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Abstract
With the continuous advancement of quantum processor technologies such as
superconducting quantum processors, the efficient utilization of quantum pro-
cessors and the effective collaboration between quantum computers and classical
computing platforms have become urgent requirements for the practical develop-
ment of quantum computing. Benyuan Sinan is a quantum operating system de-
signed to meet this demand, providing services such as quantum task scheduling,
quantum resource management, quantum program compilation, and automated
qubit calibration, thereby uniformly and efficiently managing quantum comput-
ing resources. This paper proposes technical solutions for Benyuan Sinan, includ-
ing multi-quantum-processor load balancing, multi-quantum-program parallel
computing based on quantum circuit mapping, and automated qubit calibration
based on hidden Markov chains. Through a comparison of data before and after
connecting quantum computing platforms such as Benyuan Wuyuan to Benyuan
Sinan: in experiments testing four representative quantum circuits (QFT, GHZ,
DJ, BV), the fidelity of circuits mapped by Benyuan Sinan improved by at least
10% compared to the mapping results of the BMT algorithm; in experiments
running the GHZ quantum circuit, the single-quantum-processor parallel com-
puting and multi-quantum-processor load balancing capabilities provided by
Benyuan Sinan improved the operational efficiency of quantum processors by at
least 120%. Benyuan Sinan can collaboratively schedule computing resources
such as quantum processors (QPU) and classical computers, providing effective
resource management for the widespread use of quantum computing.

Full Text
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Origin Pilot: A Quantum Operating System for Efficient Utilization
of Quantum Resources
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Abstract

With continuous advances in quantum processor technologies such as supercon-
ducting systems, the efficient utilization of quantum processors and effective
collaboration between quantum and classical computing platforms have become
urgent requirements for the practical development of quantum computing. Ori-
gin Pilot is a quantum operating system designed to address these needs. It
provides services including quantum task scheduling, quantum resource manage-
ment, quantum program compilation, and automated qubit calibration, enabling
unified and efficient management of quantum computing resources. This paper
proposes technical solutions for Origin Pilot, including multi-quantum processor
load balancing, multi-quantum program parallel computing based on quantum
circuit mapping, and automated qubit calibration based on implicit Markov
chains. By comparing data before and after integrating the Wuyuan quantum
computing platform with Origin Pilot, we demonstrate that for four representa-
tive quantum circuits (QFT, GHZ, DJ, BV), the fidelity of circuits mapped by
Origin Pilot improves by at least 10% compared to the BMT algorithm. In exper-
iments running GHZ circuits, Origin Pilot’s single-processor parallel computing
and multi-processor load balancing capabilities increase quantum processor op-
erational efficiency by at least 120%. Origin Pilot can coordinate quantum pro-
cessors (QPUs), classical computers, and other computing resources, providing
effective resource management for widespread quantum computing adoption.

Keywords: Origin Pilot; Quantum Operating System; Quantum Computing;
Quantum Processor

1 Introduction

Quantum computing represents a novel computational paradigm that combines
quantum mechanics with computer science. It uses quantum bits as basic com-
putational units and leverages quantum properties such as superposition and
entanglement to achieve exponential speedup over classical computing for spe-
cific problems. Quantum computing demonstrates computational advantages
over classical methods in numerous fields, including asymmetric cryptography,
quantum chemistry, finance, and machine learning.
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Currently, the primary physical implementations of quantum computing include
superconducting systems, semiconductor spin systems, ion trap systems, and
optical systems. With improvements in both hardware (such as material and
process enhancements, environmental noise optimization, and control electron-
ics development) and software (including quantum control architectures and
basic quantum software), preliminary applications of quantum computing have
become feasible. On one hand, Google demonstrated “quantum supremacy”in
2019 by validating superior computational capability on a 53-qubit Sycamore
chip for random circuit sampling problems. On the other hand, cloud-based
quantum computing services from providers including IBM, D-Wave, Google,
Rigetti, and Origin Quantum have begun serving diverse tasks and accumulat-
ing non-specialist users and researchers.

