suggests a useful separation of concerns:
Device Plugins are a natural fit for node-local QPU exposure, DRA is better aligned
with shared or non-local quantum capacity, and QRMI can provide the backend-facing
resource-management interface behind both.

Kaya et al. (2024) situate this within the Munich Quantum Software Stack for disag-
gregated accelerators; the cloud-scheduling layer is taken up by Qonductor (Giortamis
etal., 2025b), whose companion system QOS (Giortamis et al., 2025a) handles the sep-
arate problem of co-locating several circuits on one QPU. Qonductor is a Kubernetes-
based scheduler that places whole circuits across a fleet of backends. For each job
it predicts runtime and fidelity with a regression model (reported R? of 0.998 and
0.976), then picks a backend that balances fidelity, job-completion time, and utilisation
through a multi-objective search (NSGA-II). When a schedule would span a calibration
cycle, it re-plans the affected jobs. Its evaluation, though, is run in simulation rather
than on live hardware: Qiskit noise-model backends drawn from November 2023 IBM
calibration data, over more than 70,000 circuits. In that setting, against a first-come-
tirst-served baseline, it reports up to 54 % lower job-completion time and 66 % higher
utilisation at roughly a 3 % fidelity cost on average (Giortamis et al., 2025b). Like Qu-
bernetes it is a single-vendor study, scoped to one circuit on one QPU at a time, with
multi-programming left to future work.

The QCSC reference architecture of Seelam et al. (2026) (Figure 5.3) synthesises
the orchestration concerns above into a unified system model. Four horizontal layers
(Hardware Infrastructure, System Orchestration, Application Middleware, and Appli-
cations) are crossed by three vertical concerns: Cloud Software, System Management
and Monitoring, and Security. QRMI sits inside System Orchestration as a lightweight
library, not as a layer of its own. The Cloud Software cross-cut acknowledges Kuber-
netes and OpenShift adoption in HPC environments as a foundation for integrating
quantum systems, but does not commit QCSC to Kubernetes as its deployment sub-
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strate, which remains Slurm-extended HPC.
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Figure 5.3: The Quantum-Centric Supercomputing (QCSC) reference architecture with QRMI. Re-

produced from Seelam et al. (2026) Fig. 4.

Table 5.3 consolidates the orchestration landscape. Two lineages are visible: a Kubernetes-

native route and a Slurm-native route. They converge on one design pattern, vendor-

agnostic middleware with modular adapters exposing quantum hardware as a schedu-

lable resource, but diverge on substrate and on how far each has been demonstrated.

Table 5.3: Orchestration systems surveyed, by substrate and maturity.

System Substrate / scheduler

Vendor reach & maturity

Kubernetes Job, default

Qubernetes kube-scheduler

Slurm, SPANK plugin over

QRMI + Slurm Generic Resources

QRMI device plugin  Kubernetes, DRA device-plugin
Qonductor Kubernetes scheduler, NSGA-II
QCSC Slurm-extended HPC

(Kubernetes acknowledged)

Single-vendor research prototype
(HELMI)

IBM and PASQAL adapters;
deployed at two HPC centres

Reuses QRMI adapters; appendix
sketch, not evaluated

Single-vendor (IBM); simulation
evaluation

Cross-vendor reference
architecture (specification)

Two findings close the layer. The first is that orchestration of quantum workloads is

feasible but fragmented: the Kubernetes-native and Slurm-native lineages agree on the

adapter pattern yet share no common operational semantics, and no single system has

been demonstrated across the breadth of the vendor landscape. The second concerns

observability, and it is not that the literature ignores it. Seelam et al. (2026) place sys-

tem management and monitoring among the cross-cutting concerns of the reference

architecture, and QRMI exposes a metrics surface alongside its execution endpoints.
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5.7 Observability

Observability cross-cuts the four layers reviewed above. In classical systems, it has
matured into a standardised practice rather than a single tool (Section 3.5). Software
is instrumented to emit metrics, logs, traces, and increasingly profiles in agreed for-
mats, allowing collectors, exporters, and dashboards from different vendors to con-
sume the same signals. This standardisation spans the stack. At the operating-system
layer, the Linux kernel exposes runtime state through stable interfaces such as /proc;
at the application and platform layers, Prometheus and OpenTelemetry define com-
mon data models, protocols, and semantic conventions. These conventions are what
make telemetry portable: a signal is collected, named, typed, labelled, and correlated
in a way that other systems can understand.

Quantum execution has no equivalent layer. Existing cloud and runtime interfaces
expose provider-specific job information, but no telemetry for signals such as calibra-
tion state, shot counts, queue position, backend selection, and transpilation timing,
together with a schema for correlating them across the classical-quantum boundary.
No semantic convention currently exists for quantum or the QPU in the OpenTeleme-
try registry,5 which defines conventions for domains from HTTP and databases to
generative-Al inference; the Prometheus exposition format and W3C Trace Context
are the same. Dobler et al. (2025) report the same from the literature side, finding
little published detail on communication protocols across the 107 publications they
surveyed, and Nguyen et al. (2024) do not list observability among the open problems
of quantum cloud computing (Section 5.2).

What the literature names, at this layer, is classical tooling; the quantum semantics
above it stay open. The QCSC reference architecture places monitoring among; its cross-
cutting concerns and names the stack directly: Prometheus, Grafana, node exporters,
and OpenTelemetry. It calls for exporters specialised to QPU metrics, and as a reference
architecture it names the requirement and leaves the vendor-neutral implementation
open (Seelam et al., 2026). Qubernetes lists monitoring as an explicit objective and
points to Prometheus and Grafana for the Kubernetes layer, leaving quantum-specific
metrics and cross-boundary correlation out of scope (Stirbu et al., 2024). Qonductor
keeps an internal system-monitor datastore that refreshes calibration data each cycle
to feed its scheduler; the telemetry is consumed for scheduling and is not surfaced
through a shared convention (Giortamis et al., 2025b). QRMI exposes a metrics API
group alongside its execution endpoints, leaving the schema for those metrics open
(Bacher et al., 2025). Each reaches for the classical observability stack; none yet defines
the quantum-specific semantics, namely what to name and how to correlate it across
the boundary.

Kanazawa et al. (2025) present, to the author’s knowledge, the first observability
architecture built for quantum-centric supercomputing, and it argues a specific point

Shttps://opentelemetry.io/docs/specs/semconv/
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Figure 5.4: Kanazawa workflow metrics pyramid for QCSC. Adapted from Kanazawa et al. (2025)
Fig. 1(a).

about what to observe. Observability in HPC has been system-centric: CPU, mem-
ory, and thermal metrics that administrators read for performance tuning and anomaly
detection. These reveal little about whether the algorithm running on top is making
progress. A probabilistic hybrid workflow needs telemetry that reaches into the appli-
cation itself.

The paper formalises this as a five-level metrics pyramid (Figure 5.4), running from
hardware (LO: power, thermal) and system (L1: CPU, memory, I/O) through job (L2:
scheduler accounting and node usage) to task (L3: per-step artifacts and wall-clock
times) and domain (L4: solver convergence and fidelity). The lower three levels are the
system-centric view HPC monitoring already provides; the top two are the application-
centric view, and the paper notes they cannot be read from job-scheduler APIs. They
require integration with the workflow orchestrator itself.

The implementation decouples the observability platform from the compute plat-
form and persists raw telemetry, so new metrics can be derived after a run without
repeating it. Repeating a run is costly, since a single execution consumes 19.6 % of the
QPU allocation and 7.7 % of the HPC, enough that the QPU side caps the experiment
at about five runs. The architecture is realised on the Miyabi supercomputer against
IBM Quantum with Prefect and Apache Superset.

Providers today expose per-job statistics, not telemetry in the scrapeable sense. IBM
Quantum, AWS Braket, and Azure Quantum return per-job status and usage through
their own REST APIs and portals, which a user must query by hand for each provider.
The observability layer is therefore missing two things. The first is a standardised,
vendor-neutral semantic convention for quantum signals and the instrumentation to
emit them as metrics. The second is a telemetry pipeline to collect, export, store, and
aggregate those metrics for analysis and visualisation. Section 5.8 sets these alongside
the gaps identified at the other layers.



5.8. Gap Summary 59

5.8 Gap Summary

The five layers reviewed in this chapter expose the same structural pattern. At each
layer, the literature already contains techniques, prototypes, and partial implemen-
tations that address the immediate technical problem. What is still missing is the
standardisation layer that turns those techniques into repeatable engineering practice
across providers. In classical computing, such standards enabled software engineer-
ing, cloud operations, and Site Reliability Engineering to operate at velocity and scale:
stable abstractions, shared interfaces, portable artefacts, common telemetry, and oper-
ational conventions made systems faster to build, safer to operate, and reproducible
across environments. The quantum-classical interface has not yet reached that level of
operational maturity. Table 5.4 summarises the resulting gaps.

Table 5.4: The gap identified at each layer of the classical-quantum interface.

Layer Gaps

A device’s calibration and noise change from one run to the next and cannot
be held fixed, so the same circuit can return different non-reproducible
results, which could be amplified in variational pattern algorithms. The only
way to tell whether a change came from the code or from the hardware is to
record the hardware state alongside each run, and the literature does this one
experiment at a time, not systematically.

Application

The code that describes a circuit is portable across vendors, but running it is
not, because each vendor still compiles and executes through its own

Framework toolchain. Since the layer that talks to the hardware stays vendor-specific, the
orchestration and observability layers above cannot inherit vendor-neutrality
and have to add it themselves.

A circuit is compiled for a specific device from that device’s calibration data,
but the data is the most recent published snapshot, not a live reading. The
device keeps changing, and the snapshot often goes out of date while the job
waits in the queue, so the circuit can run against a device that no longer
matches it and the result suffers. Re-compiling against fresh data fixes most
of this, but no current toolchain reads the device live for JIT transpilation.

Compilation

Several systems can already run hybrid workloads (HPC SLURM and
Kubernetes jobs, as middleware that treats a QPU as a schedulable resource,
or as schedulers that pick a backend by predicted fidelity), but they do not
share a common approach. The most vendor-neutral of them is a library
rather than an agreed standard, the most thoroughly tested was tried on only
one vendor, and running across several vendors is still future work.

Orchestration

The classical monitoring tools (Kubernetes events, Prometheus,
OpenTelemetry) already run beneath the quantum stack, so the collection
machinery is in place. What is missing is agreement on what a quantum
Observability  signal is; with no naming convention for signals such as calibration state or
queue position, the tools have nothing to collect, and providers expose only
per-job numbers through their own APIs. The two gaps are a metrics
specification for quantum signals and their telemetry pipeline.
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The five layers of the quantum-—classical stack reviewed in Chapter 5 share the same
structural pattern. The techniques and partial implementations exist, but the cross-
vendor conventions that would make them operable across providers do not (Sec-
tion 5.8). Each gap maps onto a principle already matured in classical computing;:
hermeticity and reproducibility at the application layer, operational standards and
portable delivery at the framework layer, performance optimisation at the compila-
tion layer, stability and scaling at the orchestration layer, and observability across the
quantum-classical boundary. This thesis applies the discipline of SRE to hybrid quantum-
classical execution, treating circuits and the QPUs that execute them as observable and
schedulable resources, and instrumenting them with operational standards already es-
tablished in classical systems.

This chapter contributes the Quantum Circuit Controller (QCC) as the architec-
tural prototype. QCC is a Kubernetes operator built on four primary components: a
pair of custom resources, a controller, an executor, and a CLI. Quantum circuits and
execution backends are modelled as the custom resources, defined by CRDs that ex-
tend the Kubernetes API. A Go-based reconciler drives each Circuit through a lifecy-
cle phase machine. A separately-deployed executor performs the quantum-provider-
facing work (source conversion, transpilation, submission, and result retrieval) behind
a typed gRPC contract. Telemetry leaves the system through OpenTelemetry into stan-
dard cloud-native observability tooling. The combination delivers independently scal-
able components, declarative submission, and standards-based observability.

The load-bearing architectural contribution is a cross-boundary identifier conven-
tion that links each Kubernetes Circuit to its vendor-side execution handle in both
directions, threading through the lifecycle and the observability surface. Empirical
validation of QCC is the subject of Chapter 7; limitations and the contribution position
are revisited in Chapter 8 and Chapter 9.
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6.1 Requirements for the Architecture

Five requirements translate the gap synthesis of Chapter 5 into the architecture’s design
criteria. They are deliberately operational. The first four require a quantum workload
to satisfy expectations already established for production systems under SRE: declara-
tive deployment on commodity infrastructure, standards-based observability, modu-
lar provider integration, and end-to-end correlation across execution boundaries. The
tifth captures the additional demand introduced by the quantum substrate itself: back-
end quality cannot be treated as a static property, but must be measured, exposed,
and available to the execution process. Table 6.1 states these criteria within the limits

bounded in Section 1.3.

Table 6.1: The five requirements the architecture must satisfy.

Req. Name Requirement

Stand up declaratively on commodity
hardware (a laptop, a cloud VM, a
managed Kubernetes cluster) so a

R1 Declarative infrastructure single developer can operate backends
and run circuits without specialized
infrastructure; HPC stays a valid target,
not a prerequisite.

Surface every circuit’s and backend’s
operational state over
industry-standard telemetry, so it

R2 Observable through industry standards aggregates in any existing observability
stack; instrument platform behaviour,
leave algorithm internals to the
workflow.

Keep each provider behind an adapter
against a stable API contract
(out-of-tree, the way Kubernetes moved
storage drivers out of its core) so a new
provider is additive and
provider-maintained.

R3 Portable and modular across providers

Follow a circuit’s execution across the
boundary and see its internals in real
time (transpiled shape, queue position,

R4 Correlated across the boundary in real time  on-QPU versus orchestration time,
resource-to-job mapping) via one
identifier that resolves both directions
from the telemetry.

Treat backend quality as a measured
signal. Expose each backend’s
measured characteristics and each run’s

R5 Monitored backend quality outcome as first-class telemetry, so
backend choice and result-trust rest on
execution evidence rather than on
nominal backend claims.
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R1: Declarative infrastructure. QCC muststand up declaratively on commodity hard-
ware (a single development machine, a cloud VM, or a managed Kubernetes cluster) so
that a single developer can describe the backends and circuits they want and have the
platform operate them, without specialized infrastructure or an operations team. Sup-
porting commodity hardware is what brings a cloud-native architecture to quantum
execution and closes the gap that otherwise confines it to specialized infrastructure.
HPC remains a valid target, and the right direction for scale and critical infrastructure,
but it must not be a prerequisite for getting started.

R2: Observable through industry standards. Every circuit and every backend must
surface its operational state through industry-standard telemetry. The signals that mat-
ter are operational: how a circuit moves through its lifecycle and where it spends time,
what each backend’s current calibration and load look like, and what a run produced.
Emitted over open standards, the signals aggregate in whatever observability stack an
operator already runs, with nothing bespoke between the system and the data; the
quantities an algorithm computes internally stay with the workflow that owns them.

R3: Portable and modular across providers. Provider-specific behaviour must sit
behind a single adapter against a stable API contract, so that supporting a new provider
is an additive, self-contained change. The model is Kubernetes” own move from in-
tree vendor drivers, once built into the core and released on its cadence, to out-of-
tree interfaces such as the Container Storage Interface, which a provider maintains
independently against a published contract. The controller imports no vendor code. A
provider owns its adapter, and adding one touches neither the controller, the schema,
nor the telemetry surface. Portability becomes a property of the contract.

