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Abstract

Artificial Intelligence (Al) is increasingly influencing personalized and adaptive educa-
tion. Existing research has examined Human-AI hybrid adaptivity and coordination be-
tween human participants and Al systems, but clearer conceptualization is needed of the
pedagogical coordination of functionally different forms of instructional support, partic-
ularly in highly abstract domains such as mathematics. This study proposes a Human-Al
Orchestration Framework integrating Intelligent Tutoring Systems (ITSs), Generative Al,
and direct teacher support while retaining pedagogical orchestration and responsibility
with the teacher. Drawing on Cognitive Load Theory, the Framework proposes Cognitive
Load Redistribution as a theoretical proposition and introduces coordination mecha-
nisms, including Handover Points and a Meta-Prompt. Its practical implementation was
explored through an exploratory design pilot with 32 Grade 8 students in an authentic
classroom, using observations and feedback to iteratively refine its configuration. The pi-
lot informed several design refinements, including refinement of the Meta-Prompt, intro-
duction of “Call the Teacher,” and adaptation of interaction formats. These formative ob-
servations provide preliminary indications of the practical feasibility of coordinating func-
tionally different and potentially complementary forms of instructional support, while the
Framework’s educational effectiveness and proposed conceptual mechanisms remain to
be systematically evaluated in future research.

Keywords: artificial intelligence in education; mathematics education; Human-AlI
orchestration; Human-Al interaction; Intelligent Tutoring Systems; Generative Al
teacher mediation; cognitive load theory

1. Introduction

Artificial Intelligence (Al) is playing an increasingly important role in education, par-
ticularly in areas involving personalized learning and adaptive instructional support
(Holmes et al., 2019; Luckin et al., 2016; OECD, 2023). Among the most rapidly developing
technologies are Intelligent Tutoring Systems (ITSs) and Generative Al, both of which
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demonstrate considerable potential to support procedural knowledge acquisition as well
as conceptual understanding (Aleven et al., 2017; Kasneci et al., 2023; VanLehn, 2011). This
is particularly important in disciplines characterized by a high degree of abstraction, such
as mathematics, where learners are required to develop formal knowledge, visual-spatial
representations, and abstract mathematical thinking simultaneously.

Despite the rapid development of these technologies, their pedagogically grounded
integration into authentic learning environments remains a challenge (Chen et al., 2020;
Holmes & Tuomi, 2022; Zawacki-Richter et al., 2019). Existing research has already
demonstrated that adaptive support can be enacted through interaction between human
participants and Al systems and that dynamic transitions between different learning con-
figurations can be organized in Al-supported classrooms (Holstein et al., 2020; Yang et al.,
2023). Research on Al-supported orchestration has also highlighted the importance teach-
ers place on retaining pedagogical judgment when using such systems (Lawrence et al.,
2024). Despite these advances, there remains a need for clearer conceptualization of the
pedagogical coordination of functionally different forms and sources of instructional sup-
port, including structured and adaptive support from ITSs, dialogic and conceptual sup-
port from Generative Al, and direct pedagogical mediation by the teacher. This issue is
particularly relevant to mathematics education, where procedural problem solving, con-
ceptual understanding, and visual-spatial representations may require different forms of
support at different moments in the learning process.

Consequently, one of the major challenges is no longer the use of individual AI tech-
nologies, but their pedagogically grounded and coordinated integration into the overall
instructional process. The question is no longer whether Intelligent Tutoring Systems,
Generative Al, and teachers can coexist within the same educational environment, but
rather how their interaction can be organized so that each contributes its specific func-
tional capabilities at the pedagogically appropriate moment.

This paper proposes a Human—AI Orchestration Framework as one possible concep-
tual approach for coordinating the interaction among Intelligent Tutoring Systems, Gen-
erative Al, and teachers in mathematics education. In the present study, Intelligent Tutor-
ing Systems and Generative Al were selected as the technological components because of
the different and potentially complementary forms of instructional support they can pro-
vide in mathematics learning activities that require the integration of procedural learning
and conceptual understanding. Intelligent Tutoring Systems offer opportunities for struc-
tured and adaptive practice and immediate feedback, whereas Generative Al offers op-
portunities for natural-language interaction, explanation, and conceptual reasoning.
Within the present study, teachers and learners are regarded as human participants,
whereas Intelligent Tutoring Systems and Generative Al are regarded as Al components
of the learning environment. When referring to the pedagogical, cognitive, and functional
roles through which instructional support is provided within the learning process, the
teacher, Intelligent Tutoring Systems, and Generative Al are collectively designated as
instructional agents, whereas the learner participates as a human participant whose learn-
ing and development these instructional functions are intended to support. Accordingly,
the term Human-AlI interaction refers to the relationships and coordination between the
human participants and these technological AI components. In this sense, the human-
machine relationship addressed in the present study is specified as the interaction be-
tween humans and the Al components of the learning environment.

Within this configuration, the teacher occupies a distinctive position by performing
two interrelated roles: as a pedagogical orchestrator who organizes and coordinates the
learning environment, and as an instructional agent who provides direct pedagogical sup-
port to the learner when needed. The present study develops a conceptual perspective for
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the design and investigation of coordinated Human-AI learning environments and in-
cludes an exploratory examination of the practical feasibility of the proposed Framework
through its implementation in an authentic classroom setting.

The Framework conceptualizes the interaction between human participants and Al
components as a process in which different cognitive operations, forms of instructional
support, and sequences of interaction are dynamically coordinated according to the spe-
cific learning situation, the learner’s current state and needs, the nature of the learning
task, and the functional capabilities of the participating humans and technologies. Lead-
ing instructional functions may shift during this process, while pedagogical orchestration
and responsibility remain with the teacher. Within this conceptual organization, Cogni-
tive Load Theory provides a theoretical basis for the concept of Cognitive Load Redistri-
bution.

On this basis, the paper formulates three main conceptual contributions to the theo-
retical understanding and design of coordinated Human—-AlI learning environments.

Cognitive Load Redistribution. Grounded in Cognitive Load Theory, the Frame-
work proposes Cognitive Load Redistribution (CLR) as a framework-specific theoretical
proposition concerning the pedagogical coordination of supportive functions and cogni-
tive operations across the learner, technological components, and teacher according to the
demands of the learning situation. CLR does not imply a literal transfer of cognitive load
between agents, nor a fixed allocation of instructional functions. Rather, different forms
of support may assist different aspects of the learning process according to their functional
affordances and the learner’s needs. Because the exploratory design pilot did not empiri-
cally measure cognitive load, this study presents CLR as a theoretical proposition rather
than an empirically demonstrated effect.

