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Abstract

With the development of generative artificial intelligence, programming education is shifting from basic coding skill
training toward the cultivation of higher-order thinking. To address the challenges of embedded programming
education—such as strong hardware—software coupling, complex debugging processes, and learners’ heightened
frustration—this study, grounded in humanistic learning theory and retrieval-augmented generation, designed and

developed a multimodal intelligent teaching assistant named Genio. The system integrates a C++ programming
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knowledge base, an error taxonomy database, and an Arduino component visual library. Through a problem classification
mechanism and modular parallel workflows, Genio provides functions including affective support, knowledge retrieval,
guided prompting, difficulty diagnosis, and visual recognition. A randomized controlled experiment was conducted with
45 participants assigned to either a Genio group or a general-purpose LLM group across three rounds of practical
interventions. The results indicate that the Genio group significantly outperformed the control group in programming
knowledge acquisition and demonstrated stronger transfer ability when solving high-complexity tasks. Regarding higher-
order thinking, Genio significantly enhanced learners’algorithmic thinking, code knowledge, and creative thinking, while
no structural advantage was observed in the development of evaluative ability and critical thinking. This study provides
empirical evidence for the design of multimodal educational agents and for the application of Al in programming
education.

Keywords: Al-Agent; Embedded programming; Programming learning, Randomized controlled trial; Higher-order
thinking
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