R4: Correlated across the boundary in real time. An operator must be able to follow
a circuit’s execution across the quantum-—classical boundary and see into its internals
while it runs: the shape it took after transpilation, where it sits in the vendor’s queue,
how its wall-clock time splits between the QPU and orchestration, and how the cluster-
side resource maps to the vendor-side job.

R5: Monitored backend quality. Backend quality must be treated as a measured sig-
nal rather than an assumed property. Each backend’s measured characteristics (coher-
ence times, gate and readout error rates, gate timing, and calibration vintage), together
with each run’s outcome distribution, are exposed as first-class telemetry, so that the
choice of backend and the trust placed in a result rest on evidence collected at exe-
cution time. The same evidence remains available after the run through the resource
status, lifecycle events, and telemetry emitted during execution, rather than resting on
a nominal backend specification.
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6.2 Design goals and architectural position

QCC is shaped like a production control plane but evaluated as a research prototype.
Its design turns on one architectural separation: the component that orchestrates work
and the component that communicates with quantum providers are kept apart, joined
only by a stable contract. The Kubernetes side (declaring work, tracking lifecycle state,
recording execution progress, and exposing telemetry) belongs to the controller. The
vendor-facing side (source conversion, transpilation, submission, and result retrieval)
belongs to the executor. The user states intent; the platform carries that intent across the
quantum-—classical boundary and reports back through Kubernetes-native state and
standard telemetry.

The resulting contribution is a cross-substrate architectural surface rather than a
hardened production platform. Production hardening (high availability, security, and
multi-tenant isolation) is left as a set of seams the architecture exposes but does not
implement, and is revisited in Chapter 8.

Set against the QCSC reference architecture of Seelam et al. (2026) (Figure 5.3),
QCC sits primarily in the System Orchestration layer through its Kubernetes-native
controller. It also absorbs a deliberate slice of the Application Middleware layer: each
circuit is transpiled and laid out against its selected backend, producing the backend-
specific circuit shape required for backend-quality evaluation. Its main weight, how-
ever, falls on the management and monitoring concern that cuts across the stack. A
declarative per-instance lifecycle provides the audit surface, while an open-standards
telemetry vocabulary aggregates circuit and backend state across runs.

Section 5.6 surveyed the closest systems in detail; the relevant point here is how
QCC'’s choices differ. Qubernetes (Stirbu et al., 2024) also uses Kubernetes, but runs
quantum workloads through built-in batch primitives rather than a purpose-built re-
source model. The QRMI device-plugin sketch of Bacher et al. (2025, App. B) works
lower in the stack, exposing QPUs as allocatable resources beneath the scheduler. Qon-
ductor (Giortamis et al., 2025b) addresses a different optimisation problem: multi-
objective scheduling over candidate backends. The remaining comparators sit outside
the Kubernetes substrate. The QCSC reference architecture is framed around Slurm-
extended HPC, while managed platforms such as IBM Quantum, AWS Braket, and
Azure Quantum are end-to-end services that QCC consumes through adapters rather
than peers of the control plane.

QCC’s distinctive choice is therefore not to improve global scheduling or to allo-
cate quantum hardware directly. It models circuits and backends as first-class declara-
tive resources, then makes the crossing of the quantum-—classical boundary observable
through lifecycle state, events, and telemetry. In this sense, its architectural claim is
legibility: a hybrid run should be inspectable from declared intent to provider-side ex-
ecution and back to recorded outcome. A fuller prior-art comparison follows in Chap-
ter 8, after the implementation and empirical evaluation have established the evidence
base.
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6.3 System overview

QCC comprises two services in one namespace, a pair of custom resources, and a
CLI, with every quantum-specific concern behind a single internal contract. Figure 6.1
shows how the pieces fit together, from the user down to the quantum backend, and
Table 6.2 summarises the key components.

Kubernetes cluster

: qcc stack — quantum-circuit-controller-system
User / qcc CLI qcc-controller
kubectl apply / qcc CLI watch / patch status gRPC OTLP metrics

obs'ervability — monitoring namespace

i Kubernetes APl server ~:

y
qcc-executor
Python gRPC service OTel Collector

Artifact ConfigMaps

r v

o [ Prometteus|
dispatch by provider Prometheus

IBMAdapter: submit / poll / fetch AerAdapter

Quantum provider

// !
# — : Simulator Grafana
IBM Quantum QPU Aer, fake_*

Figure 6.1: The QCC stack, from user to backend. A request enters as a Circuit resource on the
Kubernetes API server; the controller reconciles it and delegates the quantum-facing work to the executor
over gRPC; the executor’s adapter dispatches each circuit to an in-cluster simulator or to an external
provider such as IBM Quantum.

A user submits work through the gcc CLI or any standard Kubernetes client. Either
way, the request becomes a Circuit resource on the API server, which is the system’s
only entry point and its durable boundary. The controller watches that resource, se-
lects one of the backends registered as QPU resources, and drives the circuit through its
lifecycle, all without loading a quantum SDK of its own. The quantum-facing work is
delegated to the executor over gRPC: source conversion, transpilation, submission, and
result retrieval. Inside the executor, an adapter dispatches each circuit by its declared
provider: to a local simulator, either Aer or a calibration-faithful fake_x snapshot, or
to a real provider such as IBM Quantum. Results return along the same path to the
controller.

All telemetry originates in the controller. The executor computes the per-run quan-
tities (timings, usage, and outcome quality) but reports them to the controller over
gRPC rather than exporting anything itself. The controller then emits them, with its
own metrics, over open standards for any observability stack to collect (Section 6.7).



6.3. System overview

65

Table 6.2: QCC components at a glance.

Component Kind Role
Reconciles Circuit and QPU CRs;
. drives the lifecycle phase
gcc-controller Go binary, Deployment

qcc-executor

qgcc CLI

Circuit

QPU

Executor gRPC API

Adapter

Python gRPC service, Deployment

Go binary, user-side

CR, namespace-scoped

CR, cluster-scoped

gcc.executor.vl (proto)

Python Module

machine; patches status; emits
telemetry.

Performs source conversion,
ASCII rendering, transpilation,
submission, and result retrieval
behind an internal Adapter
contract.

Constructs Circuit resources
from local source files and
submits them through the
Kubernetes API.

Declarative submission unit:
circuit body, execution intent,
selection constraints, observed
status.

Registered execution backend:
provider, kind, capability
metadata, calibration metadata,
availability.

Wire contract between
qcc-controller and
gcc-executor: eight RPCs across
three families (synchronous,
asynchronous, utilities).

Vendor abstraction inside the
executor: one class per quantum
provider, registered by the
provider string on QPU. spec.
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6.4 Control plane components

6.4.1 qcc-controller

The gcc-controller is a Kubernetes operator, written in Go. It owns the two custom
resources, Circuit and QPU, and reconciles each toward its declared state. It links no
quantum library: every operation that touches a vendor SDK is delegated to the execu-
tor over gRPC.

The operator runs two reconcilers. The CircuitReconciler drives each Circuit through
its execution phases, patching the resource status and its conditions on every transition.
Because each transition is written back to the resource, the circuit’s history stays visi-
ble in its own status, and a plain kubectl describe renders that history without any
QCC-specific tooling. The same reconciler stamps the controller-owned labels onto a
Circuit when it is first admitted. The QPUReconciler watches QPU resources: when
one is registered, it calls the executor’s ProbeBackend to fill in the backend’s qubit
count, basis gates, coupling map, calibration vintage, and operation-error medians,
and to mark the backend available. Selection then draws only from the backends that
are available.

The operator takes its input from Kubernetes API watches, and its output is of three
kinds: status patches on the resources, metrics emitted over OTLP, and gRPC calls into
the executor. Large artefacts, such as Circuit Drawings, and converted OpenQASM
code are written to ConfigMaps that Circuit owns.

6.4.2 (cc-executor

The qcc-executor is the operator’s Python counterpart, and the only component that
links a quantum SDK. It runs as its own Kubernetes Deployment, separate from the
controller, so the two scale independently. The controller reaches it over a gRPC call
with a typed protobuf contract that carries the calls. Keeping every vendor call on
the executor side leaves the controller free of quantum library SDK requirements, and
extends the Adapter contract to support new providers.

The executor’s calls group into three scopes. The first is discovery: a single call,
ProbeBackend, made when a QPU is registered, which returns the backend’s QPU char-
acteristics (qubit number, processor name, gate and readout errors, and its coherence
times T1 and Tz). The second is source handling, with three calls: ConvertSource trans-
lates Qiskit Python into OpenQASM 3, DrawCircuit returns an ASCII rendering, and
ScheduleCircuit returns a per-instruction timeline. The third, and the largest, is ex-
ecution. A simulator job runs in-process and returns from a single RunCircuit call,
while a hardware job is threaded through three calls: SubmitTask submits it, WatchTask
polls its status, and FetchTaskResult retrieves its result.

Every call stands on its own. The request carries the circuit source, the chosen
backend, and the correlation identifier, and the response carries either the result or a
handle to a running job.
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6.4.3 qccCLI

The gcc CLIis the user-facing entry point. It reads circuit source from local files, builds
Circuit resources, and submits them through the Kubernetes API. It links no quantum
SDK, since the Python-to-OpenQASM conversion runs server-side in the executor, so
it ships as a single binary whose only trust boundary is the Kubernetes API.

Its commands fall into two groups. The first submits work from a local source file:
run executes a circuit, while draw and schedule produce an ASCII diagram or a per-
instruction timeline. The second inspects what is already in the cluster: get reads back
Circuit and QPU resources by kind and name, in the same style as kubectl, so qcc
get qpus lists the registered backends and qcc get circuit <name> shows one run’s
status and artefacts. Because circuits and QPUs are ordinary Kubernetes resources,
everything the CLI does is equally reachable through kubectl or any other Kubernetes
client.

By default a run blocks until the circuit completes, which fits a simulator that re-
turns within seconds. For a hardware backend, whose queue wait can run to minutes,
the --detach flag changes that contract: the CLI submits the circuit, waits only until the
controller has accepted it and a provider job is queued, and then exits. The controller
keeps polling in the background, and the user checks back later with qcc get circuit
<name>. This is the Kubernetes-native habit of submitting work and walking away, ap-
plied to circuit execution. A second mode serves comparison: --performance-test
submits the same circuit to every available simulator, and to hardware as well when
--include-hardware is set, under one shared experiment label so the runs can be read

together.
Listing 1: Representative gcc CLI invocations.

qcc run bell.qasm # submit and watt

qcc run shor.py --shots 4096

qcc run bell.gasm --backend ibm_kingston --detach # submit and exzit; check later
qcc run shor.py --performance-test --algorithm shor

qcc get qpus # list registered backends

qcc get circuit shor-7p4jp # one run's status and artefacts

6.4.4 Executor gRPC API

The wire contract between the controller and the executor is the gcc. executor.v1 pro-
tocol, which defines eight calls in three families.

The synchronous family is a single call. RunCircuit transpiles, submits, and waits
for the result in one round trip, which suits in-process simulators and short hardware
jobs.

The asynchronous family threads a longer hardware job through three calls: SubmitTask
submits the job, WatchTask polls its status, and FetchTaskResult retrieves the result
once it is ready. These three follow the same lifecycle as a Qiskit JobV1, with its run,
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status, and result methods, and as the QRMI task interface (Bacher et al., 2025), so the
contract stays compatible with both substrates.

The utility family is four calls with no provider-side effect: ConvertSource, DrawCircuit,
ScheduleCircuit, and ProbeBackend. Every execution call returns a provider job ID,
which the controller records on the Circuit’s status. Both the simulator and the IBM
adapter supply one, so a Circuit is linked to its execution on the backend by that
recorded ID.

6.4.5 Internal Adapter contract

Inside the executor, every operation that touches a vendor SDK goes through an in-
ternal Adapter base class. A registry maps each QPU.spec.provider string to a con-
crete Adapter, which the executor selects at request time. Adding a vendor therefore
means writing one Adapter subclass and registering its provider string; the controller,
the CRD schema, and the telemetry surface all stay untouched. Table 6.3 lists the two
adapters shipped today.

Table 6.3: Adapters shipped with the executor.

Provider Adapter Reach

Qiskit Aer in-process plus fake_* snapshots via

local Aerhdapter o\ eProviderForBackendv2. No credentials.

IBM Quantum hardware and cloud simulators through
ibm IBMAdapter qiskit-ibm-runtime (QiskitRuntimeService + SamplerV2).
Credentials via QISKIT_IBM_TOKEN as Kubernetes Secret.

An adapter implements six methods: transpile, submit, poll, fetch_result, inspect,
and schedule. Each returns a structured type that already carries the fields the con-
troller persists on the Circuit status, so no second round trip is needed. Because the
shape is fixed, swapping one backend for another is a matter of configuration rather
than code. A new provider, whether AWS Braket, Azure Quantum, or the QRMI stan-
dard (Bacher et al., 2025), can be abstracted as one more adapter against the same

contract.

6.5 API objects

QCC’s API surface is two custom resources, the Circuit and the QPU, both managed
through the Kubernetes API. The schema captures only what the controller and execu-
tor act upon. Algorithm semantics, iteration policy, and vendor-specific construction
live either in user-supplied workflow code or behind the executor’s Adapter.

6.5.1 Two-tier schema

Vendor SDKs change faster than a CRD schema can. If QCC modelled every possible
parameter, the CRD would need a new version every time IBM shipped a new tran-
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spiler flag. If it modelled too few, users could not reach the SDK’s full surface. QCC
resolves this with a two-tier spec.

Tier 1 is the typed camelCase vocabulary QCC owns and evolves: mode, source,
shots, optimizationLevel, backendSelector, and timeoutSeconds on Circuit; provider,
backendName, kind, qubits, access, capabilities, and region on QPU. Each resource
has under a dozen of these fields; they change slowly and are exposed as CLI flags.

The controller looks them up by name, and they are the stable part of the APL

Tier 2 is a pair of open blocks on Circuit, transpile and execute, whose contents
the controller does not interpret but passes straight through to Qiskit. The keys of
transpile become keyword arguments to Qiskit’s transpile() function; the keys of
execute become keyword arguments to the backend’s run call, AerSimulator.run()
for thelocal provider and SamplerV2.run() for IBM. The shot count is set once, through
the Tier-1 shots field, and is stripped from execute so it cannot be given in two places.
Forexample, a transpile block of {scheduling_method: alap}reachesQiskitastranspile(circuit,
backend, scheduling method="alap"),requesting as-late-as-possible instruction schedul-
ing.

Because the schema accepts arbitrary keys, the API server does not reject an option
the schema does not name. When a vendor SDK gains a new parameter, a user can
set it as soon as the new SDK version ships in the executor pod, with no CRD version

bump and no controller rebuild.

6.5.2 Circuit

The Circuit is the declarative unit of submission. It lives at qcc.io/vialphal and
is namespace-scoped. Each Circuit represents one execution intent: a body, a mode,
selection constraints, and the status the controller writes as it drives the circuit through
its lifecycle.