Handover Points. The Framework introduces Handover Points (HPs) as a frame-
work-specific conceptual and operational coordination mechanism for identifying peda-
gogically meaningful transitions in the leading form or function of instructional support.
A Handover Point occurs when the leading form or function of support shifts in response
to the learner’s needs, the development of the task, or the functional affordances and lim-
itations of the available forms of support. Such transitions are not prescribed as a fixed or
unidirectional sequence: support may shift among the mini-ITS, Generative Al, and direct
teacher mediation in different directions according to the learning situation. Handover
Points therefore do not imply equivalence or interchangeability among these forms of
support, nor do they constitute a transfer of pedagogical control or responsibility to the
Al components. The teacher retains pedagogical orchestration and responsibility.

Visual-Conceptual Gap. The Framework introduces the Visual-Conceptual Gap
(VCG) as a framework-specific conceptual lens for identifying situations in which the
form of support currently available to the learner does not sufficiently connect mathemat-
ical meaning with the representations required for understanding the task. Grounded in
perspectives on multiple representations and representational coordination, the VCG
does not assume an inherent inability of Generative Al to support visual or representa-
tional reasoning. Rather, it draws attention to a possible mismatch between the support
being provided and the representational demands of the learning situation. When such a
mismatch occurs, it may indicate the need for a different or complementary form of sup-
port, which the mini-ITS, Generative Al specialized representational tools, or direct
teacher mediation may provide. In the present study, the VCG is used as a conceptual lens
rather than as an independently validated construct.

The different functional capabilities and roles of the teacher, Intelligent Tutoring Sys-
tems, and Generative Al create potential for complementarity within a coordinated Hu-
man-Al learning environment. These participants do not perform identical functions and
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do not possess interchangeable capabilities. The teacher retains pedagogical responsibil-
ity, interprets the learning situation, and decides how to organize instructional support,
while the Al components provide technologically mediated support whose functions may
vary with the learning situation and pedagogical configuration. Accordingly, the concep-
tual logic of the Framework is based not on functional equivalence between humans and
Al but on the pedagogically grounded coordination of their different capabilities as com-
plementary resources.

Pedagogical orchestration provides the mechanism through which these different
functional contributions are organized within the overall learning process. It enables the
dynamic coordination of cognitive functions and forms of instructional support according
to the specific learning situation and the learner’s needs, while preserving the common
educational orientation toward the learner’s learning and development. From this per-
spective, the Human—AI Orchestration Framework provides a conceptual approach to de-
signing learning environments in which the different capabilities of human participants
and Al components are purposefully coordinated and used as complementary resources,
rather than regarded as equivalent or interchangeable forms of instructional support.

Accordingly, the present study addresses the following research questions:

RQ1: How can a Human-AI Orchestration Framework be conceptually structured to
coordinate complementary forms of instructional support provided by Intelligent Tutor-
ing Systems, Generative Al, and direct teacher mediation in mathematics education while
preserving teacher pedagogical responsibility?

RQ2: What practical design requirements, limitations, and refinements emerge from
the implementation of the proposed Framework in an exploratory classroom pilot?

2. Theoretical Background
2.1. Artificial Intelligence in Mathematics Education

Artificial Intelligence (Al) is increasingly viewed as an important component of edu-
cational innovation, particularly in learning environments that involve ongoing practice,
personalized support, and complex reasoning, such as mathematics. Existing research
suggests that Al-supported learning environments may enhance personalization, provide
adaptive feedback, and support student progress through tailored learning pathways
(Holmes et al., 2019; Luckin et al., 2016; OECD, 2023). In mathematics education, these
features may be particularly important because learning often depends on the gradual
development of procedural fluency alongside conceptual understanding. At the same
time, researchers emphasize that the educational value of Al may depend not only on
technological capabilities, but also on the pedagogical frameworks within which these
systems are implemented (Pane et al., 2017).

Intelligent Tutoring Systems (ITSs) are among the most established applications of
Al in education. These systems have been widely studied for their ability to provide adap-
tive practice, immediate feedback, and structured scaffolding during problem solving.
Prior research suggests that ITSs may effectively support procedural fluency, mastery
learning, and step-by-step algebraic reasoning when aligned with curricular goals and
learner needs (Aleven et al., 2017; Koedinger et al., 2013; VanLehn, 2011). Although ITSs
appear effective in guiding structured problem-solving processes, their model-driven ar-
chitecture may sometimes limit the flexibility of conceptual explanation and the depth of
mathematical dialogue available to learners.

2.2. Generative Al and Conceptual Reasoning

In contrast to the structured architecture of ITS, Generative Al has emerged as a com-
paratively flexible and dialogic form of educational support. These systems may generate
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explanations, examples, and reflective questions in natural language, creating opportuni-
ties for conceptual clarification, dialogic mathematical reasoning, metacognitive engage-
ment, and exploratory reasoning (Holmes & Tuomi, 2022; Kasneci et al., 2023; Sfard, 2008).
Recent studies suggest that Generative Al may potentially support students” sense-mak-
ing processes (Kasneci et al., 2023; Walkington, 2026), as these systems can respond dy-
namically to student questions and provide multiple forms of explanation.

At the same time, researchers caution that unstructured reliance on Generative Al
may contribute to superficial understanding, cognitive overload, or overdependence on
automated support if its use is not pedagogically guided (Kasneci et al., 2023). Therefore,
the contribution of Generative Al to mathematical learning may depend largely on how
teachers structure and guide its use in classroom instruction.

A recent comprehensive review of generative Al applications across educational con-
texts similarly confirms the rapid expansion of this technology since 2023 and highlights
that its instructional value depends strongly on structured pedagogical integration rather
than unmediated use, reinforcing the rationale for pedagogically orchestrated Human-AlI
integration adopted in the present Framework (Mittal et al., 2024).

2.3. Teacher Mediation in Al-Supported Learning Environments

A recurring argument in the literature is that Al should not be viewed as a replace-
ment for teachers, but rather as an instructional resource whose educational value may
depend on human mediation and pedagogical orchestration (Dillenbourg, 2013; Kahn et
al., 2025; Selwyn, 2019). This perspective may be particularly important in mathematics
education, where students often require visual explanation, contextual interpretation, and
affective support in addition to verbal or procedural guidance (Ainsworth, 2006; Duval,
2006; Selwyn, 2019). From this viewpoint, the teacher continues to play a central role in
interpreting students’ needs, bridging gaps in understanding, and connecting digital in-
teractions to classroom meaning-making. Such mediation becomes especially important
when students move between symbolic procedures, linguistic explanations, and visual
mathematical representations (Ainsworth, 2006; Duval, 2006). This perspective also points
to a distinction between the teacher’s direct pedagogical mediation and the broader re-
sponsibility for organizing and coordinating different forms of instructional support
within the learning environment.

