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Abstract. Open-ended quantum-circuit exercises can yield thousands of distinct submissions,
making pass/fail metrics insufficient for diagnosing learning challenges. We analyzed learner
interactions from an introductory quantum-computing MOOC using several process indicators of
problem solving to assess exercise difficulty. We also identified frequent incorrect circuit
constructions that suggest possible misconceptions or design flaws. To support ongoing
improvement, we developed a reusable reporting pipeline that transforms submission logs into
multidimensional insights. This enables data-driven redesign of wording, scaffolds, and hints. By
targeting improvements to the most challenging areas, we aim to support diverse non-physicsist
learners engage deeply with quantum concepts without oversimplification.

Introduction

Introductory quantum-computing courses increasingly use interactive circuit simulators to
teach fundamental concepts such as superposition and entanglement to learners with diverse
backgrounds [1,2]. While MOOCSs generate extensive submission logs, instructors often see
only correctness rates or completion statistics. This limited view can obscure the specific
challenges learners face and the tasks that disrupt their learning flow.

Moreover, learning analytics (LA) in MOOC:s has primarily served research purposes;
a systematic review of 166 studies (2011-2021) highlights the need for LA interventions that
more directly improve teaching practices [3]. To address this gap, we propose a reusable
reporting pipeline that instructors can implement for each course iteration, allowing for
continuous analysis rather than starting from scratch each time. The pipeline currently
characterizes relative exercise difficulty and observed answer spaces, helping instructors
identify learner bottlenecks and facilitate thoughtful redesign of course materials.

Theoretical Framework and Research Questions

Our approach integrates three strands of literature: (1) quantum-computing education research
emphasizes conceptual scaffolding and visual circuit representations for broad audiences
[1,2]; (2) descriptive MOOC learning analytics highlight the value of process indicators for
understanding learner behavior [3]; and (3) formative-feedback research shows that
identifying misconceptions supports more effective feedback and guidance [4] Cognitive-load
theory further motivates calibrating task difficulty for novices [5]. Misconception-oriented
diagnostics are a foundational concern in quantum teaching and learning research.

Research questions:
1. By process level indicators we mean time-on-task, trial counts effort and first-attempt
accuracy. How can process-level indicators be combined to characterize the relative
difficulty of open-ended quantum circuit exercises?
2. A typical circuit exercise contains many correct answers. Teachers normally cannot
anticipate all of them while originally designing the exercise. How many distinct correct
solutions do learners produce, and what does this reveal about task complexity?
3. We found that in many exercises several incorrect constructions may exist in high trial
percentage. Which common incorrect circuit constructions occur, and how can they inform
scaffolding and hints?



Methods and Findings

We analyzed submission logs from an introductory quantum-computing MOOC (2024-2025),
focusing on 21 quantum-circuit simulator exercises. The dataset included 47,533 submission
events from 492 learners. Learners could retry exercises freely and revisit tasks over time. To
estimate task difficulty, we developed a Composite Difficulty Index (CDI) based on three
normalized process indicators: (1) first-attempt inaccuracy, (2) effort by valid attempts per
learner, and (3) active time-on-task, computed using a 15-minute inactivity threshold. All log
data were collected in accordance with the platform’s privacy policy and anonymized prior to
analysis.

We characterized each task’s observed solution space by counting (i) the number of distinct
correct circuit submissions and (i1) the frequency of recurring incorrect patterns. Due to the
strict encoding format, circuits differing in structure but equivalent in outcome were treated as
distinct. Therefore, repeated incorrect constructions were treated as potential indicators of
misconceptions or confusing design elements rather than validated conceptual errors.

Tasks varied widely in difficulty and in the diversity of submitted solutions. Some exercises
intended to be straightforward revealed hidden complexity, evidenced by high effort, low
first-attempt accuracy, and many distinct correct circuits as solutions. In contrast, clearly
structured exercises produced more focused solution spaces and fewer dominant errors,
reflecting stronger conceptual alignment and more effective design. Such tasks also tended to
elicit shorter engagement times, which may not always be desirable depending on the learning
objectives.

Conclusion

Analyzing open-ended quantum-circuit submissions provides instructors with actionable
evidence about exercise difficulty and recurrent incorrect constructions. The approach
supports calibrating task challenge, improving scaffolding, and refining exercise design while
maintaining conceptual rigor. In future work, we will extend the pipeline from recurrent
incorrect constructions to more explicit candidate misconceptions via equivalence-aware
canonicalization and clustering. For other instructors and course teams, the main contribution
is a reusable reporting pipeline that can be run each course edition and adapted to other open-
ended simulator tasks, enabling evidence-based iterative redesign without restarting the
analysis from scratch. Ultimately, this can improve the learning experience and make the field
more accessible for students without a firm physics background through targeted, data-driven
scaffolding of course materials.
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Current stage of the work

At this stage, a preliminary analysis of exercise difficulty has been conducted to
identify the main bottleneck tasks in the course and to better target support and redesign to
areas where learners face the greatest challenges. A more detailed investigation of possible
misconceptions has also been initiated through visualizations of the most common incorrect
and correct answer spaces. The next phase is to refine these analyses and to assess how the
findings can inform instructional redesign. In parallel, a student profile branch of the
reporting pipeline has been developed by combining psychometric inventory data with
submission log data. Aim is to integrate both of these branches in the final reporting
framework. The main analysis scheme is developed and constructive feedback is needed.

Questions for Discussion

1. How should each recurring incorrect circuit construction be framed: as a candidate
misconception, or an indicator of unclear task design?

2. How could the task-difficulty analysis be refined to strengthen its contribution to the
field? What kinds of claims can reasonably be made from process indicators such as
heuristic time-on-task, number of attempts, and first-attempt accuracy without
overinterpreting learner behavior?

3. How can the observed difficulty patterns and frequent incorrect constructions be
translated effectively into concrete improvements in scaffolding, hints, and task
wording?
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