However, as quantum computing resources, demands, and general users grow
rapidly, managing quantum computing devices and efficiently utilizing quan-
tum resources have become key obstacles. Henry Corrigan-Gibbs et al. first
proposed the concept of a Quantum Operating System, describing three poten-
tial underlying hardware architectures: quantum FPGA (attached to classical
CPU), quantum x86 (implementing classical x86 instruction sets plus universal
quantum instruction sets), and quantum distributed systems. Reid Honan et
al. constructed a serializable conflict graph by analyzing relationships between
quantum programs, qubit mapping, and connectivity, proposing a method for
parallel execution of multiple quantum programs on a single quantum processor.
To shield application developers from physical details of underlying hardware,
UK’s Riverlane released Deltaflow.OS, while Austria’s ParityQC released Par-
ityOS for compilation optimization on specific quantum processors. Despite
these solutions, challenges remain in multi-quantum processor scheduling and
automated qubit calibration and optimization.

Multi-quantum processor scheduling: Current cloud-based quantum com-
puters require users to manually select quantum processors rather than hav-
ing the system automatically allocate tasks based on availability and feasibility.
This leads to localized resource congestion while other resources remain idle. Ef-
ficient automatic resource allocation and scheduling across multiple processors
based on resource consumption is needed.

Automated qubit calibration and optimization: Qubits are vulnerable to
environmental noise and performance instability, reducing quantum gate fidelity
and causing incorrect computation results. Current offline periodic calibration
suffers from two problems: (a) qubit quality cannot be guaranteed between cali-
bration intervals, and (b) well-functioning qubits cannot provide computational
services during calibration, wasting resources. Google developed an on-demand
automated calibration system called Optimus, though its online calibration ca-
pabilities remain unclear.

To address these challenges, this paper proposes Origin Pilot, a quantum op-
erating system that efficiently utilizes quantum resources. Through four core
services—quantum thread scheduling, automated qubit calibration and optimiza-
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tion, quantum program compilation, and quantum resource management—Ori-
gin Pilot effectively solves these problems and improves quantum resource uti-
lization efficiency.

The remainder of this paper is organized as follows: Section 2 introduces basic
concepts of quantum computing and quantum operating systems. Section 3
presents the overall architecture and workflow of Origin Pilot. Section 4 details
solutions for multi-quantum processor load balancing, multi-quantum program
parallel computing, and automated qubit calibration. Section 5 provides exper-
imental validation. Section 6 discusses future trends and work.

2.1 Quantum Computing
A quantum bit is the fundamental unit of quantum computing. Unlike classical
bits that can only represent 0 or 1 at any time, a quantum bit can exist in a
superposition state: |𝜓⟩ = 𝛼|0⟩ + 𝛽|1⟩, where 𝛼, 𝛽 ∈ ℂ and |𝛼|2 + |𝛽|2 = 1.
Quantum measurement collapses the quantum state to a classical outcome with
specific probabilities.

Quantum logic gates are unitary transformations acting on quantum bits that
implement state transformations. Unlike classical logic gates, quantum gates
are reversible. Universal quantum computing requires only single-qubit unitary
transformations and two-qubit CNOT gates. Specifically, single-qubit gates can
be generated by Hadamard, T, and S gates. Common quantum logic gates
include:

Single-qubit gates:

𝐻 = 1√
2

(1 1
1 −1) , 𝑆 = (1 0

0 𝑖) , 𝑇 = (1 0
0 𝑒𝑖𝜋/4)

Multi-qubit gates:

𝐶𝑁𝑂𝑇 =
⎛⎜⎜⎜
⎝

1 0 0 0
0 1 0 0
0 0 0 1
0 0 1 0

⎞⎟⎟⎟
⎠

The quantum circuit model is the most commonly used quantum computing
model. In this model, any unitary transformation can be implemented through
ordered combinations of universal quantum gates, which we call a quantum
circuit (similar to classical gate circuits, but with quantum gates). Quantum
circuits can be visualized as circuit diagrams, as shown in Figure 1 [Figure 1:
see original paper].

Generally, quantum circuits input the quantum state |0⟩⊗𝑛, and measurement
at the end yields computational results. A quantum program is an ordered
sequence of quantum gates, quantum measurements, and classical computations
that may include multiple quantum circuit segments.
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Quantum State Fidelity Due to environmental noise and quantum processor
imperfections, actual execution results often deviate from ideal outcomes. This
deviation can be measured using fidelity between ideal and actual quantum
states:

𝐹(𝜌, 𝜎) = (Tr√√𝜌𝜎√𝜌)
2

Higher fidelity indicates smaller deviation and better computational results.