2.4. Cognitive Load, Personalization, and Educational Equity

Cognitive Load Theory provides a theoretical perspective for considering how the
design and coordination of instructional support may influence the cognitive demands
placed on learners (Sweller, 2011). Research on Al-supported learning further suggests
that different forms of technological support may assist different aspects of learning, in-
cluding structured procedural support and dialogic conceptual reasoning (Kasneci et al.,
2023; Sweller, 2011). Within the present Framework, these perspectives inform Cognitive
Load Redistribution (CLR) as a theoretical proposition about coordinating supportive
functions and cognitive operations across the learner, technological components, and
teacher. This proposition does not assume that cognitive load is literally transferred be-
tween agents or that particular forms of support necessarily reduce cognitive load. CLR
is also conceptually distinct from cognitive offloading and instructional scaffolding. Cog-
nitive offloading refers to the use of external actions or resources to alter the information-
processing requirements of a task and thereby reduce cognitive demand (Risko & Gilbert,
2016), whereas instructional scaffolding concerns the provision of temporary or adaptive
support that enables learners to perform aspects of a task that they may not yet be able to
accomplish independently (Wood et al., 1976). In contrast, CLR focuses on the pedagogi-
cal coordination of different supportive functions and cognitive operations across the
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learner, technological components, and teacher within a shared learning environment.
Cognitive offloading and scaffolding may therefore occur within particular interactions,
but neither is equivalent to CLR as conceptualized in the present Framework. Rather, CLR
provides a theoretical basis for examining how different forms of support may be coordi-
nated in relation to the cognitive demands of the learning situation. At the same time,
research on personalized learning suggests that adaptive, learner-centered instructional
approaches may help reduce achievement gaps, especially for students from lower socio-
economic backgrounds (OECD, 2019, 2023; Pane et al., 2017). Because mathematics
achievement gaps related to socioeconomic status persist, Al-supported personalization
has been discussed as a possible means of providing more equitable access to customized
instruction (OECD, 2019, 2021; Pane et al., 2017). However, research also emphasizes that
technology alone may not necessarily ensure educational fairness; successful implemen-
tation may depend on thoughtful integration, ethical practices, and teaching approaches
that account for specific educational contexts (Holmes & Tuomi, 2022).

2.5. Research Gaps and Conceptual Foundations

Overall, the literature suggests that Intelligent Tutoring Systems and Generative Al
may offer distinct yet potentially complementary contributions to mathematics education.
Intelligent Tutoring Systems (ITSs) may primarily support procedural accuracy and mas-
tery-oriented practice, whereas Generative Al may facilitate explanation, reflection, and
conceptual exploration (Aleven et al., 2017; Holmes & Tuomi, 2022; Kasneci et al., 2023;
VanLehn, 2011). At the same time, teacher mediation continues to play an important role
in ensuring that digital support is pedagogically meaningful, visually clear, and emotion-
ally responsive (Dillenbourg, 2013; Kahn et al., 2025; Selwyn, 2019). However, research
specifically addressing the coordinated pedagogical use of functionally different Al tech-
nologies, including ITS and Generative Al, together with direct teacher mediation remains
comparatively limited.

Recent research has begun to examine how human participants and Al systems can
jointly enact adaptive support, how teachers conceptualize sharing certain aspects of con-
trol with Al-supported orchestration tools, and how dynamic transitions between differ-
ent learning configurations can be coordinated within classroom environments (Holstein
et al.,, 2020; Lawrence et al., 2024; Yang et al., 2023). This work outlines an emerging re-
search direction involving Human-AI hybrid adaptivity, shared control, and Human-AlI
co-orchestration. The present study focuses on a more specific question: how functionally
different forms and sources of instructional support—including rule-based ITSs, Genera-
tive Al, and direct teacher mediation—can be pedagogically coordinated in mathematics
education while pedagogical orchestration and responsibility remain with the teacher. In
this context, there remains a need for clearer conceptualization of transitions between
these forms of support in response to learners’ changing procedural, conceptual, and rep-
resentational needs. Accordingly, the contribution of the present Framework does not lie
in proposing Human-AlI collaboration, shared control, or dynamic transitions as new con-
cepts in themselves. Rather, it lies in specifying a mathematics-education architecture in
which functionally different forms of support are coordinated while pedagogical respon-
sibility remains with the teacher, and in introducing framework-specific mechanisms and
lenses for conceptualizing this coordination.

This research gap motivates the present study, which proposes a Human-AI Orches-
tration Framework for Mathematics Education. Recent theoretical and empirical develop-
ments further support the conceptual foundations of this Framework.

Recent research also contributes to the understanding of complementarity in Hu-
man-—AlI collaboration. In this context, information asymmetry and capability asymmetry
between humans and artificial intelligence have been identified as potential sources of

https://doi.org/10.3390/educsci16111774



Educ. Sci. 2026, 16, 1774

7 of 42

complementarity and potentially improved joint performance (Hemmer et al., 2025). Of
particular relevance to the present study is the broader conclusion that differences in hu-
man and Al capabilities do not in themselves guarantee positive outcomes; their comple-
mentary use requires an appropriate mechanism for coordination within collaborative ac-
tivity (Hemmer et al., 2025). This perspective provides a theoretical basis for considering
pedagogical orchestration as a mechanism for purposefully coordinating the different
functional capabilities of human participants and Al components in the learning process.

These foundations are further reinforced by recent quantitative syntheses. A 2026
meta-analysis of empirical studies published between 2023 and 2025 found that Genera-
tive Al exerts a moderate positive effect on mathematics learning outcomes overall, with
the strongest gains observed when the technology is integrated at a deep, creative-trans-
formation level rather than used as a passive substitute for teacher-led instruction, and
when it is embedded within collaborative rather than purely individual learning arrange-
ments (Liu et al., 2026). These findings provide recent empirical support for the need for
coordinated and pedagogically structured forms of Human-AlI integration, which form
part of the conceptual foundation of the present study.

3. A Human-AI Orchestration Framework for Mathematics Education

To address the identified research challenges, the present study proposes a Human—
Al Orchestration Framework for Mathematics Education, which conceptualizes the Al-
supported learning environment as a coordinated interaction between human partici-
pants (the teacher and the learner) and AI components.

3.1. Structure of the Proposed Human—Al Orchestration Framework

As illustrated in Figure 1, the proposed Framework coordinates the participation of
the teacher, Intelligent Tutoring Systems (ITSs), and Generative Al, integrating their dis-
tinct instructional functions through pedagogical orchestration and coordinating peda-
gogically meaningful transitions between different forms of instructional support through
Handover Points. In this way, the proposed Human—AI Orchestration Framework brings
together different forms of instructional support within a coordinated pedagogical model
for mathematics education. Building on prior research indicating the potential effective-
ness of ITSs in supporting procedural fluency (Aleven et al., 2017; Koedinger et al., 2013;
VanLehn, 2011), as well as the growing role of Generative Al in supporting conceptual
reasoning through natural-language interaction (Holmes & Tuomi, 2022; Kasneci et al.,
2023), the Framework presents these technologies as instructional agents with potentially
complementary capabilities that, together with the teacher, function within a distributed
cognitive system (Hutchins, 1995).