The spec captures the user’s submission intent in six Tier-1 fields. mode is the life-
cycle verb, one of run, select, draw, or schedule. source is the circuit body, given as a
{format, body} pair; the format is either OpenQASM 3 (Cross et al., 2022) or Qiskit,
and a Qiskit body is converted to OpenQASM 3 server-side by the executor. shots
is the shot count. optimizationLevel is the transpilation policy, an integer from 0
to 3. backendSelector carries hard constraints on selection: provider, named back-
end, hardware-or-simulator kind, and minimum qubit count. Its allowedQPURefs and
region fields are reserved in the schema. timeoutSeconds bounds execution.

The Circuit also carries the two Tier-2 blocks, transpile and execute. Listing 2

shows a minimal Circuit.
Listing 2: A minimal Circuit manifest. The spec. source. body carries an OpenQASM 3 Bell-state

program; backendSelector. kind requests any registered simulator.

apiVersion: qcc.io/vialphal
kind: Circuit
metadata:

name: bell-state
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labels:
gcc.io/algorithm: bell-state
gcc.io/algorithm-version: vil
spec:
mode: run
shots: 1024
source:
format: openqasm3
body: |
OPENQASM 3.0;
include "stdgates.inc";
qubit[2] q;
bit[2] c;
h q[0];
cx q[0], ql1];
c[0] = measure q[0];
c[1] = measure q[1];
backendSelector:
kind: simulator

The controller writes status as the Circuit progresses. The status block carries the
lifecycle phase and an array of conditions, the selectedQPU and providerJobId, the
results map of measurement counts, usageSeconds for backend-reported usage time,
and a transpile.{depth, twoQubitGates, totalGates} block of post-transpilation
circuit metrics.

Eight condition types track the lifecycle’s decision points: Accepted, Validated,
Selected, Rendered, Scheduled, Submitted, Completed, and Failed. Each carries a
reason code, a lastTransitionTime stamp, and an operator-facing message.

Three further status fields point to the larger artefacts a run produces: status.drawingRef
toan ASCII drawing, status.scheduleRef to a per-instruction timeline, and status. convertedRef
to a converted OpenQASM 3 body.

6.5.3 QPU

The QPU is a registered execution backend. Its schema separates what the operator de-
clares from what the controller discovers: the operator states which backend this is and
how to reach it, and the controller discovers the backend’s characteristics and live state
by probing it through the executor. The resource is cluster-scoped at qcc.io/vialphai.

The declared block has six fields. provider selects the executor’s adapter (local
for Aer and fake_x* snapshots, ibm for IBM Quantum hardware). backendName is the
provider-native identifier, such as fake_brisbane or ibm_kingston; if it is omitted,
the controller derives it from metadata.name by replacing dashes with underscores,
so the Kubernetes-friendly fake-brisbane maps to the Qiskit-native fake_brisbane.
kind is required and is either hardware or simulator. access.credentialSecretRef
names the Kubernetes Secret that holds a provider’s credentials. capabilities holds
operator-declared caps, most prominently maxShots, which the controller enforces at
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submission. qubits and region are optional: qubits is a user-asserted hint that the
probe overwrites with the observed value, and region is reserved in the schema.

Listing 3 shows a simulator entry and a hardware entry side by side.
Listing 3: QPU manifests for a simulator entry ( fake-brisbane, IBM Eagle r3 calibration snapshot)
and a real-hardware entry (ibm-kingston, IBM Heron r2). The simulator entry needs no credentials
and lets the probe derive most fields; the hardware entry references a credential Secret and declares the
maximum shot count.

# Simulator backend: declared block minimal; status populated by probe.
apiVersion: qcc.io/vialphal
kind: QPU
metadata:
name: fake-brisbane
labels:
gcc.io/provider: local
gcc.io/family: eagle-r3
spec:
provider: local
kind: simulator
# Real-hardware backend: adds credential reference and operator-declared caps.
apiVersion: qcc.io/vialphal
kind: QPU
metadata:
name: ibm-kingston
labels:
qcc.io/provider: ibm
gcc.io/family: heron-r2
spec:
provider: ibm
backendName: ibm_kingston
kind: hardware
access:
credentialSecretRef:
name: ibm-quantum-token
namespace: quantum-circuit-controller-system
capabilities:
maxShots: 100000

The operator writes none of the status. The controller probes each registered back-
end at registration and re-probes it on a configurable interval, so the recorded calibra-
tion follows the backend’s live state. For an IBM backend the executor connects to the
IBM Quantum platform through the Qiskit runtime (qiskit-ibm-runtime) and reads
the backend’s published calibration, returning the live values to the controller; for a
local snapshot it reads the bundled fake_x* data instead. Listing 4 shows the result for
ibm-kingston: the short spec the operator applied expands into a full description of

the backend, none of it written by hand.

Listing 4: Discovered status for 1bm-kingston after the probe (abridged; calibration values rounded).
The operator applied only the spec in Listing 3; every field shown here was filled in by the controller’s
probe of the backend.
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# kubectl get gpu ibm-kingston -o yaml (status only)
status:
availability: Available
qubits: 156
processor: {family: Heron, revision: "2"}
couplingEdges: 352
basisGates: [cz, delay, id, if_else, measure, measure_2, reset, rz, sx, x]
lastCalibrationTime: "2026-05-16T10:35:26Z"
coherenceMedians: {t1Micros: 174.6, t2Micros: 117.0}
errorMedians: {singleQubit: 0.000274, twoQubit: 0.00203, readout: 0.0165}
instructionDurationMedians: {singleQubitSeconds: 3.2e-08, twoQubitSeconds: 6.8e-083}
dtSeconds: 4e-09
conditions:
- type: Ready
status: "True"
reason: ProviderProbeOK

message: ibm provider is Available; live calibration via probe

The status falls into three groups. Capability metadata (qubits, basisGates, couplingEdges,
processor.family, processor.revision) describes what the backend is. Calibration
metadata (lastCalibrationTime, errorMedians.{singleQubit, twoQubit, readout},
coherenceMedians.{t1Micros, t2Micros}, dtSeconds, instructionDurationMedians)
describes the backend’s current characteristics in the units the schema publishes: mi-
croseconds for coherence, seconds for sample periods. Operational signals (availability,
queueDepth, lastError) describe live state. availability takes one of Available,
Unavailable, or Unknown, and is the field the controller reads when selecting a back-
end.

Two conditions report health. Ready signals that the adapter resolved, carries the
reason ProviderProbeOK, and is always present. MetadataFresh signals calibration
freshness, and appears only where freshness is meaningful. Local-provider QPUs
carry it permanently True, since a frozen snapshot cannot become stale. Real IBM
hardware does not carry it, since IBM calibration changes over hours and a static condi-
tion would misrepresent it; freshness there is read from status.lastCalibrationTime,
which each re-probe refreshes.

6.5.4 Label conventions

Five reserved labels on Circuit.metadata.labels carry algorithm-grouping meta-
data, which propagates to the metric labels the controller emits. Each has explicit own-
ership, summarised in Table 6.4.

The two controller-stamped labels enable query patterns the user cannot get from
metadata alone. run-index gives a stable ordinal within an experiment series. source-sha256
answers whether the source body actually changed between versions: a label-only edit
produces the same hash, so a real source change is distinguished from a re-stamped
version label.



6.6. Execution lifecycle 73

Table 6.4: Reserved labels for algorithm grouping.

Label Owner Stamped at Notes

Optional. Names the algorithm
family (bell-state, shor).

.i 1 ith r bmission . . o
qcc.io/algorithm Use Submissio Without it, Circuits are one-off
runs.
i 1.1 i f th
qcc.io/algorithm-version User Submission Optional. Iteration of the

algorithm. Requires algorithm.

Optional. Campaign identifier
gcc.io/experiment User Submission grouping runs across multiple
algorithms. Requires algorithm.

Ordinal among Circuits sharing
algorithm (and optional
experiment); computed as
max(existing) + 1.

qcc.io/run-index Controller First reconcile

First 16 hexadecimal characters
of the SHA-256 of
spec.source.body. Always
stamped.

qcc.io/source-sha256 Controller  First reconcile

The resource model described here is the static contract between the controller, the
executor, and the cluster’s API server.

6.6 Execution lifecycle

The lifecycle is the dynamic counterpart of the resource model: how the controller

drives a Circuit from admission to a terminal phase.

6.6.1 State machine

Each Circuit follows one of four paths through the lifecycle, chosen by spec.mode. All
four begin at Pending and end at Succeeded or Failed; any non-terminal phase moves
to Failed when its step fails (Figure 6.2).

The modes share their early phases and diverge by how far they go. run executes
end to end. select stops after transpilation and uses no QPU time. draw renders
the circuit as ASCII, referenced by status.drawingRef. schedule produces a per-
instruction timeline in control-electronics sample-period cycles, written to a ConfigMap
the Circuit owns and referenced by status.scheduleRef.

The Submitting phase is the lifecycle’s one external side effect: committing a job to
the backend. Before issuing that call, the controller patches phase=Submitting to the
cluster store, so the intent to submit is durable even if the controller restarts before the
call returns.

The link between a Circuit and its job on the backend is established on QCC’s
side, not by reaching into the provider. With each submission the controller sends a
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Pending

mode=run | mode=select

Transpiling mode

mode=run

mode=select

=draw

Rendering

mode=schedule

Scheduling

Figure 6.2: The Circuit lifecycle. Each Circuit progresses through one of four mode-conditioned

paths from Pending to a terminal Succeeded or Failed phase.
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correlation identifier, the gRPC idempotency_key, formed from the Circuit’s and its
observed generation; the executor reads the Circuit’s back fromit. The submission re-
turns a provider job id, which the controller fetches and records on status.providerJobId
in the same patch that sets phase=Running. That recorded id is the cross-boundary
identifier: it ties the Kubernetes Circuit to its job on the backend, it lives on the
Circuit itself, and it survives a controller restart, since the next reconcile reads it back
from the resource. Figure 6.3 shows the sequence.

qcc-controller Kubernetes API qcc-executor Quantum provider

Reconcile N (Transpiling to Submitting)

Patch phase=Submitting

»
»

Intent persisted before any external side effect

Reconcile N+1 (Submitting handler)

idempotency_key =
Circuit.uid + observedGeneration
(carries the Circuit identity)

SubmitTask(spec, idempotency_key)

(2] >
Submit job
(5] >
providerJobld
D RCCITETPTELPPEeE (4]
providerJobld, transpile metrics, convertedQASM
4. ...............................................................................
Patch providerJobld, transpile.*,
convertedRef, phase=Running
(single status update)
(5 >
providerJobld on Circuit.status
links the Circuit to its job on the backend
qcc-controller Kubernetes API qcc-executor Quantum provider

Figure 6.3: Submission sequence and the cross-boundary identifier.  The controller commits
phase=Submitting before issuing the submit call, sends an idempotency key derived from the
Circuit’s and observed generation, and records the provider job id returned by the backend on

status.providerJobId in a single status patch. That recorded id links the Circuit to its job on
the backend.

After submission, a hardware job is polled by WatchTask against the recorded provider
job id, while a simulator job returns its result inline on the same call.
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6.6.2 Backend selection

The Selecting phase chooses which registered QPU the rest of the lifecycle uses. The
shipped selector applies hard constraints only. A QPUis eligible when its status.availability
is Available, its declared capabilities.maxShots is atleast the requested spec.shots,
and it satisfies the Circuit’s backendSelector: provider, named backend, hardware-
or-simulator kind, and minimum qubit count. The controller takes the first eligible
candidate and patches it onto status. selectedQPU; if none qualifies, the Circuit ends
in a terminal NoEligibleBackend failure.

Calibration does not enter the selection step; it enters after a run completes, at the
evaluation surface. When a Circuit finishes, the gcc get command turns the run’s
recorded numbers into a readable verdict. Listing 5 shows it for a completed Shor

circuit on ibm-kingston.
Listing 5: Post-completion summary from gcc get circust (abridged; result histogram omitted).
Every number is read back from the Circuit’s status and the chosen PU’s status.

shor-2vv42 - run - on ibm-kingston - degraded signal (error exposure 1.5)

backend
name ibm-kingston (156q - 352 edges - 10 basis gates)
gate errors 1Q 2.74e-04 - 2Q 2.03e-03 : readout 1.65e-02
coherence T1 175 ps - T2 117 ps
cycle time dt = 4 ns

circuit
transpiled depth 2048 - 2441 gates - 474 2Q
exec time ~139.26 ps (critical-path estimate)
error exposure 1.5 events/shot

fidelity bound P(no gate error) 0.22 (excludes readout & coherence)

The headline is an error-exposure indicator: the expected number of gate-error events
per shot. It is a first-order sum of the transpiled gate counts weighted by the backend’s
per-operation error medians,

exposure ® njQ €1Q + n20Q €29,

where the single-qubit count is taken as the total gates minus the two-qubit gates. For
this run the transpiled circuit has 2441 gates, of which 474 are two-qubit, leaving 1967
single-qubit; ibm-kingston reports a single-qubit error median of 2.74x10™* and a two-
qubit median of 2.03 X 1073. The exposure is therefore 1967 X 2.74 X 1074 + 474 X 2.03 x
1073 ~ 0.54 + 0.96 ~ 1.5 events per shot. A value near 1 places the run in the degraded
signal band, one of four: signal preserved below 0.1, noisy signal from 0.1, degraded signal
from 1, and signal expected lost at 5 or above. The paired bound P(no gate error) =
exp(—exposure) =~ 0.22 says fewer than a quarter of shots are expected to be free of any
gate error.

This is the SRE error-budget framing (Beyer et al., 2016) carried to a quantum
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backend, and it is a regime signal, not a fidelity model. Only gate errors enter the
sum; readout and coherence do not, which the command marks explicitly. The same
summary makes the omission visible: the critical-path execution estimate for this run,
depth X max(t1g, tag) = 139 us, is already comparable to the backend’s T5 of 117 us, so
coherence decay is a real error source here that the gate-only exposure does not capture.
The indicator places a run in a regime; it does not predict its fidelity.

Cross-substrate comparison is reachable through qcc run --performance-test,
which submits the same circuit to every available simulator, and to hardware as well
when --include-hardware is set, under one shared qcc.io/experiment label. It then
prints a comparison table and a deep link to the Grafana dashboard for those runs.

The shipped selector ranks nothing; it filters and picks. Richer strategies, such
as scoring candidates against current calibration or transpiling each to compare gate
counts, would extend the same surface and consume the metrics the lifecycle already
exposes.

The lifecycle is the dynamic counterpart of the static resource model. Every phase
transition, selection decision, and terminal outcome is recorded on the Circuit’s status

and exported as telemetry, which gives the run a machine-readable trace.

6.7 Observability

QCC’s principal contribution sits at the System Management and Monitoring cross-cut
of the QCSC reference architecture. Earlier sections covered the per-run view: each
Circuit records its progress in status. conditions, which a plain kubectl describe
renders. This section covers the aggregate view, the signals that describe many Circuits
and QPUs at once. There are two: a metrics specification built entirely on cloud-native
open standards, and a query convention that lets ordinary PromQL answer cross-
substrate questions without distributed tracing.

6.7.1 Telemetry pipeline

The observability surface pairs Kubernetes-native primitives with a standard Open-
Telemetry pipeline. Two data paths feed a single Prometheus instance, so Grafana sees
one data source.