2.2 Differences Between Classical and Quantum Computers
Quantum and classical computing follow different physical laws (quantum me-
chanics vs. classical mechanics), leading to fundamental differences in architec-
ture and computation methods. Key distinctions include:

Qubit Mapping: Quantum processors have different topologies and support
different native gates depending on fabrication processes. This makes qubit map-
ping efficiency vary dramatically between schemes. Additionally, each qubit’s
real-time state differs, adding complexity. This represents a fundamental differ-
ence from classical bit addressing.

Quantum Parallel Computing: Threads are the basic scheduling units in
classical operating systems, with single-core CPUs executing only one thread
at a time. Multiple threads achieve concurrency through context switching.
In quantum computing, quantum programs are the minimal execution units.
Due to quantum characteristics, quantum programs cannot be interrupted and
switched like classical programs. However, multiple quantum programs using
different physical qubits can execute in parallel on the same quantum processor.

Automated Qubit Calibration: Classical chips have mature fabrication and
stable bit performance without short-term fluctuations, so classical OS focuses
on resource utilization optimization like memory management. Quantum pro-
cessors suffer from performance degradation over time due to environmental
effects. Fixed error rates for single-qubit, two-qubit, and readout operations
yield invalid results. Only through continuous qubit property monitoring and
automated calibration can quantum OS ensure correctness. Stable, high-quality
qubit performance is prerequisite for multi-program parallelism and efficient re-
source utilization.

In summary, quantum computers require specialized qubit mapping, quantum
parallel computing, and qubit calibration—needs unmet by current classical op-
erating systems, making quantum OS development imperative.

2.3 Basic Definitions in Origin Pilot Quantum OS
Quantum Application: A quantum-classical hybrid program designed to com-
plete one or more computational tasks.
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Quantum Task: The basic task unit sent by a quantum application, repre-
sented as a quantum program. A quantum application may contain multiple
quantum programs, with results processed by classical algorithms.

Quantum Transaction: The basic execution unit on a single quantum proces-
sor. It can contain multiple quantum tasks that execute atomically—all tasks
complete or none do.

Quantum Thread: The basic scheduling unit in the quantum OS. The OS
schedules based on resources required by quantum transactions. A quantum
transaction becomes a quantum thread when assigned to a quantum processor,
serving as its execution vehicle.

Quantum Processor: The execution unit for quantum threads. A quantum
processor can execute only one quantum thread at a time, though multiple
processors may be used within one quantum application.

Quantum Resource: Physical systems following quantum mechanics laws for
quantum information processing and storage, with the quantum bit as the basic
unit. Resources include quantum processors, quantum memory, etc.

3.1 Overall Architecture
Origin Pilot adopts a quantum-classical hybrid architecture supporting multiple
backends including quantum processors, quantum virtual machines, and high-
performance computing clusters. Quantum computers require classical assis-
tance (e.g., verifying quantum results for NP problems), and hybrid algorithms
like quantum machine learning, quantum chemistry, and quantum finance play
important roles. Therefore, complete quantum applications require both quan-
tum task execution and classical information processing.

Origin Pilot classifies services as quantum or classical based on whether they
involve quantum computation, with coordinated interaction between them (see
Figure 2 [Figure 2: see original paper]).

Quantum Services handle quantum tasks and interface with quantum back-
ends, including quantum task scheduling, quantum resource management, au-
tomated qubit calibration, and quantum program compilation. These services
improve fidelity of parallel quantum computation and qubit utilization.

Classical Services handle classical computation, interfacing with classical
backends while managing quantum environment loading, system monitoring,
and device status. Services include job scheduling, system monitoring, logging,
quantum computer configuration, and device monitoring. These address large-
scale classical data processing needs in hybrid algorithms and ensure system
stability.

Quantum applications invoke these services through quantum programming
frameworks and distributed computing frameworks to achieve heterogeneous
quantum-classical distributed computing. Applications generate input data via
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classical services, create quantum programs, submit quantum tasks to quantum
services, and analyze results through classical services to produce subsequent
inputs. Users can also manage quantum devices and resources through the OS
resource manager.