Drawing on Cognitive Load Theory (Sweller, 2011), the Framework incorporates
Cognitive Load Redistribution (CLR) as a framework-specific theoretical proposition con-
cerning the pedagogical coordination of supportive functions and cognitive operations
across the learner, technological components, and teacher according to the demands of
the learning situation. Within this coordinated environment, Intelligent Tutoring Systems
may provide structured procedural support, while Generative AI may provide dialogic
and conceptual support; however, these functions are not treated as fixed or mutually
exclusive. Building on the existing literature on teacher mediation and pedagogical or-
chestration in digital learning environments (Dillenbourg, 2013; Kahn et al., 2025; Selwyn,
2019), the Framework defines the teacher in two interrelated roles: as an instructional
agent who provides direct pedagogical support and as a pedagogical orchestrator who
organizes and coordinates the Human—Al learning environment. The Framework further
uses the Visual-Conceptual Gap (VCG) as a conceptual lens for identifying situations in
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which the current form of support does not sufficiently connect mathematical meaning
with the representations required for understanding the task.

HUMAN-AI ORCHESTRATION FRAMEWORK

Coordinated interaction of the teacher, Intelligent Tutoring Systems, and Generative Al

i/:l TEACHER
a

53
Pedagogical mediation ¢
Interpretation = Visual and
socio-emotional support

I -

Pedagogica
Orchegtration

‘ ¥ v
4 HUMAN-AI 1
D INTELLIGENT TUTORING : ORCHESTRATION : @ GENERATIVE Al
SYSTEMS i Cognitive Load I
\ Redistributio 1’ Conceptual explanation e
Procedural support * 9 / Dialogic reasoning * Natural-
Adaptive practice * Feedback v Structured Transitions ,/ language interaction

~
~ _through Handover .~
. -~
"~ < Points_ -~

Coordinated Human-Al learning process supporting specific learning
objectives while preserving the common educational orientation

Figure 1. Human-AI Orchestration Framework Coordinated through Handover Points.

By integrating these forms of instructional support within a coordinated learning
process, the Framework seeks to address the identified need for clearer conceptualization
of pedagogical coordination within Human—-AIlearning environments in mathematics ed-
ucation. The Framework therefore provides a theoretically grounded conceptual ap-
proach to designing such environments.

3.2. Roles Within the Human—AI Orchestration Framework

Coordinated Human-AlI learning environments constitute heterogeneous systems in
which human participants and AI components jointly participate in the learning process.
Within the proposed Framework, the teacher and the learner are the human participants,
while Intelligent Tutoring Systems (ITSs) and Generative Al constitute the technological
components. The teacher, ITS, and Generative Al perform different instructional functions
and are therefore collectively referred to in this paper as instructional agents. The learner
participates in Human—AlI interaction as a human participant whose learning and devel-
opment these instructional functions are intended to support. The common functional
designation “instructional agents” does not imply equality, equivalence, or interchangea-
bility between the teacher and the Al components, but emphasizes their participation in
supporting the learning process.

The instructional agents differ in their functional capabilities, instructional functions,
cognitive characteristics, decision-making processes, and forms of knowledge representa-
tion. Within the Framework, Intelligent Tutoring Systems (ITSs) may primarily support
procedural practice, adaptive feedback, and structured guidance, while Generative Al
may provide conceptual, dialogic, and reflective support. The teacher may provide direct
pedagogical, representational, contextual, and socio-emotional support, while retaining
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responsibility for organizing and coordinating the learning process. These functional em-
phases are not treated as fixed or mutually exclusive, but may vary according to the learn-
ing situation, the learner’s needs, and the capabilities of the available forms of support.
Within the proposed Framework, these differences are not regarded as deficiencies to be
eliminated, but as functional characteristics that create opportunities for different forms
of instructional support to complement one another.

Within this structure, the teacher occupies a distinctive position by performing two
interrelated but conceptually different roles, as illustrated in Figure 2.

The Teacher's Dual Role in a Human-Al Orchestration Framework

Two conceptual levels: direct instructional agency and system-level pedagogical orchestration

SYSTEM LEVEL

TEACHER AS PEDAGOGICAL ORCHESTRATOR

Maintains coherence, orchestrates interaction, and preserves the common educational

orientation while bearing pedagogical responsibility

|

INTERACTION MANAGEMENT ¢ HANDOVER POINTS ¢ COGNITIVE LOAD REDISTRIBUTION

AGENT LEVEL
TEACHER INTELLIGENT GENERATIVE Al
as Instructional Agent TUTORING SYSTEM as Instructional Agent
Interpretation ®* mediation * Adaptive guidance * Generation * explanation *
social-emotional support structured feedback exploratory dialogue
LEARNER DEVELOPMENT

Achievement of specific learning objectives while preserving the common educational orientation

Figure 2. The Teacher’s Dual Role: System-Level Pedagogical Orchestration and Agent-Level In-
structional Support within the Proposed Human-AI Orchestration Framework.

On the one hand, the teacher participates as an instructional agent, providing direct
pedagogical support to the learner. On the other hand, the teacher performs the role of a
pedagogical orchestrator, bearing responsibility for organizing and coordinating the par-
ticipation of the instructional agents, determining their place and purpose within the
learning process, and structuring transitions between different forms of instructional sup-
port. In this way, the teacher’s dual role distinguishes the teacher’s direct participation in
instruction from the responsibility for organizing and coordinating the Human-AI learn-
ing environment.

The different capabilities and roles of the instructional agents create potential for
complementarity, but the mere existence of functional differences does not guarantee their
pedagogically effective integration. Research on complementarity in Human-AI collabo-
ration suggests that differences in information and capabilities between humans and arti-
ficial intelligence can constitute sources of complementarity and potentially improved
joint performance; however, their existence alone does not automatically lead to positive
outcomes and requires an appropriate mechanism for their effective use in collaborative
activity (Hemmer et al., 2025). Within the proposed Framework, pedagogical orchestra-
tion performs precisely this coordinating function by organizing the different capabilities
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and forms of instructional support as complementary resources in accordance with spe-
cific learning objectives and the learner’s needs.

This organization preserves the common educational orientation of the learning pro-
cess toward the learner’s learning and development, regardless of which instructional
agent performs the leading instructional function at a particular moment. Specific learning
objectives may vary depending on the stage of education, the nature of the task, and the
individual needs of the learner, but the coordination of different forms of instructional
support remains subordinate to this common educational orientation. The mechanisms
through which this coordination is implemented during the learning process are dis-
cussed in Section 4.

4. Mechanisms of Functioning of the Human—-AI Orchestration
Framework

The functioning of the Framework proposed in the preceding section is enabled
through interconnected mechanisms and pedagogical interactions that coordinate the par-
ticipation of its main components within a coordinated Human-Al learning environment.
This section examines Handover Points, through which transitions between different
forms of instructional support and the leading instructional functions of instructional
agents are structured; the Meta-Prompt Framework, through which the interaction of
Generative Al with the learner is structured and pedagogically guided; and teacher me-
diation and pedagogical orchestration, through which the teacher provides direct peda-
gogical support and coordinates the participation of the different components according
to the specific learning situation and the learner’s needs. Although these elements perform
different functions, they are interconnected and jointly ensure coordinated interaction
within the Human-AlI learning environment.