The gcc . * domain metrics flow through the OpenTelemetry SDK, over OTLP/gRPC
to an OpenTelemetry Collector running beside the controller, and on to the cluster’s
kube-prometheus-stack, which scrapes the Collector’s Prometheus exporter. Emitting
OTLP rather than a backend-specific format keeps the application code independent
of the metrics store: switching stores is a change to the Collector’s configuration, not
to QCC.

The controller-runtime built-ins (controller_runtime_reconcile_%,go_*, process_x)
take their own Prometheus path through a separate ServiceMonitor, leaving the up-
stream library untouched. The Kubernetes-native side needs no separate pipeline at
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all: a Circuit’s status fields and its ConfigMap-backed artefact pointers are already
part of the cluster API, readable with kubectl or any Kubernetes client.

6.7.2 Metric specification

QCC publishes fourteen domain metrics in the two patterns standard for a Kuber-
netes operator. Resource-state metrics mirror the current state of a CR: they are ob-
servable gauges, read from the controller-runtime cache once per Prometheus scrape,
the kube-state-metrics idiom. Operational-event metrics record what happens over
time: they are synchronous counters and histograms emitted at the moment of a life-
cycle transition, the controller-runtime idiom. Keeping the two apart bounds the
active-series count and keeps the reconcile hot path cheap.

The two families answer two questions. The six QPU metrics (Table 6.5) describe
the substrate: how good each registered backend currently is. The eight Circuit metrics
(Table 6.6) describe the work: what happened to each circuit as it moved through the
lifecycle. Each metric is a single number; its dimensions, the key-value labels it carries,
are what let one metric name stand for several related quantities.

Table 6.5: QPU-side metrics. All six are observable gauges populated from QPU.status via the in-

former cache on each Prometheus scrape. All series carry gpu as an identity label; only the additional
dimensions are listed below.

Metric Additional dimensions

uid, provider, kind,
qcc_qpu_info processor_family,
processor_revision

operation € {gate_1q, gate_2q,
readout}

qcc_qpu_operation_error_median
qcc_qpu_operation_duration_median_seconds operation € {gate_1q, gate_2q}
gcc_qpu_coherence_seconds type € {t1, t2}
qcc_qgpu_last_calibration_timestamp_seconds (none)

condition, status e{true, false,

cc u_condition
dee-apu- unknown}

QPU dimensions. These name the physical quantities a quantum engineer reasons
about. The executor reads them from the backend’s Qiskit Target at probe time, and
each is a median across the device’s qubits or qubit pairs, one representative figure per
backend. The error and duration metrics share an operation dimension:

gate_1q asingle-qubit gate. On IBM hardware these are the native sx, x, and rz; rz is
virtual and error-free, so the figure reflects the physical sx/x quality.

gate_2q the two-qubit entangling gate, the operation that builds entanglement and
dominates a deep circuit’s error budget. It is cz on IBM Heron and ecr on IBM
Eagle, the quantity IBM reports as its median 2Q error.
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readout the measurement (assignment) error: the chance that reading a qubit returns
the wrong classical bit. It appears on the error metric only, because the IBM
Target reports no measurement duration, so readout is absent from the dura-
tion metric rather than zero.

Coherence carries a type dimension instead:

t1 energy relaxation: how long a qubit holds its excited state.
t2 dephasing: how long it holds its phase information.

Both bound how much computation fits before noise takes over. Qiskit reports them in
seconds; the CR keeps microseconds (the unit IBM publishes) and the metric converts
back to seconds to match its _seconds suffix.

QPU identity and conditions. qcc_gpu_info is the info-metric anchor: its value is
always 1, and its labels hold the static identity, provider, kind, processor family and
revision. Every other QPU metric joins to it in PromQL with group_left to borrow
those labels rather than repeat them on each series, the standard kube-state-metrics
pattern. gcc_gpu_condition follows the same library’s Conditions idiom: for each
(gpu, condition) it emits one row per status value (true, false, unknown), exactly
one of which is 1, so a dashboard selects on a backend’s readiness the way it would for

a Pod. The QPU resource is cluster-scoped, so no namespace label appears.

Circuit dimensions. These come in three kinds: identity, decomposition, and tim-
ing. Identity labels say which run a series belongs to: every Circuit series carries
circuit, namespace,and uid, and gqcc_circuit_info adds the descriptive labels (mode,
source_format, shots, gpu, provider_job_id) together with the algorithm-grouping
labels promoted from the resource. A decomposition label splits one metric across re-

lated parts:

kind on qcc_circuit_transpile_gates, one of single_qubit, two_qubit, or total:
the gate counts after the circuit is transpiled to the backend’s native set. two_qubit
is the count that drives fidelity; single_qubit is derived as total minus two_qubit.

phase onthe phase-duration metrics, one of Pending, Selecting, Submitting, or Running:
the wall-clock time spent in each lifecycle stage, taken from the status.conditions
timestamps. Submitting spans transpilation and submission together, which the
Conditions vocabulary does not separate.

bitstring onqcc_circuit_result_count: a measured outcome such as 0000, valued
by how many shots produced it. This is the raw measurement histogram and the
input to any fidelity analysis; it adds 29 series for a g-qubit circuit.

The timing metrics report duration. The phase-duration pair gives the same per-phase

numbers in two forms, kept on purpose: qcc_circuit_phase_duration_seconds is a
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Table 6.6: Circuit-side metrics. All series carry circuit, namespace, and uid as identity labels;
only the additional dimensions are listed below.

Metric Type Additional dimensions
mode, source_format,
shots, qpu,
provider_job_id,

qcc_circuit_info gauge algorithm,

algorithm_version,
experiment, run_index,
source_sha256

mode, qpu, phase,

gcc_circuits_total counter . . .
reason, provider_job_id

qpu, phase,

cc_circuit_phase_duration_seconds histogram
dee- -P - - & provider_job_id

qpu, phase,

cc_circuit_phase_duration_seconds_observed auge
qcc_ _phase_ - - gaug provider_job_id

qcc_circuit_usage_seconds gauge qpu, provider_job_id
qcc_circuit_transpile_depth gauge qpu

qpu, kind €
qcc_circuit_transpile_gates gauge {single_qubit,

two_qubit, total}

qcc_circuit_result_count gauge qpu, bitstring

histogram for fleet-wide percentiles (via histogram_quantile), while its _observed

gauge is recomputed from the Condition timestamps on every scrape, so per-Circuit

panels survive a controller restart and Prometheus’s staleness window. qcc_circuit_usage_seconds
is the substrate’s own billable on-QPU time, taken from the Qiskit Runtime Job.usage ()

handle; it is emitted only when the substrate reports it, so any value in Prometheus

marks a real-hardware run, and dividing it by the Running duration gives the orches-

tration overhead.

Cross-boundary handle. qcc_circuit_info also carries the cross-boundary identi-
fier that satisfies R4. The provider job id the submission returns is recorded on the
Circuit’s status and promoted onto qcc_circuit_info as the provider_job_id la-
bel, so a Circuit and its job on the backend resolve to each other with ordinary tool-
ing. Given a job id, taken for example from a provider’s console or billing export, a
PromQL lookup on provider_job_id returns the Circuit’s full identity record; given
aCircuit, the sameid already sits on its status. The link reads from either side, with no
separate trace-context channel. Distributed tracing over OpenTelemetry would extend
this but is not a prerequisite.
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6.7.3 Algorithm-aware queries

Researchers ask questions like “how does Shor v2 compare to v1 in execution time?”
or “show me every Bell-state run in the last hour.” These are algorithm-level ques-
tions, but Prometheus sees only the metrics QCC emits: there is no algorithm cata-
logue inside it. QCC closes the gap by carrying the algorithm-grouping labels from
the Kubernetes resource into the metric label-space.

When a Circuit is submitted with reserved labels such as qcc.io/algorithm=shor
and qcc.io/algorithm-version=v2, the controller promotes them onto the metrics
it emits. The identity-bearing labels (algorithm, algorithm version, experiment, run
index, source hash) land on the single info-metric qcc_circuit_info; the operational
metrics (phase durations, transpile shape, result counts) stay low-cardinality and carry
only what they need tojoin back: uid, gpu, phase. A query that needs algorithm context
joins the operational series to qcc_circuit_info on uid with group_left, again the
kube-state-metrics pattern.

Algorithm-level questions therefore resolve through plain PromQL, with no QCC-
specific dashboard tooling and no out-of-band metadata lookup.

The architecture developed in this chapter answers R1-R5 through three surfaces.
The resource model and the controller—executor split address R1 and R3. The lifecycle
phases and the evaluation surface that follows a completed run address R5. The ob-
servability primitives, the qcc.* metrics specification, the cross-boundary identifier it
carries on gcc_circuit_info, and the algorithm-aware query convention, address R2
and R4.



Implementation and
Demonstration

This chapter shows the QCC architecture of Chapter 6 as a working system by walking
through a single workload: Shor’s algorithm factoring N = 15 with a = 4, the same
circuit whose ibm_sherbrooke run opened Chapter 1. The algorithm and parameters
are unchanged, but the execution is now carried through a Kubernetes-native control
plane whose state, provider boundary, backend quality, and outcome distribution are
observable. Following the path an operator takes on a fresh cluster, the chapter brings
the platform up, registers backends, draws and runs the circuit, compares it across
simulators, executes it on real hardware, reads the results through the shipped dash-
boards, and finally tunes one transpiler setting to show the two-tier schema absorbing
a vendor feature without changing the platform.

7.1 The QCC reference implementation

QCC v1.0.0 is the open-source release that realises the Chapter 6 design: the controller,
the executor, and the gcc CLI. The release ships a declarative Kubernetes cluster for local
development, along with the required platform stack and the two Grafana dashboards
for QPU and Circuit views. This chapter exercises this release end to end.

7.2 Bringing up the platform

The requirements are modest and entirely standard. QCC needs a Kubernetes cluster to
host its controller and executor, and an OpenTelemetry-compatible observability stack
to receive their telemetry: a Prometheus-compatible metrics backend, an OpenTeleme-
try Collector, and Grafana for visualisation. None of these is QCC-specific or modified.
The contribution is the qcc. * schema that flows through the stack (Section 6.7.2), not
the stack itself, so any conformant cluster, local or managed, satisfies them.

82
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The proof-of-concept was evaluated on a local kind! cluster (kind v0.30.0), backed
by Docker through Colima? 0.9.1 on Apple Silicon. The observability stack was in-
stalled with Helm using the latest stable chart versions available at the time of writ-
ing: kube-prometheus-stack’ 85.0.3, including Prometheus Operator v0.90.1, and the
OpenTelemetry Collector* chart 0.155.0, including collector v0.151.0. QCC itself was
deployed from its Helm package.

Note

The provisioning of the Kubernetes cluster and the installation of the supporting
observability stack are outside the scope of this work. The evaluation assumes

an existing Kubernetes environment.

7.3 Registering a backend

A QPU enters the platform through a Kubernetes manifest, while discoverable backend
details are filled in during reconciliation. The operator provides only the fields needed
to identify the backend, and the platform records the remaining metadata: qubit count,
basis gates, coupling-map size, calibration vintage, and per-operation error medians
(Section 6.5.3). A representative catalogue ships under config/samples/qpu/. In the
following step, we will register a fake-fez QPU. The relevant manifest fake-fez.yaml
is shown in (Figure 7.1).

apiVersion: gcc.io/vlalphal
kind: QPU
metadata:
name: fake-fez
labels:
app.kubernetes.io/name: quantum-circuit-controller
app.kubernetes.io/managed-by: kustomize
qcc.io/provider: local
gcc.io/family: heron-r2
spec:
provider: local
kind: simulator

Figure 7.1: The fake-fez QPU manifest. The operator declares only the provider and the kind and
everything else is left to the QCC probe.

Applying the manifest with kubectl apply -f fake-fez.yaml creates a QPU re-
source. After the QCC operator runs the periodic probes, each QPU’s discovered status
is being populated to its CRD status field.

Lhttps://kind.sigs.k8s.io

2 https://github.com/abiosoft/colima

3 https://github.com/prometheus-community/helm-charts
4https://github.com/open-telemetry/opentelemetry-helm-charts
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$ kubectl get gpu fake-fez -o yaml

apiVersion: gcc.io/vlalphal
kind: QPU
metadata:

annotations:

kubectl.kubernetes.io/last-applied-configuration: |
{"apiVersion":"qcc.io/vlalphal","kind":"QPU","metadata":{"annotations":{}, "labels":
creationTimestamp: "2026-05-24T09:30:25Z2"

generation: 1

labels:
app.kubernetes.io/managed-by: kustomize
app.kubernetes.io/name: quantum-circuit-controller
gqcc.io/family: heron-r2
gqcc.io/provider: local

name: fake-fez

resourceVersion: "792160"

uid: a30b5e9d-eaB0-45a6-9297-82ale8h79Fd5

spec:

kind: simulator

provider: local

status:

availability: Available

basisGates:

- ¢z

- delay

- for_loop

- id

- if_else

- measure

- reset

- rz

- switch_case

- sX

- X

coherenceMedians:
t1Micros: 144.85526609546145
t2Micros: 87.95068681159161

conditions:

- lastTransitionTime: "2026-05-24T09:30:25Z"
message: local provider "fake_fez" is Available without probe
observedGeneration: 1
reason: ProviderProheOK
status: "True"
type: Ready

- lastTransitionTime: "2026-05-24T09:30:257"
message: local providers have no remote calibration; freshness is degenerate
ohservedGeneration: 1
reason: CalibrationRefreshed
status: "True"
type: MetadataFresh

couplingEdges: 352

dtSeconds: 4e-09

errorMedians:
readout: 0.007568359375
singleQubit: 0.000198265882920662
twoQubit: 0.0039033828523107883

instructionDurationMedians:
singleQubitSeconds: 2.4e-08
twoQubitSeconds: 8.4e-08

lastCalibrationTime: "2025-02-26T20:16:252"

observedGeneration: 1

processor:
family: Heron
revision: "2"

qubits: 156

Figure 7.2: The probe-populated fake-fez QPU status.
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Listing all registered QPUs:

$ kubectl get gpu

NAME PROVIDER KIND QUBITS  AVAILABLE AGE
aer-statevector local simulator 28 Available 7d22h
fake-belem local simulator 5 Available 9d
fake-brisbane local simulator 127 Available 9d
fake-brisbane-test local simulator 127 Available 6d20h
fake-fez local simulator 156 Available 2mls
fake-kyoto local simulator 127 Available 9d
fake-marrakesh local simulator 156 Available 9d
fake-osaka local simulator 127 Available 9d
fake-sherbrooke local simulator 127 Available 9d
fake-torino local simulator 133 Available 9d
ibm-fez ibm hardware 156 Available 7d22h
ibm-kingston ibm hardware 156 Available 7d22h
ibm-marrakesh ibm hardware 156 Available 7d22h

Figure 7.3: The deployed QPU registry of three live IBM backends alongside simulators.