3.2 Origin Pilot Workflow
The Origin Pilot workflow is illustrated in Figure 3 [Figure 3: see original paper]:

1. Users write quantum-classical hybrid applications in QRunes language.
The quantum compiler performs lexical, syntactic, and semantic analysis
to identify classical and quantum components, translating and optimizing
the quantum portion into quantum gates. It then compiles the applica-
tion into a quantum-classical hybrid executable submitted to the Origin
Pilot server. For applications requiring high-performance classical clusters,
users can employ distributed computing frameworks for classical code.

2. Upon receiving the executable, Origin Pilot runs it. Classical computa-
tion executes on the host server or, if using distributed frameworks, is
dispatched to high-performance clusters via the job scheduling system.

3. The quantum program portion submits its OriginIR (quantum intermedi-
ate representation) to the quantum task scheduling service. The scheduler
sorts tasks by priority and combines multiple high-priority tasks meet-
ing resource requirements into a quantum transaction. This transaction
undergoes qubit mapping to adapt to processor topology, then low-level
compilation to target instruction sets, producing executable programs and
pulse waveforms. The transaction is then sent to quantum devices. Before
execution, it binds to a quantum thread specifying the target processor,
recording transaction ID, processor ID, task IDs, executable program, and
occupied qubits. Results return via the quantum thread to the correspond-
ing tasks and hybrid application.

During quantum task execution, Origin Pilot continuously monitors and cali-
brates quantum resources through the automated calibration service. The cal-
ibration program periodically detects qubit states. If states fall below compu-
tational requirements, the service notifies resource management to mark qubits
as pending calibration and sends calibration tasks to the scheduler at highest
priority. Calibration tasks are combined with quantum tasks into transactions
for execution.

4 Solutions Provided by Origin Pilot
Having described the overall architecture and workflow, this section details so-
lutions for multi-quantum processor load balancing, multi-quantum program
parallel computing, and automated qubit calibration.
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4.1 Multi-Quantum Processor Load Balancing
Multi-quantum processor load balancing is the core problem for quantum task
scheduling. To understand the scheduling process, we first introduce quantum
task components: (1) required qubit count, (2) quantum program intermediate
representation, (3) quantum processor ID, (4) task type (quantum program or
calibration), and (5) priority.

If element (3) specifies processor A, the task can only run on A. If unspecified,
the scheduler allocates based on system state. Different scheduling algorithms
apply to quantum programs versus calibration tasks.

Calibration tasks require fast response (real-time), short execution, and explicit
qubit targeting. They receive highest priority to ensure computational reliabil-
ity. Quantum programs need not be real-time and can be efficiently allocated
across multiple processors based on available resources. For these tasks, Origin
Pilot employs a quantum high-response-ratio-priority scheduling algorithm that
considers both estimated service time (predicted by the quantum compiler) and
waiting time. The response ratio is defined as:

𝑅𝑝 = waiting time + required service time
required service time

Tasks with larger 𝑅𝑝 execute first. This algorithm combines first-come-first-
served and shortest-job-first advantages with dynamic priority that increases
with waiting time, ensuring long tasks eventually execute.

The scheduling process is shown in Figure 4 [Figure 4: see original paper]. Upon
receiving a quantum task, the scheduler: (1) obtains its required service time,
calculates 𝑅𝑝 = 1, and adds it to the waiting queue; (2) continuously updates
𝑅𝑝 as waiting time increases and reorders the queue; (3) selects multiple high-
priority tasks whose total qubit requirement does not exceed the largest available
region across processors, merging them into a quantum transaction for balanced
allocation; (4) compiles the transaction into executable programs and pulses; (5)
binds to a quantum thread for execution.

Notably, calibration tasks always appear at the queue front and join transactions
without participating in qubit mapping (their target qubits are predetermined).
Two key points: (1) processors are divided into execution and calibration regions
(see Section 4.3), so multiple calibration tasks only affect calibration regions
without starving quantum programs; (2) the algorithm follows first-come-first-
served among calibration tasks, with priority determined by arrival order.

4.2 Multi-Quantum Program Parallel Computing
Origin Pilot currently implements synchronous parallel quantum computing:
multiple quantum tasks form a quantum transaction that starts simultaneously,
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with the next transaction executing only after all tasks complete. Before exe-
cution, logical qubits must be mapped to physical qubits to minimize SWAP
gates needed for non-nearest-neighbor operations.