4.1. Handover Points: Coordination and Functional Limitations

A key element of the proposed Human—AI Orchestration Framework is the Hando-
ver Point (HP), introduced here as a framework-specific conceptual and operational coor-
dination mechanism for identifying pedagogically meaningful transitions in the leading
form or function of instructional support. A Handover Point may occur in response to the
learner’s needs, the development of the task, the functional affordances and limitations of
the available forms of support, or the teacher’s pedagogical judgment. In this way, the
Framework does not regard Al as an autonomous substitute for the teacher, but as part of
a coordinated Human-AI learning environment in which human participants and Al
components contribute different cognitive and functional capabilities that may provide
complementary forms of instructional support.

The proposed concept of Handover Points is informed by a growing line of research
on Human-AI hybrid adaptivity, shared control, and classroom co-orchestration. Previ-
ous work has examined how human and Al capabilities can complement one another
within adaptive educational systems (Holstein et al., 2020), how dynamic transitions be-
tween different learning configurations can be organized in Human—-AlI co-orchestrated
classrooms (Yang et al., 2023), and how teachers conceptualize sharing control with Al-
supported orchestration tools (Lawrence et al., 2024). Building on these developments
while retaining pedagogical orchestration and responsibility with the teacher, Handover
Points conceptualize pedagogically significant transitions between different forms and
sources of instructional support and between the leading instructional functions of differ-
ent instructional agents. These transitions are considered in relation to the learner’s im-
mediate needs, the development of the learning task, and the functional capabilities and
limitations of the participating instructional agents. Accordingly, Handover Points do not
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introduce the general idea of dynamic transitions or shared control as a new theoretical
construct. Their framework-specific contribution lies in providing a conceptual and oper-
ational mechanism for identifying and coordinating pedagogically meaningful shifts in
the leading form or function of instructional support within the proposed Human-AI
learning environment.

Within this configuration, Intelligent Tutoring Systems (ITSs) may provide struc-
tured problem-solving practice, immediate feedback, and adaptive guidance (Aleven et
al.,, 2017; Koedinger et al., 2013; VanLehn, 2011), while Generative Al may provide flexible
natural-language explanations and Socratic questioning to support conceptual reasoning,
reflection, and metacognitive engagement (Holmes & Tuomi, 2022; Kasneci et al., 2023).
These functions represent potential areas of instructional emphasis rather than fixed or
mutually exclusive roles. Alongside these capabilities, the two types of Al systems have
different functional limitations that are particularly significant in mathematics education
and may require a change in the form or source of instructional support.

A representational difficulty may arise when the form of support currently available
to the learner does not sufficiently connect mathematical meaning with the visual, sym-
bolic, or spatial representations required by the learning task (Ainsworth, 2006; Duval,
2006). Such situations may involve graphs, geometric constructions, symbolic transfor-
mations, or other forms of mathematical representation. Within the proposed Framework,
this potential mismatch is conceptualized through the Visual-Conceptual Gap (VCG). The
VCG does not imply an inherent limitation of Generative Al or any other particular in-
structional agent; rather, it identifies a possible mismatch between the support currently
being provided and the representational demands of the learning situation. Such a mis-
match may signal the need for a different or complementary form of instructional support.

Handover Points can be regarded as coordination mechanisms that structure transi-
tions between different forms of support and allow the leading instructional function to
be assumed by the agent whose capabilities are considered appropriate for the specific
learning situation. The transition is not necessarily unidirectional and is not limited to
transferring the leading function from an AI component to the teacher. Depending on the
nature of the task, the development of the learning situation, and the learner’s needs, it
may occur between different AI components, from an Al component to the teacher, or
from the teacher to an appropriate AI component.

When the learner’s needs, the development of the task, or the functional affordances
and limitations of the current form of support indicate that direct teacher mediation is
more appropriate, a Handover Point can structure a transition to teacher support. The
teacher can then provide visual explanation, contextual interpretation, adaptive pedagog-
ical support, or socio-emotional mediation when the particular AI component cannot pro-
vide them adequately in relation to the learner’s needs and the specific learning situation.
Once the difficulty has been addressed, the orchestration may again involve an appropri-
ate Al component if its functional capabilities correspond to the next stage of the learning
activity. In this way, Handover Points do not represent a final “handover” of the learning
process from one agent to another but structure the dynamic redistribution of leading
instructional functions within the coordinated interaction.

In this sense, Handover Points can be regarded as a mechanism through which the
different functional capabilities of the instructional agents are used in a pedagogically
purposeful manner. The differences among the teacher, ITS, and Generative Al are not
eliminated; rather, their specific capabilities are engaged according to the particular learn-
ing objectives, the development of the learning situation, and the learner’s needs. In this
way, the dynamic redistribution of leading instructional functions enables different forms
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of instructional support to be used as complementary resources while preserving the com-
mon educational orientation of the process toward the learner’s learning and develop-
ment.

This understanding is consistent with contemporary discussions in mathematics ed-
ucation in which orchestration is viewed as the structured regulation of Al pedagogical
agency within coordinated learning systems (Trouche & Drijvers, 2014). It is also sup-
ported by research emphasizing the importance of human mediation in Al-supported
learning environments, particularly when mathematical understanding requires the inte-
gration of verbal, symbolic, and visual forms of representation and their contextual inter-
pretation (Ainsworth, 2006; Duval, 2006). By accounting for the functional boundaries of
individual AI components and providing for structured transitions between different
forms of support, the Framework is designed to support the integration of technological
tools while maintaining the coherence of the pedagogical process.

To provide an initial operational basis for identifying potential Handover Points, the
Framework proposes several observable indicators, including: (1) a shift in instructional
discourse from procedural to visual-spatial representation, for example, when the learner
or Generative Al refers to a graph, diagram, or geometric construction that cannot be ad-
equately represented through the current form of interaction; (2) repeated unresolved re-
quests for clarification directed to ITS or Generative Al within a limited period of interac-
tion; (3) a mismatch between a mathematically valid learner response and the response
format expected by the ITS; or (4) an explicit learner-initiated request for teacher assis-
tance, for example, through the “Call the Teacher” mechanism described in Section 6,
which may indicate the need for a pedagogically meaningful transition in the leading form
or function of instructional support. These indicators constitute an initial and non-exhaus-
tive operational basis for identifying potential Handover Points and are intended to sup-
port, rather than replace, the teacher’s pedagogical judgment.