7.4 The workload: Shor's algorithm

The mode=draw lifecycle renders the circuit without consuming any QPU time, and
during Quantum algorithm development, is one of the first steps an engineer does, to
have an early feedback of the circuit’s structure and behavior. Instead of using a Qiskit
function, we are using the QCC CLI to draw the circuit:

$ gcc draw examples/thesis/algorithms/shor.py

Q:-C-C 1.0.0

» loading shor.py - qiskit - 0 ms
I renderingll renderingv rendered - 259ms

control_0: 41 H = 0 —Mi
control_1: 41 H i 1 M
IQFT |—|
control_2: 1 H = 2 M
L]
control_3: 1 H T 3 m
target_0: 91 X HO — 0 — 0 — 0
target_1: —1 -1 1 1
Cu™l Cun2 Cung Cu”8
target_2: 2 H 2 H 2 - 2
target_3: —3 — 3 H 3 — 3
measure: 4/
0 1 2 3

Figure 7.4: Shor’s N = 15 circuit rendered through mode=draw.
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7.5 Executing a circuit

Drawing renders the circuit and the next step is to run it. The simplest execution targets
the ideal Aer simulator to produce the noise-free QPU behaviour. The mode=run names
an explicit backend and an optional set of reserved experiment and version labels for
quick result comparison, among other params.

$ qcc run examples/thesis/algorithms/shor.py \
—-algorithm shor --experiment thesis \

--version vl --backend aer-statevector

Q-C-C 1.0.0

» loading shor.py - qiskit - 0 ms

submitted default/shor-1pdb?7

waiting for selectionll waiting for selectionll waiting for selectionl
queued - job aer-eccea297-blf6-49e9-a044-t50a5225474¢e

completed - 510ms

L A x v

results
v shor-1pdb7 - run - on aer-statevector succeeded
setup

phase Succeeded
source (giskit

shots 1024
job aer-eccea297-bl1f6-49e9-a044-f50a5225474¢e
backend

name aer-statevector (28q - 87 basis gates)

circuit
transpiled depth 506 - 665 gates - 288 2Q

results
0000 517
1000 507

» gasm qcc get circuit shor-1lpdb7 --gasm

Figure 7.5: Executing the circuit on the ideal Aer simulator, which produces Circuit shor-1pdb7.

The qcc output (Figure 7.5) shows that the run completed in 510 ms after transpi-
lation to a circuit of depth 506. On the ideal simulator, all 1024 shots fall on the two
expected period bitstrings, 0000 and 1000, with counts of 517 and 507. The small dif-
ference between them is sampling variation.

The rest of the chapter compares circuit runs using the correct-period mass metric.
For this fixed Shor instance, the period information is carried by the two expected bit-
strings, 0000 and 1000. The metric adds the counts for those two outcomes and divides
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by the total number of shots:

count[0000] + count[1000]
shots

correct-period mass = (7.1)

For the ideal simulator this gives (517 + 507)/1024 = 1.0, so the period signal ac-
counts for all observed shots. On noisy simulators and real hardware, probability
mass can spread into the other fourteen four-bit outcomes. A fully uniform distri-

bution would put only two of the sixteen possible outcomes in the period set, giving
2/16 = 12.5%.

Every run is a Custom Resource defined by QCC’s Circuit CRD and inspected like
any other Kubernetes object. The full resource shows the shape the controller main-
tains. During qcc run, the CLI parses shor . py and writes the declared execution intent
into spec, including the reserved qcc.io/* labels and the selected aer-statevector
backend (Figure 7.6). As the lifecycle progresses, the controller assembles status
with the conditions array, the selected backend, the measured counts, and the post-
compilation transpile shape (Figure 7.7).

$ kubectl get circuits shor-1lpdb7 -o yaml

apiVersion: gcc.io/vlalphal
kind: Circuit
metadata:
creationTimestamp: "2026-05-24T09:44:257"
generation: 1
labels:
gcc.io/algorithm: shor
gcc.io/algorithm-version: vi
gcc.io/experiment: thesis
gcc.io/run-index: "1"
gcc.io/source-sha256: a721bdBGaBa24dadé
name: shor-1pdb7
namespace: default
resourceVersion: "793723"
uid: 0a5d99cc-9486-4678-a333-54e63a845475
spec:
backendSelector:
backendName: aer-statevector
mode: run
shots: 1024
source:
body: |

Shor's algorithm — quantum period-finding for N=15, a=4.
section suppressed
the same ane whase ihm hrishane / ihm sherhranke runs anen Chanter 1. kent

Figure 7.6: The Circuit resource, top: the declared spec.
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status:

conditions:

- lastTransitionTime: "2026-05-24T09:44:25Z7"
message: Circuit accepted by controller
observedGeneration: 1
reason: CircuitAccepted
status: "True"
type: Accepted

- lastTransitionTime: "2026-05-24T09:44:25Z"
message: Static validation succeeded
observedGeneration: 1
reason: CircuitValidated
status: "True"
type: Validated

- lastTransitionTime: "2026-05-24T09:44:25Z"
message: Selected QPU "aer-statevector" (provider=local, backend=aer_statevector)
observedGeneration: 1
reason: BackendSelected
status: "True"
type: Selected

- lastTransitionTime: "2026-05-24T09:44:25Z"
message: Submitted to aer_statevector (taskID=aer-eccea297-blf6-49e9-a044-f50a5225474e)
observedGeneration: 1
reason: ProviderSubmitted
status: "True"
type: Submitted

- lastTransitionTime: "2026-05-24T09:44:25Z"
message: Execution completed with 2 outcome(s)
ohservedGeneration: 1
reason: ExecutionCompleted
status: "True"
type: Completed

convertedRef:
name: shor-1pdb7-converted

observedGeneration: 1

phase: Succeeded

providerJobId: aer-eccea297-bl1f6-49e9-a044-f50a5225474e

results:
"eeee": 517
"1000": 507

selectedQPU: aer-statevector

selectionSummary:
candidates: 1
score: 'n/a (M1: first-match policy; M2 adds calibration-aware scoring)'
selected: aer-statevector

transpile:
depth: 506
totalGates: 665
twoQubitGates: 288

Figure 7.7: The same resource, bottom: the assembled status.

This single run establishes both halves of the operator’s basic loop, submit a circuit,
then inspect its result and its full resource through standard tooling, and leaves a noise-
free baseline on record. The next section runs the same circuit across every available
simulator at once, to see how that baseline degrades by substrate before any hardware

time is spent.

7.6 Comparing the simulators

Before spending hardware time, the operator can run the same circuit across the reg-
istered simulator backends with --performance-test flag. The command fans out to
all Aer simulators and to the fake_x* snapshots in the QPU registry, giving a first com-
parison of how the same workload behaves across available substrates.
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$ qcc run examples/thesis/algorithms/shor.py \
—--performance-test \
--algorithm shor \
--version v1 \

--experiment thesis-perf-test

The flag creates one Circuit per available QPU simulator. All generated Circuits
share the same source body and the same qcc. io/experiment label, which can be later
used for performance analysis. This turns the simulator sweep into a single labelled
experiment rather than a set of unrelated runs.

Q-c-C 1.0.0

loading shor.py - giskit - O ms

performance test - 10 candidates algorithm=shor - experiment=thesis-perf-test
submitted default/shor-zcztt - aer-statevector

submitted default/shor-n7mbm > fake-belem
submitted default/shor-kg7nr - fake-brisbane
submitted default/shor-xnrck - fake-brisbane-test
submitted default/shor-m4n5v > fake-fez
submitted default/shor-s8626 > fake-kyoto
submitted default/shor-qpp8j > fake-marrakesh
submitted default/shor-ggvf5 > fake-osaka

submitted default/shor-4x992 > fake-sherbrooke
submitted default/shor-rcjm9 > fake-torino

completed shor-zcztt on aer-statevector - 1.395s
failed - shor-n7mbm on fake-belem TranspilationFailed
completed shor-kg7nr on fake-brishane - 3.186s
completed shor-xnrck on fake-brisbane-test - 3.783s
completed shor-m4n5v on fake-fez - 9.181s

completed shor-s8626 on fake-kyoto - 11.779s
completed shor-qpp8j on fake-marrakesh - 16.776s
completed shor-ggvf5 on fake-osaka - 18.375s
completed shor-4x992 on fake-sherbrooke - 19.579s
completed shor-rcjm9 on fake-torino - 23.305s

YUY Y Y Y Yy vyX oYYy vyovyovvyovovovovovovw

results - thesis-perf-test

BACKEND PHASE DEPTH 1Q 2Q TOTAL TOP OUTCOMES TIME
aer-statevector Succeeded 506 377 288 665 0000:520 1000:504 1.395s
fake-belem FAILED - TranspilationFailed - - - = - 1.79s -
fake-brisbane Succeeded 1785 2358 477 2835 1000:124 0000:119 0001:69 3.186s
fake-brisbhane-test Succeeded 1811 2348 474 2822 1000:155 0000:145 1111:86 3.783s
fake-fez Succeeded 2062 1983 483 2466 0000:236 1000:217 1001:77 9.181s
fake-kyoto Succeeded 1774 2315 474 2789 0000:81 1100:73 1111:72 11.779s
fake-marrakesh Succeeded 2060 1995 483 2478  0000:289 1000:239 1001:66 16.776s
fake-osaka Succeeded 1811 2348 474 2822 0000:125 1000:115 0001:92 18.375s
fake-sherbrooke Succeeded 1789 2348 474 2822 0000:103 1001:83 1000:75 19.579s
fake-torino Succeeded 2048 1967 474 2441 0000:203 1000:185 1001:69 23.305s

» dashboard /d/gqcc-circuit?var-algorithm=shor&var-experiment=thesis-perf-test

Figure 7.8: The --performance-test fan-out: one Circuit per available simulator, collected into a
single cross-substrate table of transpiled depth, gate counts, and top measured bitstrings. The trailing
line is a Grafana deep-link pre-loaded with the experiment filter.

The fan-out also surfaces capability mismatches as first-class results: the 5-qubit
fake-belem candidate returns TranspilationFailed, because the circuit does not fit a
device that small, recorded as a terminal phase rather than a silent omission.

Read against the noise-free Aer reference of Section 7.5, the fan-out (Figure 7.8) sep-
arates the processor families more clearly than the individual backends. The Heron 12
snapshots preserve the period-finding structure, while the Eagle r3 snapshots wash it
into noise. In the table, fake-fez (Heron r2) keeps 0000 and 1000 as the two dominant
outcomes. By contrast, fake-kyoto (Eagle r3) spreads probability mass far enough
that 1000 drops out of the top three and non-period bitstrings take its place.

JOB
aer-1a7f54b2--

aer-ed9b7cef-

aer-87fldbfe-!
aer-adle59db-t
aer-f35a7344-

aer-dSh476a9-!
aer-7251fceb-:
aer-e2faf5cé6-:
aer-194514a9-i
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7.7 Running on real hardware

The survey of Section 7.6 directed the hardware budget at the Heron r2 family; which
Heron r2 device performs best is the question only live hardware can answer. This
section answers it. The simulator perf-test showed that substrate-comparative evalu-
ation is observable through telemetry on idealised substrates. The open question is
whether the same surface holds against the operational realities of real hardware: ven-
dor queues, calibration drift, and same-vendor same-day fidelity variance. The same
Shor source body is submitted to all three registered Heron r2 backends.

The vendor queue is the most prominent operational difference. A submitted job
sits in IBM Quantum’s queue for minutes to hours before executing, and waiting syn-
chronously is operationally unworkable. QCC’s --detach flag exits the CLI as soon as
the provider job is queued; the controller continues polling in the background, and the
engineer returns to inspect the result asynchronously.

Qiskit’s transpiler provides four optimisation presets, numbered 0 to 3. Level 3 ap-
plies the most aggressive optimisation, while level 1 is the default. Every real-hardware
run in this section uses that default setting, with no explicit optimizationLevel in the
Circuit spec. This section submits the same Shor workload to the three registered real
Heron r2 backends at IBM Quantum. Each run uses 1024 shots and the default Qiskit
transpilation preset, with no explicit optimizationLevel set.

$ gcc run examples/thesis/algorithms/shor.py \
--algorithm shor --experiment thesis --version vi \

--backend ibm-fez --detach

$ gcc run examples/thesis/algorithms/shor.py \
--algorithm shor --experiment thesis --version vi \

--backend ibm-kingston --detach

$ qcc run examples/thesis/algorithms/shor.py \
--algorithm shor --experiment thesis --version vl \

--backend ibm-marrakesh --detach

With --detach, the CLI exits as soon as the provider job is queued. It prints the
Circuit name, UID, and provider job ID, so the run can be followed later through QCC
or the vendor console. Figure 7.9 shows the detached submission for ibm-kingston.

QeCeC

loading shor.py - giskit : @ ms
submitted default/shor-2vv42
targeting ibm-kingston

queued -+ job d89dinp789is73935r@g

AN N A 4

» detached check progress with: qcc get circuit shor-2vv42

Figure 7.9: Terminal output of a --detach submission against ibm-kingston. The CLI prints the
Circuit shor-2vv42and the provider job d89dinp7891s7393510g.
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Each run is inspected through the result card rendered by qcc get circuit <the

returned Circuit ID from the CLI e.g. shor-wffxg>.

Q-C-C 1.0.0

shor-wffxg

v shor-wffxg - run - on ibm-fez - degraded signal (error exposure

setup
phase Succeeded
source (Qiskit

shots 1024
job d89dgpqgs4bsc73fafpig
backend
name ibm-fez (156q - 352 edges - 9 basis gates)
processor Heron r2

calibrated 2026-05-16 (8d ago)

gate errors 10Q 3.00e-04 - 2Q 2.81e-03 - readout 2.15e-02

coherence T1 102 ps - T2 90 ps
cycle time dt = 4 ns

circuit
transpiled depth 2062 - 2466 gates - 483 2Q
exec time ~140.22 ps (critical-path estimate)

8 2.0)

error exposure = 2.0 events/shot (approaching gate-error budget)
fidelity bound P(no gate error) = 0.14 (excludes readout & coherence)

results

0000
0001
0010
0011
0160
0101
0110
0111
1000
1001
1010
1011
1100
1101
1110
1111

» gasm qcc get circuit shor-wffxg --gasm

Figure 7.10: The terminal result card for the ibm-fez submission (Circuit shor-wffzg).
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Q-Cc-C 1.0.0
shor-2vv42
» shor-2vv42 - run - on ibm-kingston - phase=Running
setup
phase Running
source (giskit
shots 1024
job d89dinp789is73935r0g
backend
name ibm-kingston (156q - 352 edges - 10 basis gates)
processor Heron r2
calibrated 2026-05-16 (8d ago)
gate errors 1Q 2.74e-04 - 2Q 2.03e-03 - readout 1.65e-02
coherence T1 175 ps - T2 117 ps
cycle time dt = 4 ns
circuit
transpiled depth 2048 - 2441 gates - 474 2Q
exec time ~139.26 pus (critical-path estimate)

error exposure = 1.5 events/shot (approaching gate-error budget)

fidelity bound

P(no gate error) = 0.22 (excludes readout & coherence)

» gasm qcc get circuit shor-2vv42 --gasm

Figure 7.11: The ibm-kingston card (Circuit shor-2vv42), captured mid-execution.
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Q-Cc-C 1.0.0

shor-2vva42
v shor-2vv42 - run - on ibm-kingston - degraded signal (error exposure s 1.5)
setup

phase Succeeded
source (giskit

job d89dinp789is73935r0g

backend
name ibm-kingston (156q - 352 edges - 10 basis gates)
processor Heron r2

calibrated 2026-05-16 (15d ago)

gate errors 1Q 2.74e-04 - 2Q 2.03e-03 - readout 1.65e-02
coherence T1 175 ps - T2 117 ps

cycle time dt = 4 ns

circuit
transpiled depth 2048 - 2441 gates - 474 2Q
exec time ~139.26 ps (critical-path estimate)

error exposure = 1.5 events/shot (approaching gate-error budget)
fidelity bound P(no gate error) = 0.22 (excludes readout & coherence)

results

0000
0001
0010
0011
0100
0101
0110
0111
1000
1001
1010
1011
1100
1101
1110
1111

> gasm gcc get circuit shor-2vv42 --gasm

Figure 7.12: The terminal card for the same ibm-kingston submission (Circuit shor-2vv42). The
period states 0000 and 1000 hold 41 counts each, giving (41 + 41)/1024 ~ 8.0% correct-period mass.
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Q-C-C 1.0.0

shor-wr9ds

v shor-wr9ds - run - on ibm-marrakesh - degraded signal (error exposure = 1.9)
setup
phase Succeeded
source (qiskit
shots 1024
job d89dirl789is73935r4qg
backend
name ibm-marrakesh (156q - 352 edges - 9 basis gates)
processonr Heron r2
calibrated 2026-05-16 (8d ago)
gate errors 1Q 2.92e-04 - 2Q 2.76e-03 - readout 1.48e-02
coherence T1 196 ps - T2 99 us
cycle time dt = 4 ns
circuit
transpiled depth 2048 - 2441 gates - 474 2Q
exec time ~139.26 ps (critical-path estimate)

error exposure
fidelity bound

results
0000 42
0001 59
0010 96
0011 71
0100 82
0101 80
0110 71
0111 30
1000 44
1001 56
1010 98
1011 64
1100 74
1101 77
1110 55
1111 25

» gasm qcc get circuit shor-wr9ds --gasm

x 1.9 events/shot (approaching gate-error budget)
P(no gate error) = 0.15

(excludes readout & coherence)

Figure 7.13: The terminal result card for the 1bm-marrakesh submission (Circuit shor-wr9ds).