The synchronous parallel workflow is shown in Figure 4. The qubit mapping
algorithm simultaneously optimizes SWAP gate count and noise-aware fidelity
for non-nearest-neighbor gates. The implementation: (1) converts the quantum
program to a directed acyclic graph (DAG) where vertices represent two-qubit
gates, edges indicate shared qubits, and direction shows temporal order; (2)
extracts vertices with indegree 0 and traverses, selecting directly mappable ver-
tices (requiring no SWAPs) and recording each mapping as a subgraph; (3)
removes mapped vertices and edges, obtains a new DAG, and extends sub-
graphs from indegree-0 vertices, deleting non-extendable subgraphs iteratively
until no indegree-0 vertices are directly mappable, yielding a maximal subgraph
set; (4) repeats to obtain multiple maximal subgraph sequences; (5) uses Token-
Swapping to compute minimal-cost paths between adjacent subgraphs, connect-
ing them to produce multiple mapping schemes; (6) calculates overall fidelity
for each scheme and selects the optimal one.

This algorithm improves real-chip execution correctness by considering path
fidelity information. The pseudocode is:

Input: src_{QProg} (original quantum circuit), QPU_{adj} (physical quantum chip topology)
Output: mapped_{QC} (mapped circuit conforming to physical topology)

Convert src_{QProg} to DAG
Initialize 2D structure sub_{graph}_{vec}_{2d} for maximal subgraph sequences

// Phase 1: Traverse DAG to obtain maximal subgraph sequences
while DAG vertex count > 0:

Extract indegree-0 vertices V
if subgraph sequence S is not empty:

if all subgraphs in S cannot be extended:
Store S as maximal subgraph sequence in sub_{graph}_{vec}_{2d}
Clear S
break

Extend S based on QPU_{adj}, deleting non-extendable subgraphs
Initialize S based on V mapping possibilities on QPU_{adj}

// Phase 2: Token-Swapping to find optimal path
Initialize best_{path}_{vec} for optimal paths
foreach S_{cur} in sub_{graph}_{vec}_{2d}:

Compute minimal cost from each subgraph in S_{cur} to each in S_{next} via Token-Swapping
Append optimal paths to sub_{best}_{path}_{vec}

foreach best_{path} in best_{path}_{vec}:
Calculate overall fidelity

Select highest-fidelity final_{best}_{path}
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// Phase 3: Generate mapped_{QC} from final_{best}_{path}
foreach path_{node} in final_{best}_{path}:

if path_{node} is subgraph:
Convert to sub_{cir} and insert into mapped_{QC}

if path_{node} is swap information:
Insert swap-gates into mapped_{QC}

return mapped_{QC}

4.3 Automated Qubit Calibration
Key performance metrics for qubit quality include coherence time and gate fi-
delity. Coherence time describes how long quantum states remain coherent and
indicates environmental coupling strength—critical since quantum algorithms
may require many gates. Gate errors must remain below 1% for universal quan-
tum computing.

Given the complexity of factors affecting qubit quality, continuous calibration is
essential. Calibration involves verification and adjustment phases. Verification
uses periodic checks and random walks to detect performance parameters and
determine calibration needs. Adjustment applies targeted corrections based on
error types and magnitudes.

Since performance parameters depend on multiple correlated physical parame-
ters, identifying causes of degradation is key. This process can be modeled as a
Markov process for automation. We constructed a partially observable Markov
decision process-based automated calibration system enabling on-demand cali-
bration.

Additionally, we designed a real-time online calibration scheme using partitioned
automated calibration. Based on verification results, the quantum processor is
dynamically divided into execution and calibration regions. The compilation
service compiles both calibration and quantum tasks according to these regions,
forming quantum transactions that ensure simultaneous execution. This guar-
antees quantum tasks run on the processor’s best-performing regions while
calibration proceeds in parallel.

5 Experiments and Results
To demonstrate Origin Pilot’s effective quantum resource management, we
conducted comparative tests.