4.2. The Meta-Prompt Framework and Socratic AI Mediation

For Generative Al to perform its designated function within the coordinated Hu-
man-Al learning environment, its interaction with the learner needs to be pedagogically
structured in accordance with the specific learning objectives and the nature of the learn-
ing situation. Unlike Intelligent Tutoring Systems (ITSs), in which a substantial part of the
interaction logic is predefined within the architecture and functionalities of the particular
system, Generative Al enables more flexible and open-ended natural-language interac-
tions. This flexibility expands the possibilities for conceptual explanation and dialogic rea-
soning, but at the same time, creates a need for the interaction between Generative Al and
the learner to be pedagogically guided so that its participation corresponds to its intended
role in the learning process.

Within the proposed Framework, this function is performed through the Meta-
Prompt Framework, a pedagogical configuration mechanism that specifies how Genera-
tive Al is instructed to provide educational support. Rather than constituting a new theo-
retical construct, the Meta-Prompt Framework operationalizes pedagogical principles for
Al-supported dialogue through a structured set of predefined instructions. Its purpose is
not to predetermine the content of each individual response, but to establish the overall
pedagogical logic of the interaction. Rather than functioning primarily as a provider of
ready-made solutions, Generative Al is guided toward the role of a Socratic mediator,
supporting conceptual understanding through guiding questions, reflective prompts, and
graduated scaffolding.

This approach builds on prior research emphasizing the importance of dialogic in-
teraction and metacognitive engagement in the learning process (Holmes & Tuomi, 2022;
Kasneci et al., 2023). When the interaction is pedagogically structured, Generative Al can
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support exploratory reasoning by encouraging learners to articulate their thinking, justify
the strategies they employ, consider alternative approaches, and reflect on the mathemat-
ical principles underlying the solution. In the absence of such structuring, however, Gen-
erative Al may shift toward providing direct answers or overly procedural guidance,
which may limit opportunities for independent reasoning and conceptual understanding.

To address this challenge, the Meta-Prompt Framework proposes three core princi-
ples for regulating the interaction between Generative Al and the learner. The first is rea-
soning-based neutrality, whereby Generative Alis guided to support learners in justifying
their own solution strategies rather than prescribing a specific method. The second is
graduated scaffolding, whereby support progresses from open-ended questions toward
increasingly specific guidance depending on the development of the problem-solving pro-
cess and the difficulties encountered. The third is conceptual debriefing, whereby the
problem-solving process concludes with reflection on the mathematical meaning of the
obtained result, the approach used, and the underlying relationships manifested during
the problem-solving process.

The preliminary pedagogical configuration of Generative Al through these principles
cannot encompass all possible learning situations. The Meta-Prompt Framework struc-
tures the interaction between Generative Al and the learner within the boundaries of its
functional role and capabilities, but it does not eliminate the limitations of the particular
Al component or the need for pedagogical judgment during the learning process. In par-
ticular, pedagogical configuration through a Meta-Prompt cannot eliminate the possibility
of inaccurate, inconsistent, or contextually inappropriate Generative Al outputs; teacher
oversight and pedagogical judgment therefore remain necessary. When the development
of the interaction indicates that the current mode of support no longer corresponds to the
nature of the task or the learner’s needs, adaptation of the interaction or pedagogical re-
configuration of Generative Al may be required. When the learner’s needs, the develop-
ment of the task, or the functional affordances and limitations of the current form of sup-
port indicate that another form of support is more appropriate, a transition through a
Handover Point may occur, as described in Section 4.1.

In this way, the Meta-Prompt Framework and Handover Points perform different
but interrelated functions within the proposed Orchestration Framework. The Meta-
Prompt Framework pedagogically structures the interaction between Generative Al and
the learner and enables its adaptation within the capabilities of the AI component,
whereas Handover Points structure transitions between different forms of support and
the leading instructional functions of instructional agents when the development of the
learning situation requires such a change. Thus, the pedagogical configuration and adap-
tation of Generative Al do not replace the dynamic orchestration of the learning process
but constitute part of it.

In this sense, the Meta-Prompt Framework constitutes part of the broader pedagogi-
cal orchestration of the Human-Al learning environment rather than an isolated strategy
for using Generative Al Through the preliminary structuring of the interaction and the
possibility of its subsequent adaptation, it is designed to enable Generative Al to support
the learner’s conceptual reasoning and reflection within a predefined pedagogical logic
without requiring direct teacher management of every individual learner-Al interaction.
This configuration is intended to support the alignment of Generative Al participation
with the specific learning objectives and the common educational orientation of the coor-
dinated Human-AlI learning process.

4.3. Teacher’s Orchestration and Mediation

As defined in Section 3.2, the teacher is a human participant who performs two in-
terconnected but conceptually distinct roles within the coordinated Human-AlI learning
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environment—as a pedagogical orchestrator and as an instructional agent. These func-
tions also define two different modes of the teacher’s participation in the learning process.
As a pedagogical orchestrator, the teacher organizes and coordinates the participation of
the instructional agents in accordance with the specific learning objectives, the nature of
the learning situation, and the learner’s needs. As an instructional agent, the teacher par-
ticipates directly in the instructional interaction and provides pedagogical mediation
where and when it is needed to support the learner’s learning and development.

The teacher’s orchestration function is not limited to the direct management of indi-
vidual interactions between the learner and the Al components. It includes the prior or-
ganization of the Human-AI learning environment through the selection of appropriate
technological tools, the determination of their place and purpose in relation to specific
learning objectives, and the pedagogical configuration of components that allow such ad-
aptation. During the learning process, the teacher monitors the development of the inter-
action and, when necessary, may modify the organization of support, adapt or reconfigure
the relevant Al component, or assume a direct instructional function. In this way, peda-
gogical orchestration encompasses both the prior organization of the learning environ-
ment and its dynamic adaptation in response to the development of the specific learning
situation.

This role may involve different approaches to the individual AI components, de-
pending on their particular architecture and affordances. In Intelligent Tutoring Systems
(ITSs), a significant part of the interaction logic and adaptation capabilities is determined
by the architecture and functionalities of the particular system. Therefore, the teacher’s
orchestration role is primarily associated with selecting an ITS that corresponds to the
specific learning objectives and needs and determining its place within the learning pro-
cess. With Generative Al, the greater flexibility of interaction allows for additional peda-
gogical configuration and subsequent adaptation, which, within the proposed Human-
Al learning environment, is supported through the Meta-Prompt Framework described
in Section 4.2.

When the teacher participates directly as an instructional agent, the teacher’s media-
tion may perform functions that complement the capabilities of the Al components. In
mathematics education, this may include visual-spatial mediation, through which ver-
bally or abstractly represented mathematical relationships are connected with graphs, di-
agrams, geometric constructions, or symbolic transformations; conceptual-contextual me-
diation, through which mathematical ideas are connected with the learner’s prior
knowledge, intuitive understanding, and specific context; and affective-motivational me-
diation, aimed at sustaining engagement, confidence, and persistence when difficulties
arise. The importance of such human mediation is particularly evident in situations in
which mathematical understanding requires coordination among verbal, symbolic, vis-
ual, and conceptual forms of representation (Ainsworth, 2006; Duval, 2006; Pane et al.,
2017).