On ibm-fez, the circuit transpiles to depth 2062 and returns (56 +55)/1024 = 10.8%
correct-period mass (Figure 7.10). On ibm-marrakesh, the depth is 2048 and the correct-
period mass is (42 + 44)/1024 ~ 8.4% (Figure 7.13). The ibm-kingston card is shown
twice. The first capture shows the run while it is still in Running phase in IBM Quan-

tum space, demonstrating live lifecycle visibility (Figure 7.11). The terminal card then
shows Succeeded, with (41 + 41)/1024 = 8.0% correct-period mass (Figure 7.12).
After the real-hardware sweep, the full set of Circuits in the cluster makes the exper-

iment visible at a glance. The variance between ibm-fez and ibm-marrakesh, observed

at the same shot count and optimisation level, is an operational property of the work-

load on the available hardware. QCC surfaces that variance through one telemetry sur-
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face for every backend rather than through vendor-specific dashboards. An engineer
asking which Heron r2 backend is least degraded for this circuit can resolve the question
through standard kubectl get output and PromQL queries against qcc_circuit_x,
without using separate tooling per substrate.

The cross-substrate variance illustrates why backend quality cannot be reduced
to a single calibration number. If coherence time alone were a reliable predictor for
this workload, the longest-T; backend would produce the strongest period signal. The
observed runs show the opposite. At 1024 shots, the Heron r2 backends rank by T;
as ibm-marrakesh (~196 us), ibm-kingston (~175pus), and ibm-fez (~102 ps). The
correct-period mass does not follow that order. ibm-fez, the shortest-T; device, re-
turns the highest mass at 10.8 %, while ibm-marrakesh returns 8.4 % and ibm-kingston
returns 8.0 %.

This does not mean that ibm-fez produced a successful run. All three values re-
main at or below the 12.5 % uniform noise floor defined in Section 7.4. Under the de-
fault level-1 transpilation, the circuit is therefore degraded on all three backends. The
useful finding is narrower: for this circuit and transpilation setting, the least-degraded
backend is not the one that a simple T; ranking would select. The signal is recovered
later through the transpiler tuning of Section 7.9.

Listing every Circuit after the sweep in a single view (Figure 7.14):

$ qcc get circuits

NAME PHASE MODE QPU ALGORITHM VER RUN JOB AGE
shor-2vv42 Running run ibm-kingston shor vl 5 d89dinp7891s73935r0g 2m
shor-4x992 Succeeded run fake-sherbrooke shor vl 9 aer-e2faf5c6-4265-4556-8613-fa31e193dd0e 38m
shor-ggvf5 Succeeded run fake-osaka shor vl 8 aer-7251fceb-149f-429d-af2a-ebecd17efb50 38m
shor-kg7nr Succeeded run fake-brishane shor vl 3 aer-ed9h7cef-2688-4611-9028-e02e7696e191 38m
shor-1pdb7 Succeeded run aer-statevector shor vl 1 aer-eccea297-h1f6-49e9-a044-f50a5225474e 1h

shor-m4n5v  Succeeded run fake-fez shor vl 5 aer-adleS9db-e714-4c34-9b8a-d02794f7a590 38m
shor-n7mbm Failed run fake-belem shor vl 2 - 38m

shor-qpp8j Succeeded run fake-marrakesh shor vl 7 aer-dSh476a9-9ea7-461le-b3d6-14c1ld74bdbécec  38m
shor-rcjm9 Succeeded run fake-torino shor vl 10 aer-194514a9-8e48-4c89-b380-1407h7775a55 38m
shor-s8626 Succeeded run fake-kyoto shor vl 6 aer-f35a7344-3f6f-4c2d-8b04-5¢c582a32heff 38m
shor-wffxg Succeeded run ibm-fez shor vl 4 d89dgpqgs4ésc73fafp3g 7m
shor-wr9ds Succeeded run ibm-marrakesh shor vl 6 d89dirl1789is73935r4g 2m
shor-xbbkc Succeeded run ibm-fez shor vl 3 d89dgSgpBeas73dofmmo 8m
shor-xd761 Succeeded run ibm-fez shor vl 2 d89dfn8pBeas73dofm30 9m
shor-xnrck Succeeded run fake-brisbane-test shor vl 4 aer-87fldbfe-59ac-4c6d-827e-43d18313299d 38m
shor-zcztt Succeeded run aer-statevector shor vl 1 aer-1a7f54b2-f7e9-422a-8768-89a2228bhca22 38m

Figure 7.14: The list of Circuits in the cluster after the real-hardware sweep. Every Circuit carries its
algorithm label, experiment label, selected QPU, providerJobId, and terminal phase, so the state of the
experiment reads from a single kubectl get.

7.8 Observing the results

The gcc. * metric specification (Section 6.7.2) defines the schema used for cross-boundary
observability. After the QPU registration and Circuit executions, the telemetry pipeline
exposes these signals as standard Prometheus metrics Figure 7.15, Figure 7.16.

The two prototype QCC Grafana dashboards render the same schema for operators
and engineers. The QPU dashboard focuses on substrate health and calibration trends
across the registered backend fleet, while the Circuit dashboard focuses on individual
circuit executions, lifecycle state, transpilation shape, and observed outcomes.
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Metrics browser > qcc_qgpu

] _coherence_seconds

gee-q D _condition

Fetch all series matchin 9 e

@ _last_calibration_timestamp_seconds
v Options . . .
Ny _operation_duration_median_seconds

Legend @& Ny, _operation_error_median

Figure 7.15: The QPU metrics.

(Prometheus)
o

Metrics browser > gcc_circit

_info
qcc_circuit_info

Fetch all series matching m|

_phase_duration_seconds_bucket
_phase_duration_seconds_count
_phase_duration_seconds_observed

v Options
P _phase_duration_seconds_sum

Legend (& i ? _result_count

_transpile_depth
_transpile_gates
_usage_seconds
s_total

Figure 7.16: The Circuit metrics.

7.8.1 QPU dashboard: an experimental substrate-monitoring view

The QPU dashboard is an experimental prototype for monitoring quantum backends.
It draws on established resource-monitoring methods from classical systems practice:
the USE method (Utilisation, Saturation, Errors) (Gregg, 2014), the request-oriented
RED method (Rate, Errors, Duration), and the SRE golden signals (Beyer etal., 2016).The
grouping should be read as a design choice for this prototype, not as a settled method-
ology.

Saturation asks whether the backend can currently accept work. The panel group
shows the availability state of each QPU, a Ready-over-Registered snapshot for the fleet,
and availability over time. In classical systems, saturation is often measured through
queue length, throughput, or pressure against capacity. In this prototype, the corre-
sponding quantum question is simpler and more operational: whether each registered
backend is available for submission.

Utilisation asks whether the backend is fresh enough to be useful. This requires
a quantum-specific adaptation. In classical systems, utilisation usually measures how
much of a resource’s capacity is being consumed at a point in time (time-based and
capacity-based). For a quantum backend, the useful operational signal is not only cur-
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rent demand, but also calibration freshness, because backend quality can drift between
calibrations. The dashboard therefore uses calibration age as a substrate-freshness
view, shown together with availability in Figure 7.17.

QPU Al x Processor family elec e & Circuit workload dashboard « (@ Last6hours v » @ ) Refresh 30s v « Share v

~ §- Availability state

QPU availability over time (S) G Ready / Registered (S - snapshot) G

Ready Registered

fake-marrakesh
fake-osaka
fake-sherbrooke
fake-torino
~fez

m-kingsty

on
ibm-marrakesh

09:3( 3 3 2 :3 3 14:00 14:30 15:00
v U - Calibration freshness

Calibration age per QPU (U - lower is fresher) © Calibration age trend (U - drift over time) ®

fake-belem @I ake-bele 519 years

fake-| [ BRI — fake-brisbane 1.24 years

fake-brisbane-test ([N 4.75 years — fake-brisbane-test 1.4 years

fake-kyoto (N . ) = fake-fez 1.24 years

,ake,ma”a:esh - - : fake-kyoto 2.23 years
fake-osaka ([ ; fake-osaka 2.23 ¢

fake-sherbrooke ([N e . )
fake-torino (D 158 years 1.24 years

ibm-fez | BT 115 weeks

317 years = fake-marrakesh 1.24 years

ibm-kingston | st 115 weeks

0s ;
ibm-marrakesh | 10:00 1:00 12:00 13:00 14:00 15:00 e BeEts

Figure 7.17: The QPU dashboard’s Saturation and Utilisation sections: per-QPU availability state,
ready-over-registered snapshot, and calibration freshness.

The Errors axis shows the backend’s noise profile. The panels report per-operation
gate and readout error medians, together with coherence times for T; relaxation and
T> dephasing. A family-comparison row groups QPUs by processor family. In Fig-
ure 7.18, the registered Heron r2 QPUs show a median two-qubit error of 0.32 %, while
the registered Eagle-family snapshots show 20.60 %. This is the same generation-level
contrast seen in the simulator sweep, now visible from the fleet dashboard.

v E- Coherence (T1, T2)

T1by QPU (E - energy relaxation, higher is better) G T2 by QPU (E - dephasing, higher is better) G

fake-brisbane 3 S fake-brisbane 150.04 ps
fake-kyoto .66 us fake-kyoto 109.59 us
[m— z fake-marrakesh 118.43 us
fake-osaka 287.31 s fake-osaka 139.96 ps
fake-sherbrooke — 278.42 us fake-sherbrooke 170.01 us
fake-torino ([ 184.99 us fake-torino 140.94 ps
ibm-fez (D 10211 us ibm-fez 90.21 us
ibm-kingston (D 174.58 s ibm-kingston 117.04 ps

ibm-marrakesh (RS 196.04 ps ibm-marrakesh 98.82 s
fake-fez (D 144.86 us fake-fez 87.95us

Family comparison
2Q error by processor family (hardware-generation progression) G Registered QPUs by family G

Falcon
| 1.4346%

Eagle

Heron
| 0.3165%

Figure 7.18: The QPU dashboard’s Errors section: per-operation gate and readout error medians, Ty
and Ty coherence, and a family-comparison row grouping QPUs by processor family.
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7.8.2 Circuit dashboard: per-instance drilldown

The Circuit dashboard pivots follows the primitives of RED monitoring method as a
characterized workload. Its panels are organised around circuit performance dimen-
sions, trying to explain the circuit results and execution internals Figure 7.19.

Algorithm shor x X v Experiment thesis x X v Circuit shor-lpdb7 v ' QPU substrate dashboard

Circuit Namespace QPU Mode Shots Source fori

shor-lpdb7 default aer-statevector run 1024 qgiskit

Transpilation

v Results — measurement outcomes (Qiskit plot_histogram-style)

Outcome counts by bitstring

500
450
400

350

0000 == 1000

Figure 7.19: The Circuit dashboard for one of the executed circuits, with the label ezperiment=thesis.

The dashboard pivot shows the value of the label model. The $experiment tem-
plate variable filters every panel to the Circuits that share the same experiment label.
This lets an operator or engineer to compare substrate behaviour side by side without
writing custom PromQL queries. (Figure 7.20, Figure 7.21, Figure 7.22).
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Datasource Prometheus Algorithm shor x Experiment

+ @ QPU substrate dashboard

Circuit identity G

Circuit Namespace QPU

shor-m4n5v default fake-fez run

Transpilation ©

Circuit Depth 2K 1QGates vA ¢ 2Q Gates

>

Lifecycle phases (where time went)

v Results — measurement outcomes (Qiskit plot_histogram-style)

Outcome counts by bitstring
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Figure 7.20: The Circuit dashboard for the perf-test execution on fake-fez.
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Figure 7.21: The same dashboard pivoted on the fake-marrakesh variant. Substrate-comparative

reading reduces to changing one template-variable selector.
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Datasource Prometheus ~ Algorithm X v Experiment thesis-perf-test x v Circuit shor-s8626
+ @ QPU substrate dashboard

Circuit Namespace QPU Mode Shots Source for

shor-s8626 default fake-kyoto qiskit

Transpilation ©®

Circuit Depth 2# 1Q Gates 2 K PLEey 474 REEREES

+ Addpanel < Group panels

> Lifecycle

v Results — measurement outcomes (Qiskit plot_histogram-style)

Outcome counts by bitstring
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Figure 7.22: The same dashboard pivoted on fake-kyoto with Eagle r3.

7.8.3 Cross-boundary correlation: linking to IBM Quantum

The Circuit dashboard’s identity panel links a QCC run to the vendor-side job. The
provider_job_id value returned at submission is stored on status.providerJobId

and exposed asalabel onqcc_circuit_info. Together, metadata.uid and status.providerJobId
connect the Kubernetes Circuit to the corresponding IBM Quantum job. This is shown

for Circuit shor-2vv42 on ibm-kingston, whose provider job is d89dinp789is73935r0g.

The same identifier is used as a Grafana deep-link. In Figure 7.23, the provider_job_id
cell provides an Open on IBM Quantum action. The dashboard resolves the link from
the gcc_circuit_info series and opens the IBM Quantum Console result page for the
same job (Figure 7.24).

v |dentity + shape
Circuit identity

QPU Mod Shots Source format Provider job id K8s UID

ibm-kingston qgiskit d89dinp789is73¢ 3 2 'afb048

Open on IBM Quantum (only valid for real-
hardware job ids)

Figure 7.23: The Circuit dashboard’s identity panel for shor-2vv42, showing the provider_job_id
cell with the Open on IBM Quantum data link.
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Figure 7.24: The IBM Quantum Console results page for job d89dinp7891s73935r0g.