5.1 Runtime Comparison for Identical Quantum Tasks
All experiments ran on the real Wuyuan quantum processor—Origin Quantum’
s self-developed 6-qubit superconducting quantum processor KuaFu KF C6-130
with internationally advanced fidelity and coherence metrics.
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5.1.1 Objective and Setup

This experiment compares efficiency before and after Origin Pilot integration
when processing identical tasks on multiple quantum processors (Wuyuan #1
and #2). Running GHZ circuits validates Origin Pilot’s support for single-
processor parallel computing and multi-processor distributed computing.

5.1.2 Procedure

Without Origin Pilot: Recorded runtime for 10 executions of a 2-qubit GHZ
circuit in single-processor, single-circuit mode. With Origin Pilot: Recorded
runtime for 10 executions using single-processor multi-circuit parallel, dual-
processor single-circuit, and dual-processor multi-circuit parallel modes. Re-
peated the entire process 10 times.

5.1.3 Results

Runtime distributions are shown in Figure 5 [Figure 5: see original paper].

5.1.4 Conclusion

Origin Pilot’s support for single-processor parallel computing and multi-
processor load balancing significantly improves processor utilization, achieving
at least 120% efficiency improvement for 2-qubit GHZ circuits.

5.2 Automated Calibration Effects
All experiments ran on the real Wuyuan quantum processor.

5.2.1 Objective

To validate automated calibration effectiveness, we set fidelity thresholds: qubits
falling below thresholds cannot provide service. Three comparison experiments
were conducted: single-qubit gate fidelity (calibrated vs. uncalibrated), two-
qubit gate fidelity (calibrated vs. uncalibrated), and available task count (cali-
brated vs. uncalibrated).

5.2.2 Setup and Procedure

1. Single-qubit gate fidelity: Calibration threshold set to 0.98
2. Two-qubit gate fidelity: Calibration threshold set to 0.95
3. Available task count: Compared processor capacity with and without

calibration service

5.2.3 Results

Results are shown in Figures 6-8 [Figure 6: see original paper][Figure 7: see
original paper][Figure 8: see original paper].
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5.2.4 Conclusion

Without automated calibration, single- and two-qubit gate fidelities showed
monotonic decline. With calibration, fidelities remained above 0.98 and 0.95
respectively. The calibrated processor sustained service capacity, running far
more programs than the uncalibrated processor, which became unusable after
some time.

5.3 Mapping Optimization Effectiveness
5.3.1 Objective

To validate Origin Pilot’s effectiveness in mapping quantum circuits to super-
conducting processor topology while considering fidelity, we compared fidelity
before and after optimization for four representative quantum programs.

5.3.2 Setup

Experiments used Origin Quantum’s noisy virtual machine configured with: 1.
2 × 4 grid topology where adjacent qubits support two-qubit gates 2. QPanda
noisy VM with decoherence and depolarization noise, considering only CZ gate
fidelity 3. Test circuits: QFT, GHZ, DJ, and BV algorithms 4. Quantum State
Tomography (QST) to compute fidelity for each mapped circuit

5.3.3 Results

Circuit mappings are shown in Figures 10-13 [Figure 10: see original pa-
per][Figure 11: see original paper][Figure 12: see original paper][Figure 13: see
original paper].

5.3.4 Fidelity Comparison

Circuit BMT Algorithm Origin Pilot Mapping
QFT 0.1266$±0.004|0.2139±0.003||𝐺𝐻𝑍|0.4305±0.005|0.6032±0.004||𝐷𝐽|0.4305±0.004|0.8596±0.004||𝐵𝑉 |0.5454±0.005|0.7372±$0.004

5.3.5 Conclusion

Origin Pilot achieves better mapping than BMT for all four representative quan-
tum programs, improving circuit fidelity by at least 10%.

6 Future Trends and Outlook
Origin Pilot aims to efficiently utilize precious quantum resources while fully
integrating with classical computing. Its services for quantum task scheduling,
resource management, program compilation, and automated calibration achieve
efficient quantum resource management.
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Future work will support user-transparent quantum distributed computing via
circuit partitioning, quantum asynchronous parallel computing, and adaptation
to different physical quantum processor architectures. We will further improve
automated calibration, compilation, and scheduling efficiency, enabling multi-
physics quantum distributed computing, hybrid HPC-plus-QPU systems, and
QPU-plus-quantum-virtual-machine architectures.
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