The teacher’s two roles do not operate in isolation from one another. Pedagogical
judgment exercised as part of orchestration may lead to direct teacher mediation when
the development of the learning situation requires it. As described in Section 4.1, such a
transition may be structured through a Handover Point. Once the specific difficulty has
been addressed, the teacher may again organize a transition to an appropriate AI compo-
nent or, when necessary, adapt the manner of its participation. Teacher mediation, there-
fore, does not represent an endpoint of Human-Al interaction, but rather one of the pos-
sible forms of pedagogical support within the dynamically orchestrated learning process.

In this way, the teacher does not perform the role of a dispatcher who continuously
manages every individual interaction between the learner and the technological compo-
nents. As a pedagogical orchestrator, the teacher organizes in advance the conditions for
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their participation, monitors the development of the learning process, and intervenes
when the pedagogical situation requires it—by modifying the organization of the interac-
tion, adapting an appropriate AI component, or providing direct pedagogical mediation.
This dual role enables the teacher to coordinate the different functional capabilities of the
instructional agents as complementary forms of instructional support while preserving
the common educational orientation of the Human-Al learning process toward the
learner’s learning and development.

Although this orchestration model is designed to avoid requiring continuous teacher
management of every learner—Al interaction, it may also introduce additional demands
related to the selection and configuration of technological tools, the evaluation of Al-gen-
erated support, and decisions about when direct teacher mediation is pedagogically ap-
propriate. Teacher workload was not systematically measured in the exploratory design
pilot; therefore, the extent to which the Framework increases, redistributes, or reduces
teacher workload remains an empirical question for future research.

5. Illustrative Scenario: Coordinated Human—-AI Orchestration in
Practice

To illustrate the functioning of the proposed Human-AI Orchestration Framework
in practice, this section presents a classroom scenario from algebra instruction. The sce-
nario demonstrates how different instructional agents can provide complementary forms
of instructional support within a coordinated learning process and how Handover Points
can facilitate transitions between them according to the development of the learning situ-
ation and the learner’s needs.

The sequence presented below represents one illustrative orchestration trajectory ra-
ther than a prescribed progression among ITS, Generative Al, and teacher support; other
sequences may emerge according to the learner’s needs, the development of the task, and
the pedagogical context.

For the purposes of the presented scenario, the human participants are the teacher
and the learner. The teacher also performs the function of the human instructional agent,
while Intelligent Tutoring Systems (ITSs) and Generative Al function as Al instructional
agents. Teacher mediation refers to the direct pedagogical support provided by the
teacher in the role of an instructional agent, whereas the teacher’s function as a pedagog-
ical orchestrator encompasses the organization and coordination of interaction within the
Human-AlI learning environment.

5.1. Scenario: The Delivery Problem

Students are presented with a real-world algebra task involving two delivery com-
panies with different pricing structures. Company A charges a fixed fee of 30 new Israeli
shekels (NIS) plus 4 NIS per kilometer, whereas Company B charges a fixed fee of 10 NIS
plus 9 NIS per kilometer. The task requires students to construct and solve a system of
linear equations, interpret the meaning of the intersection point, and analyze how differ-
ences in slopes and intercepts influence cost comparisons across distances.

5.2. lllustrative Procedural Support Through ITS

In this illustrative trajectory, students first work on translating the verbal problem
situation into an algebraic representation. During this formulation stage, the learning en-
vironment can provide complementary support through the mini-ITS, Generative Al, or
direct teacher mediation, according to the learner’s needs. The mini-ITS can provide struc-
tured guidance and feedback on the formulation of the equations, while Generative Al
can support interpretation of the verbal relationships through guided questioning and
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conceptual dialogue. Teacher mediation remains available when additional contextual or
representational support is required. Once the relationships have been formulated alge-
braically, the resulting system can be represented as follows:

y =4x+30

y=9x+10

The ITS is designed to provide step-by-step guidance, immediate feedback, and
adaptive hints, enabling students to solve the system and obtain the solution (x =4, y =
46). At this stage, the system structures the procedural demands of the problem-solving
process through step-by-step guidance and feedback, consistent with principles of in-
structional support discussed in the ITS and Cognitive Load Theory literature (Aleven et
al,, 2017; Koedinger et al., 2013; Sweller, 2011; VanLehn, 2011).

Figure 3 provides an illustrative view of the Delivery Problem as implemented in the
researcher-developed Human-Al learning environment. The interface enables the learner
to work on the mathematical task while accessing the available forms of support, includ-
ing structured hints, Guided Socratic Generative Al support, and direct teacher assistance.

A. Original Hebrew interface (authentic pilot screenshot)

14 imn 13 a'%xw - UNIT_4 211 AR

y=46-1 X=4 727NN D'NI7YNN NN2N 7 NIXIYAN NDYN [NNSL

2020 7V 1WA INNDA NIYNYN An

® 4 niaa nnana ‘nw n7p 46 pnan% nitwna a ® 46 niaa nnana My n”p 4 pnanY% nitwna X

2 nnann @ 42 2% TN 'k anan LT ™ 46 a7y 'x anana nitwn D

17 D'RNNY DYTYN AI0 DX N7 WOX AW D2 s v (Al  7719) "0pwon oM TY & {omn ) 2w % me ®

avnna STTaY TN

14 3inn 14 axw - UNIT_4 711 2w

y=10+9x 2 "Nan .y=30+4X X "N2N ]2 1NN NIXNYN

27720 7 ¢ 'NNT DMIYE Y 'Y DY JIN'NAI YID'WN TYD

190N NX DNV DAX'N Y V'Y DY JIN'NDIYI9'WA . 4 pomnnn yoni'?p 5% vnna oa 1041 30 o'wivwa X
DnonITpEn yipa oi7wnn oa 941

DOIN'NALL,TAY YIAPD DITYNA DX DAY DWID'WA . T 30 oomnar ,yom?'p 3% v'nnn o 941 4 pwio'wa
'NNY DIYR DR yiaga o17wna oa 104

17 D'RANY DTV AI0 X M7 WOXR AW D2 vman 7w B (Al » 773) ~opwa T Ty & {om21 ) wn S e 9

avnna sTTRY TN

TR B RpYen 2 nvam BT oY
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B. English translation (reconstructed for publication)

UNIT 4 - Question 13 of 14 Question 11(a)

The delivery companies’ equations intersectatx =4, y = 46

What does the solution mean in the context of the problem?

A. For a 4 km delivery, both companies charge NIS 46 B. For a 46 km delivery, both companies charge NIS 4

D. Company A is always NIS 4 cheaper than Company
B

Help Me Think (Hints) Teacher Assistance

Working process: Start

C. Company A charges NIS 46 for every delivery

UNIT 4 - Question 14 of 14 Question 11(b)

Price equations: Company A:y = 30 + 4x; Company B: y = 10 + 9x

How do the slope and y-intercept relate to each company’s price?