Starting from the vendor console, the correlation works in the opposite direction as
well. At submission time, the executor stamps the Circuit’s Kubernetes UID onto the
IBM Quantum job as a qcc.circuit.uid tag. The console can therefore show which
Kubernetes Circuit owns the vendor-side job (Figure 7.25).

This vendor-side tag complements the recorded providerJobId. Together, the two
identifiers make the run traceable from either side: from QCC to IBM Quantum through
the provider job id, and from IBM Quantum back to QCC through the Circuit UID. The
correlation is available while the job is running and after it terminates, using standard
QCC and vendor tooling rather than a separate execution archive.

Details Edit tags & Status and usage
User Region Program Status
Ioannis Savvaidis Washington DC sampler @ Completed
(us-east)
Instance # of PUBs Total completion time
qce Mode 1 4m 22s
Job
Quantum computer Tags Total usage
ibm_kingston qcce.circuit.uid:32afb048-6ce4-... 3s

View calibration history
@ Created: May 24,2026 at 1:56 PM

@ Pending: 1s

@ Inprogress: May 24, 2026 at 1:56 PM
‘ Usage: 3s

@ Completed: May 24, 2026 at 2:00 PM

Figure 7.25: The IBM Quantum Console Details panel for the ibm_kingston job behind Circuit
shor-2vu42. The gcc. circuit.uid:32afb048-.. tag is visible in the panel’s Tags field, stamped by
the executor at circuit submission. The vendor-side annotation lets the console point back to QCC stack’s
Circuit.
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7.9 Tuning the transpiler

QCC uses a two-tier schema to absorb vendor-SDK parameters without turning ev-
ery provider option into a first-class API field. Tier 1 contains the stable orchestration
params supported directly for QCC CLI, for easy command-line use during experi-
ments — fields such as backend selection, shot count, and optimisation level. Tier 2
contains passthrough blocks for more advanced use cases, as an experimental feature,
of transpilation and execution stages — provider or stage-specific options that QCC
forwards to the executor without interpreting them.

The evaluation uses the substrate ibm-kingston and uses 4096 shots, so the com-
parison isolates transpilation rather than backend variance. The default v1 run from
Section 7.7 is the baseline. The next two runs apply changes in sequence: v2 raises the
Tier 1 optimisation level, and v3 adds a Tier 2 scheduling pass.

The first manifest, shor-v2.yaml, changes only the Tier 1 field. The v1 runs left
optimizationLevel unset, which used Qiskit’s default level 1 preset. v2 sets it to 3,
Qiskit’s most aggressive optimisation preset, and makes no other transpilation change:

apiVersion: qcc.io/vialphal
kind: Circuit
metadata:
generateName: shor-tuned-kingston-
labels:
gcc.io/algorithm: shor
gcc.io/algorithm-version: v2
gcc.io/experiment: thesis
spec:
mode: run
shots: 4096

optimizationLevel: 3

shor-v3.yaml adds a single field, a transpile block carrying scheduling_method:
alap, the as-late-as-possible scheduling pass that inserts explicit delay instructions to
push gate operations toward the end of the schedule:

apiVersion: qcc.io/vialphal
kind: Circuit
metadata:
generateName: shor-tuned-kingston-
labels:
gcc.io/algorithm: shor
gcc.io/algorithm-version: v3
gcc.io/experiment: thesis
spec:
mode: run
shots: 4096
optimizationLevel: 3
transpile:

scheduling_method: alap
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The scheduling_method: alap, passes the scheduling method to Qiskit’s transpile()°®
function signature. QCC accepts the value in the Tier 2 block and passes it to the ex-
ecutor’s transpilation call unchanged, so the option can be used without a CRD change
or controller rebuild.

The runs are submitted with kubectl create -f rather than through the CLI. This
is intentional since Tier 2 block is not supported in QCC CLIand isnot typed in Circuit
CRD.

$ kubectl create -f examples/thesis/circuits/shor-v2.yaml

$ kubectl create -f examples/thesis/circuits/shor-v3.yaml

The result cards show how the transpiled circuit shape and outcome distribution
change on the same backend, ibm-kingston, Figure 7.26 and Figure 7.27.

Q-C-C 1.0.0

shor-tuned-kingston-nh7q9
v shor-tuned-kingston-nb7q9 - run - on ibm-kingston - degraded signal (error exposure = 1.3)
setup

phase Succeeded
source (Qiskit

shots 4096
job d89elfqs4b6sc73fah88g
backend
name ibm-kingston (156q - 352 edges - 10 basis gates)
processor Heron r2

calibrated 2026-05-16 (8d ago)

gate errors 1Q 2.74e-04 - 2Q 2.03e-03 - readout 1.65e-02
coherence T1 175 ps - T2 117 pus

cycle time dt = 4 ns

circuit
transpiled depth 1523 - 2054 gates - 440 2Q
exec time ~103.56 ps (critical-path estimate)
error exposure = 1.3 events/shot (approaching gate-error budget)

fidelity bound P(no gate error) = 0.26 (excludes readout & coherence)

results
0000 540
0001 149
0010 315
0011 173
0100 394
0101 125
0110 214
0111 176
1000 530
1001 129
1010 314
1011 167
1100 362
1101 132
1110 218
1111 158

> gasm gcc get circuit shor-tuned-kingston-nb7q9 --gasm

Figure 7.26: v2, the level-3 transpile: optimizationLevel=3, a Tier-1 field, with no Tier-2 block.

Shttps://tinyurl.com/bdht6bzk
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Q-c-C 1.0.0

shor-tuned-kingston-62qzb
v shor-tuned-kingston-62qzb - run - on ibm-kingston - degraded signal (error exposure & 1.5)
setup

phase Succeeded
source qiskit

shots 4096
job d89e110p0eas73dohéud
backend
name ibm-kingston (156q - 352 edges - 10 basis gates)
processor Heron r2

calibrated 2026-05-16 (8d ago)

gate errors 1Q 2.74e-04 - 2Q 2.03e-03 - readout 1.65e-02
coherence T1 175 ps - T2 117 us

cycle time dt = 4 ns

circuit
transpiled depth 1524 - 2548 gates - 442 2Q
exec time ~103.63 ps (critical-path estimate)
error exposure = 1.5 events/shot (approaching gate-error budget)

fidelity bound P(no gate error) = 0.23 (excludes readout & coherence)
results

0600
0601
0010
0011
0100
0101
0110
0111
1000
1001
1010
1011
1100
1101
1110
1111

» gasm gcc get circuit shor-tuned-kingston-62qzb --gasm

Figure 7.27: v3: the same level-3 transpile plus transpile.scheduling_method=alap, a Tier-2
passthrough.

Each result card reports two related quantities. The first is the empirical correct-
period mass, defined in Equation 7.1. For the v2 baseline (Figure 7.26), 540 shots land
on 0000 and 530 on 1000, gave (540 + 530)/4096 = 26.1%.

The second is the modelled fidelity bound, P(no gate error) ~ 0.26, computed from
the transpiled gate count and the backend’s per-gate error rates. This bound excludes
readout error and coherence loss, so it is not a prediction of the final bitstring distribu-
tion. It is a compact estimate of gate-error exposure.

The purpose of the comparison is not to claim an optimal transpilation strategy.
Raising the optimisation level is a routine Qiskit operation. The point is that QCC
makes both the empirical outcome and the modelled exposure visible for each run. A
larger shot count sharpens the estimate of correct-period mass, but it does not itself
improve the result. The result changes when the transpiled circuit changes.

The v2—v3 step isolates the effect of the Tier 2 scheduling option. The same teleme-
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try surface shows the change in circuit shape: the transpiled gate count rises from 2054
in v2 (Figure 7.26) to 2548 in v3 (Figure 7.27), a +494 increase caused by inserted de-
lay instructions. The modelled fidelity bound falls from 0.26 to 0.23. The measured

outcome, however, remains close to v2:

(554 + 546) /4096 = 26.9%.

Read end to end, the experiment forms a single visible arc (Table 7.1). The ideal
simulator returns the expected period states with full mass,

(517 + 507)/1024 = 100%.

The default level-1 real-hardware runs do not clear the 12.5% noise floor. ibm-fez gives
(56 +55)/1024 ~ 10.8%, ibm-marrakesh gives (42 +44)/1024 ~ 8.4%, and ibm-kingston
gives (41 + 41)/1024 ~ 8.0%.

The v2 run changes one Tier 1 field by setting optimizationLevel to 3. This reduces
the transpiled depth from 2048 to 1523 and lifts the correct-period mass to

(540 + 530)/4096 ~ 26.1%,

clearing the noise floor. The v3 run then adds the Tier 2 alap scheduling option. This
changes the schedule and increases the gate count, but leaves the measured outcome
within sampling noise of v2. The point of Table 7.1 is therefore operational: a stable
Tier 1 field recovers the signal, while a vendor-specific Tier 2 option changes the tran-

spiled shape without materially changing the observed period mass.

Table 7.1: The full run arc on the Shor N =15 circuit, from the ideal simulator through the default
level-1 v1 sweep to the tuned v2 / v3 runs on ibm-kingston.

Run Transpilation Shots 0000+1000 Success
Aer (ideal) default 1024 517+ 507 = 100%
ibm-fez (v1) default, L1 1024 56 + 55 10.8%
ibm-marrakesh (v1) default, L1 1024 42 + 44 8.4%
ibm-kingston (vl)  default, L1 1024 41 +41 8.0%
ibm-kingston (v2)  level 3 (Tier-1) 4096 540 + 530 26.1%

ibm-kingston (v3)  level 3 + alap (Tier-2) 4096 554 4 546 26.9%

The same v2—v3 comparison can be achieved through the Circuit dashboard of Sec-
tion 7.8.2. All statistics are published as qcc_circuit_* metrics and can be inspected
through the dashboard or queried directly with PromQL. This lets an engineer examine
an experiment from the metric surface itself Figure 7.28, Figure 7.29.
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Transpilation
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Figure 7.28: v2 rendered through the Circuit dashboard.
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Transpilation
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Time spent per phase Running phase decomposition

Pending |

on-QPU Time

Selecting |

Submitting

off-QPU Time

Running

Results — measurement outcomes (Qiskit plot_histogram-style)
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Figure 7.29: v3 rendered through the same dashboard: the gate-count panel shows the alap inflation as
a panel-level delta.



Discussion

Chapter 7 demonstrated QCC end to end on a single workload. This chapter reads
that demonstration back against the five requirements of Section 6.1, reflects on which
architectural commitments held under implementation, sets out the limitations of the
system and its evaluation, and closes on the direction the work points.

8.1 Analysis

Each of the five requirements in Section 6.1 set an acceptance criterion. Chapter 7 sup-
plies the evidence. Table 8.1 gives the verdict for each one, with the demonstration that
supports it.

Table 8.1: R1-R5 acceptance status under the demonstrated prototype (QCC v1.0.0).

Req. Requirement Verdict  Evidence

R1 Declarative infrastructure Satisfied Section 7.2; Figure 7.3

R2 Observable through industry Satisfied Section 7.8; Figure 7.15, Figure 7.16
standards

R3 Portgble and modular across Satisfied Section 7.1; Section 7.9
providers

R4 Corrglated across the boundary in Satisfied Section 7.7; Section 7.8.3
real time

R5 Monitored backend quality Satisfied Section 7.6, Section 7.7, Section 7.8

R1 called for the platform to deploy declaratively on commodity hardware, by
a single developer and with no dedicated operations team. The demonstration met
this directly. One declarative package brought up the controller, the executor, the
CRDs, and the observability wiring on a local kind cluster, on a single machine (Sec-
tion7.2). The registry then listed three IBM Heron QPUs, ibm-fez, ibm-kingston, and
ibm-marrakesh, alongside ten simulators (Figure 7.3). kind is a conformant cluster,
and the platform uses only standard Kubernetes primitives.

108
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R2 called for operational state to be observable through industry-standard teleme-
try. Each circuit and backend emits its state through the gcc.* specification, over
OTel and Prometheus. A stock kube-prometheus-stack collects the signals, and two
Grafana dashboards display them (Section 7.8). Nothing custom sits between the plat-
form and the data. An operator already running this stack sees quantum workloads
the same way as everything else on the cluster. The dashboards show change as well
as state. The transpiler experiments of Section 7.9 appear there as shifts in the same
metrics, with no separate measurement.

R3 called for portability across providers behind a stable interface. Two adapters,
Aer and IBM, were built against one gRPC contract, and the controller imports no
vendor code (Section 7.1). The boundary was then tested with a provider option
the platform had never seen, the alap scheduling pass. It was carried through as a
Tier-2 passthrough. The gate count moved from 2054 to 2548, while the controller, the
schema, and the telemetry stayed the same (Section 7.9). The vendor option reached
the executor with no change above the adapter.

R4 called for a workload to be followed across the boundary in real time. The
recorded providerJobId linked a Circuit to its vendor job in both directions. It was
queryable on gqcc_circuit_info and appeared on the result card as a console deep-
link. While a job was still running, the card showed its transpiled shape, its queue po-
sition, and how wall-clock time split between the QPU and orchestration (Section 7.8.3,
Section 7.7). The boundary stayed visible during the run, not only after it.

R5 called for backend quality to be treated as a measured signal, read from teleme-
try rather than assumed from a published specification. Each backend exposed its
coherence, its gate and readout error rates, its gate timing, and its calibration date,
alongside every run’s outcome distribution (Section 7.6). The real-hardware sweep
showed why this matters. At the default transpilation, all three Heron 12 backends sat
at or below the 12.5 % noise floor, the level a fully decohered run produces. The period
signal did not survive on any of them (Section 7.7). No backend cleared the floor until
the transpiler tuning of Section 7.9 improved the results dramatically.

8.2 Retrospective

Three design decisions shaped the build. Each proved its worth in a different way as
the work progressed.

Separating the controller from the executor added a second moving part where
one might have been enough. The cost was clear from the start. The value is that
the two sides change on their own terms. The executor holds the quantum SDK and
can be updated by itself. The controller handles orchestration and stays put. A single
combined process would tie the two together, so a change to one would disturb the
other.

Keeping provider options in a passthrough tier, instead of modelling each one in
the schema, let the schema stay still as the evaluation grew. Each option that mattered
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during testing was reachable by editing a manifest, with no new fields and no new code.
The work could try different transpiler settings without the schema chasing every knob.

Treating backend selection as something to measure, not predict, kept the system
modest about what it claimed. Rather than commit to a scoring function and defend it,
the platform runs a workload across candidates and reads the result. A richer policy
can be added later, in the same place. The hardware findings rewarded this caution.
As the analysis showed, the obvious single-number ranking would have been wrong.

8.3 Limitations

The work is bounded in two ways: in scope, and in what a single evaluation can estab-
lish. The exclusions of Section 1.3 are out of scope by design: hardware-level control,
algorithm design, error correction, and quantum networking. So are the concerns of a
hardened production deployment, such as high availability and multi-tenant isolation.
Within scope, the system has the following bounds.

e Vendor coverage. Vendor neutrality rests on the gRPC contract. Two adapters, Aer
and IBM, exercise it here. Further providers, such as Rigetti or AWS Braket, are
additional adapters against the same contract.

o Input format. The platform accepts Qiskit and OpenQASM. Qiskit source runs
in the executor’s Python runtime, so it depends on the libraries in that image.
OpenQASM is self-contained, which makes it the portable submission format.

o Workload and selection. The evaluation uses one algorithm, Shor’s factoring of N =
15, submitted once. Iterative variational workloads such as VQE use a tightly-
looped model, different from the asynchronous submission the platform targets.

e Calibration freshness. A backend’s calibration is read once, at registration. For
live hardware it ages between probes. The dashboard shows this, and a periodic
refresh would keep it current.

e Submission boundary. A short window sits between a submission and the record-
ing of its providerJobId. A controller restart in that window could leave a job

unreconciled. None did across the evaluation.

The evaluation itself is a set of single runs at fixed shot counts. It shows that the
telemetry tells substrates and transpiler settings apart; it does not benchmark them.
Calibration refresh and the submission boundary return as future work in Chapter 9.

8.4 Outlook

Two consequences of expressing quantum execution in Kubernetes-native terms reach
beyond what the prototype demonstrates. Both are stated here as direction, not speci-
fication.

The first is ecosystem alignment, and the literature already traces the path. The or-
chestration prototypes surveyed in Chapter 5 move quantum execution steadily deeper
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into the Kubernetes resource model. Qubernetes runs a circuit as a built-in Kubernetes
Job (Stirbu et al., 2024). Qonductor adds a custom scheduler over CRDs (Giortamis et
al., 2025b). QCC raises that to a full operator, with typed Circuit and QPU resources.
The endpoint of the path is for a QPU to become a first-class resource the scheduler allo-
cates by profile, a request for a given fidelity, connectivity, or qubit count. Cloud-native
systems are not the only ones pointing there. Bacher et al. (2025), from the HPC side,
devote an appendix to the same idea: a Kubernetes Device Plugin that exposes quan-
tum computers as cluster resources, the way GPUs and FPGAs already are. It names
Dynamic Resource Allocation (DRA, generally available since Kubernetes v1.34!) as
the mechanism for sharing them across Pods. QCC is a current, operator-level instance
of this model, and its native form is that scheduler-allocated backend. Table 8.2 sets
this progression against the work that traces it.

Table 8.2: Kubernetes-native quantum execution across the literature and this work, ordered by depth
of integration.

Work Year Kuberne'ates Status
mechanism
Qubernetes (Stirbu et al., 2024) 2024 Built-in Job Implemented prototype
. . Custom scheduler
Qonductor (Giortamis et al., 2025b) 2025 over CRDs Implemented prototype
Operator with
QCC (this work) 2026 typed Circuitand  Implemented

QPU resources

Device Plugin with

QRMI appendix (Bacher et al., 2025) 2025 DRA

Proposed

The second is software-engineering practice. Once a circuit is an ordinary Kuber-
netes resource, the practices the rest of the software stack relies on carry over to quan-
tum work with little change. Circuits can be version-controlled, reviewed, and GitOps-
deployed like any other manifest. This gives quantum experiments a managed lifecycle
and a shared platform, where many people work against common infrastructure and
dashboards. Release engineering follows from the same property. An executor image,
its adapters, and the circuits it runs are versioned artefacts that can be promoted across
environments and rolled back. Performance testing becomes routine rather than be-
spoke: the performance-test that fanned one workload across substrates here extends
to a standing suite on a schedule. The same mechanism suggests a form of synthetic
monitoring for QPUs. A small, known circuit submitted on a regular cadence turns
each run into a probe of a backend’s current behaviour. Drift in calibration or outcome
quality then shows up as a monitored signal, not a surprise at run time. These are
directions the resource model opens, not features the prototype ships.

I https://kubernetes.io/blog/2025/09/01/kubernetes-vi-34-dra-updates/
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Conclusions and Future Work

This thesis set out to close an observability gap at the quantum-—classical interface.
Chapter 1 established the gap through a single diagnostic episode on ibm_sherbrooke.
Chapter 5 developed it through a survey of existing orchestration and observability
work, and Section 6.1 named it as five requirements. Chapter 6 answered with the
QCC architecture, Chapter 7 showed it working, and Chapter 8 reflected on what that
revealed. This chapter consolidates the contribution and sets out where it leads.

9.1 Summary of contributions

The thesis contributes at the interface layer, not in quantum algorithms or execution
speed. Five things stand out.

The first is the QCC architecture: a cloud-native form of the orchestration layer
that Seelam et al. (2026) identified but left unspecified. It applies the Kubernetes oper-
ator pattern: custom resources reconciled by a controller, with workload-specific work
delegated to an executor behind a typed gRPC contract. A Go controller handles the
Kubernetes side, a Python executor the Qiskit side. Chapter 6 describes the design,
and Section 8.2 reflects on the choice.

The second is a set of three observability primitives. A per-instance audit trail is
recorded in each resource’s status.conditions. A gcc.* Prometheus metrics specifi-
cation, fourteen in all, aggregates behaviour across many Circuits. A cross-boundary
identifier links a Circuit’s Kubernetes UID to its vendor provider_job_id in both di-
rections: the UID travels forward as an IBM job tag, and the provider_job_id returns
as a Prometheus metric label.

The third is the cross-substrate evaluation primitive, gqcc run --performance-test.
One command fans the same workload across every available substrate, and the Circuit
dashboard’s experiment-label pivot renders the comparison. This is the R5 contribu-
tion (Table 8.1). It ships measurement, not prediction.

The fourth is the operator-facing dashboards. They recast two classical SRE meth-
ods for quantum substrates. The USE method drives the backend dashboard, with util-
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isation read as calibration freshness, saturation as availability, and errors as the gate-
error and coherence envelope. The RED method drives the per-Circuit view. These are
working dashboards, not a new methodology (Section 7.8.1).

The fifth is the open-source release of QCC v1.0.0: the controller, the executor, the
CLI, the deployment manifests, the two dashboards, and example workloads as repro-
duction targets. The standardisation path below depends on a reference implementa-
tion that others can run and extend.

Together these satisfy all five requirements. R1 to R4 are met by artefacts the proto-
type ships and Chapter 7 demonstrated. R5, calibration-aware evaluation, is met by the
--performance-test primitive. The predictive scoring that would automate backend
choice is future work, not a missing part of R5.

9.2 Standardisation trajectory

Two of the architectural decisions are candidates to outlive the thesis as community
standards.

The first is a Quantum Execution Interface (QEI): a vendor-neutral wire specifica-
tion for backend access, modelled on the Container Runtime Interface (Kubernetes Au-
thors, 2025) and the Container Network Interface (CNI Maintainers, 2025). The Kuber-
netes precedent shows what such a standard produces: the kubelet ships no container
runtime; it consumes CRI, and the ecosystem supplies the plugins. A QEI would spec-
ify the executor’s RPCs, their conformance rules, and a discovery mechanism. Vendors
could then ship QEI plugins from their own runtimes, and any conformant orchestrator
would consume them, QCC being the first. QCC’s executor is one reference implemen-
tation; a standard would let several orchestrators and vendor plugins coexist.

The second is the qcc. * metric schema. The OpenTelemetry semantic-conventions
registry has no quantum namespace, a gap confirmed during the Chapter 5 survey. The
schema developed in Section 6.7 is structured to be submitted as a quantum-workload
proposal under a quantum. * namespace. The thesis ships the working vocabulary; the
community would refine and ratify it.

The two compose. A QEI plugin would emit quantum. * telemetry, and any Open-
Telemetry backend would render it, with or without an orchestrator in between.

9.3 Future work

Several extensions are within reach of the prototype. Each fits a slot the architecture
already exposes.

o Predictive selection. Only the first move of the selection chain ships, a hard-constraint
first-match (Section 6.6.2). The later moves add calibration-aware scoring over
transpilation metrics and layout fidelity. The selection slot is a strategy interface,
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so a Qonductor-style scheduler (Giortamis et al., 2025b) or a mapomatic-style lay-
out evaluator is a single swap.

Calibration refresh. Calibration is read once, at registration (Section 8.2). A TTL-
driven re-probe in the QPUReconciler, with a deadline policy that fails Circuits
whose substrate is too stale, would close the gap.

Distributed tracing. The OpenTelemetry tracer is wired but emits no spans in
v1.0.0. Emitting spans at phase boundaries would render each Circuit’s lifecy-
cle as a trace, with the trace ID joining the forward-correlation set.

Vendor reach. Three adapters are near-term: a generic Qiskit-provider adapter
(IonQ, Rigetti, IQM, AQT), a QRMI adapter (Bacher et al., 2025), and a CUDA-Q
adapter. Each is a Python class on the executor’s resolver.

Iterative workloads. The Circuit CRD captures one submission. Hybrid algo-
rithms such as VQE (Peruzzo et al., 2014) and QAOA (Farhi et al., 2014) need
a higher-level Workflow CRD that composes Circuits and inherits their observ-
ability surface.

Production hardening. Mutual TLS on the controller—executor channel, multi-tenant
isolation, durable result storage, and a reconciliation primitive for the submission-
boundary window (Figure 6.6.1) remain outside the MSc scope.

9.4 Closing remarks

The episode that motivated the thesis was a small circuit execution on ibm_sherbrooke

with a noisy output and with no operational way to ask why it looked that way. The

thesis answered it by building the layer that was missing.

The same design choice that makes the answer work makes it extensible. The Circuit

and QPU resources are not only how QCC expresses quantum work; they are a foun-

dation other systems can build on without touching the control plane.

The machinery is borrowed from Site Reliability Engineering (Beyer et al., 2016),

Systems Performance Methodology (Gregg, 2014), OpenTelemetry, the Prometheus

operator, and the Kubernetes ecosystem. The contribution is not that the machinery

is new, but that the wiring did not exist before. The thesis wired it once, showed that

it works, and proposed the schemas under which others can extend it. The code is an

artefact, the schemas are an invitation, and the wiring is the contribution.
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Diagnostic Tools

The following functions were developed during MSc coursework to investigate quan-
tum circuit execution behaviour across different backends. They are referenced in
Chapter 1 and informed the experimental methodology described in Chapter 7. The
code was developed using Python 3.11.1, Qiskit 1.1.1, Qiskit IBM Runtime 0.27.0, and
Qiskit Aer 0.14.2.

A.1 Required Imports

from qiskit import QuantumCircuit, QuantumRegister, ClassicalRegister

from giskit.providers import BackendV2

from giskit.visualization import plot_histogram, timeline_drawer

from qiskit.transpiler.preset_passmanagers import (
generate_preset_pass_manager)

from qiskit_aer import AerSimulator

from qiskit_ibm_runtime.fake_provider import FakeSherbrooke

from qiskit_ibm_runtime import (
QiskitRuntimeService, SamplerV2 as Sampler)

import matplotlib.pyplot as plt

A.2 Circuit Diagnostics

The metrics () function accepts a quantum circuit, its transpiled form, a backend refer-
ence, and measurement counts. It produces a suite of diagnostic plots: circuit diagrams
before and after transpilation, circuit depth comparison, operation counts (total opera-
tions, gates, and non-local gates), scheduling timeline via timeline_drawer () for real
or noisy backends, per-gate duration on a logarithmic scale with estimated total exe-

cution time, and measurement histograms.

def metrics(circuit=QuantumCircuit,

128
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transpiled_circuit=QuantumCircuit,
backend=BackendV2, counts=None):
labels = ['Before Transpilation', 'After Transpilation']

experiment = backend.name

circuit.draw(output='mpl')

plt.show()

transpiled_circuit.draw(output='mpl', idle_wires=False)
plt.show()

# Circuit depth comparison
depths = [circuit.depth(), transpiled_circuit.depth()]
plt.figure(figsize=(6, 4))
plt.bar(labels, depths, width=0.7, color=['blue', 'green'])
plt.ylabel('circuit_depth')
for index, data in enumerate(depths):

plt.text(x=index, y=data + 1, s=f"{datal}")
plt.tight_layout()
plt.show()

# Operation counts: total ops, gates, mon-local gates
operations = [sum(circuit.count_ops().values()),
sum(transpiled_circuit.count_ops() .values())]
gates = [circuit.size(), transpiled_circuit.size()]
nonlocal_gates = [circuit.num_nonlocal_gates(),
transpiled_circuit.num_nonlocal_gates()]
fig, (axl, ax2, ax3) = plt.subplots(3, 1)
axl.bar(labels, operations, color=['blue', 'green'])
axl.set_ylabel('operations')
for index, data in enumerate(operations):
axl.text(x=index, y=data + 1, s=f"{datal}")
ax2.bar(labels, gates, color=['blue', 'green'])
ax2.set_ylabel('Gates')
for index, data in enumerate(gates):
ax2.text(x=index, y=data + 1, s=f"{datal}")
ax3.bar(labels, nonlocal_gates, color=['blue', 'green'])
ax3.set_ylabel('Non-local Gates')
for index, data in enumerate(nonlocal_gates):
ax3.text(x=index, y=data + 1, s=f"{datal}")
fig.tight_layout()
plt.show()

# Scheduling timeline (real/noisy backends only)

if experiment != "aer_simulator":
timeline_drawer (transpiled_circuit, show_idle=False)
plt.show()

# Per-gate duration analysis (real/noisy backends only)
if experiment != "aer_simulator":

gate_lengths = {}

backend_properties = backend.properties()

for instruction in transpiled_circuit.data:
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qubits = [qubit._index for qubit in instruction.qubits]
gate_name = instruction.operation.name
if gate_name in ['barrier', 'measure', 'delay']:
continue
gate_duration = backend_properties.gate_length(
gate_name, qubits)
if gate_duration:
if gate_name in gate_lengths:
gate_lengths[gate_name] += gate_duration
else:
gate_lengths[gate_name] = gate_duration
total_gate_time = sum(gate_lengths.values())
estimated_time = (transpiled_circuit.depth()

* total_gate_time)
plt.figure(figsize=(6, 4))
plt.bar(gate_lengths.keys(), gate_lengths.values())
plt.xlabel('Gate')
plt.ylabel('duration')
plt.yscale('log')
plt.title(

f"Estimated Duration {estimated_time:.10f} seconds")
plt.tight_layout()
plt.show()

# Measurement histogram

if counts is not None:
plot_histogram(counts)
plt.show()

A.3 Backend Comparison

The aer_mimic_simulation() function transpiles and executes a circuit on a given
backend using SamplerV2 with 4096 shots (the primitive’s default). It applies opti-
misation level 3 and ASAP scheduling for real or noisy backends, then passes results

tometrics() for analysis.

def aer_mimic_simulation(circuit=QuantumCircuit,
backend=BackendV2) :
""Simulation of a real backend characteristics."""
experiment = backend.name
if experiment == "aer_simulator":
pass_manager = generate_preset_pass_manager (
optimization_level=3,
backend=backend,
timing_constraints=(
backend.target.timing_constraints())
)
else:

pass_manager = generate_preset_pass_manager (
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optimization_level=3,

backend=backend,

timing_constraints=(

backend.target.timing_constraints()),
scheduling_method='asap'
)

transpiled_circuit = pass_manager.run(circuit, backend)
sampler = Sampler (mode=backend)
sampler.options.default_shots = 4096
job = sampler.run([transpiled_circuit])
print(£"Job ID is {job.job_id()}")
pub_result = job.result() [0]
counts = pub_result.data.cO.get_counts()

metrics(circuit, transpiled_circuit, backend, counts)
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