A. The slopes 30 and 10 are the price per km; 4 and 9 B. The slope and y-intercept represent the number of
are the fixed payment deliveries

C. The slopes 4 and 9 are the price per km; 30 and 10 D. The slopes represent only the fixed payment; the
are the fixed payment intercepts do not relate to price

Help Me Think (Hints) Teacher Assistance
Working process: Start

(Translation prepared for editorial review; the original Hebrew screenshot documents the actual pilot interface.)

Figure 3. [llustrative implementation of the Delivery Problem in the researcher-developed Human-

Al learning environment, showing the mathematical task and the available support options.

5.3. lllustrative Conceptual Mediation Through Generative Al

Following the procedural solution, the Generative Al component engages students
in conceptual dialogue. Using Socratic questioning aligned with the Meta-Prompt Frame-
work (Section 4.2), Al encourages students to interpret the solution’s meaning. For exam-
ple, the Al may ask: “What does the point (4, 46) represent in the context of the problem?”
or “How would these pricing models appear if represented graphically?”

At this stage, the Al can support conceptual reasoning, reflection, and metacognitive
engagement through natural-language interaction (Holmes & Tuomi, 2022; Kasneci et al.,
2023). However, as the discussion shifts toward graphical interpretation, a mismatch may
arise between the form of support currently being provided and the learner’s need for an
adequate visual representation of the intersecting linear relationships.
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5.4. Illustrative Teacher Intervention at the Handover Point

In this scenario, when the current Al-supported interaction no longer adequately cor-
responds to the learner’s need for graphical interpretation, the resulting pedagogically
meaningful transition in the leading form or function of instructional support may consti-
tute a Handover Point. At this stage, the leading instructional function shifts from the Al
component to the teacher, who participates directly as the human instructional agent.

The teacher introduces a graphical representation of the two linear functions and
guides students in connecting the algebraic solution to its geometric meaning. Through
visual explanation and contextual mediation, the teacher clarifies that the point (4, 46)
indicates that, at a distance of 4 km, both delivery options cost 46 NIS. The teacher may
further extend the discussion by asking students to interpret the slopes (cost per kilome-
ter) and intercepts (fixed fees) within the real-world context of the problem.

5.5. Integrated Cognitive Process

This scenario illustrates how different instructional agents may provide complemen-
tary forms of support within a coordinated learning process. In the particular trajectory
presented here, the ITS provides structured procedural support, Generative Al supports
conceptual articulation and reflective reasoning, and the teacher provides visual repre-
sentation, contextual grounding, and adaptive support through direct pedagogical medi-
ation. These functions are not intended to represent fixed or mutually exclusive roles; ra-
ther, the leading form or function of support may vary according to the learner’s needs
and the development of the learning situation. The coordinated interaction among these
instructional agents is intended to support procedural accuracy, conceptual reasoning,
and representational understanding within an integrated instructional process.

5.6. Applicability to Additional Contexts

A similar orchestration pattern may also be applied in other algebraic contexts, in-
cluding classroom-based word problems. For example, we have the following;:

“There are 32 students in a class. The number of girls is 4 more than the number of
boys.”

If x represents the number of boys and y represents the number of girls, the situation
is modeled as follows:

X+y=32

y=x+4

Students sometimes make a common conceptual error by reversing the relationship
and writing:

x=y+4

This incorrect formulation may suggest that the number of boys exceeds the number
of girls. In such cases, an ITS may provide feedback on the structure of the system of equa-
tions, while the underlying linguistic-conceptual misunderstanding involved in inter-
preting the relational statement may require a different or complementary form of instruc-
tional support.

Generative Al may guide students through verbal reasoning and reflective question-
ing; however, if misunderstanding persists, the situation may require a structured transi-
tion through a Handover Point. In the illustrative trajectory presented here, the teacher
may then mediate understanding by connecting the symbolic representation to a concrete
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classroom context, for example, by physically grouping students to demonstrate the rela-
tionship visually. This mediation can help students bridge the gap between verbal de-
scription and symbolic representation.

This additional example further illustrates the potential applicability of the proposed
Framework beyond a single task type and across different forms of mathematical reason-
ing, while its broader generalizability remains to be examined through further empirical
research.

6. Exploratory Design Pilot of the Human—AI Orchestration Framework

This section presents an exploratory design pilot of the Human-AlI Orchestration
Framework conducted under authentic classroom conditions. The purpose of the pilot
was not to evaluate learning outcomes or the educational effectiveness of the Framework,
but to examine its practical implementation and to identify design requirements, func-
tional limitations, and necessary refinements before subsequent systematic empirical eval-
uation. The pilot focused on whether the proposed forms of support could be integrated
within a coordinated classroom environment, whether the pedagogical configuration and
coordination mechanisms could be enacted during instruction, and what implementation
difficulties emerged in practice. Observations and feedback collected during the pilot
were used formatively to refine the specific Human—AlI learning environment and the
practical implementation of individual mechanisms of the Framework.

The exploratory design pilot was conducted over a six-week period with 32 male
Grade 8 students, approximately 13 years of age, from a single mathematics class in a
public, state-funded religious boys” school in Haifa, Israel. The participating class consti-
tuted the school’s highest-level mathematics grouping for Grade 8 and included a sub-
stantial proportion of the students in the grade. The participating group was an intact,
existing high-achieving mathematics class taught by the teacher-researcher. The entire
class participated in the exploratory pilot because systems of linear equations in two var-
iables, the mathematical topic addressed in the pilot, formed part of the Grade 8 curricu-
lum being taught during the implementation period. A pre-test was administered before
the pilot; however, pre-test performance was not used as a selection criterion, and all stu-
dents in the class participated regardless of their pre-test scores. The class therefore con-
stituted a convenience sample within the authentic instructional context. The participat-
ing students had prior experience with commonly used digital learning environments,
including a Ministry of Education ITS-based learning environment, and regularly used
standard, open-ended ChatGPT for homework, assignments, and general consultation.
However, they had not previously used the researcher-developed Guided Socratic con-
figuration employed in the present pilot. Students accessed the learning environment us-
ing school computers. The classroom teacher also served as the researcher conducting the
exploratory design pilot. The teacher-researcher had 26 years of experience teaching
mathematics and held a master’s degree from the Hebrew University of Jerusalem, Israel.
She had prior experience using ChatGPT and other commonly available Al tools, includ-
ing different versions available over time, for consultation and professional purposes, but
had not previously used Generative Al as a classroom instructional tool or for Socratic Al-
supported learning. All instructional activities involving students were conducted in ac-
cordance with the applicable institutional and ethical requirements governing educational
research. The pilot was carried out with the required institutional permissions, including
authorization from the Israeli Ministry of Education, approval from the participating
school administration, and informed parental consent obtained prior to the classroom im-
plementation. No personally identifiable information or sensitive participant data are pre-
sented in this paper.
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The initial classroom implementation highlighted a practical problem related to the
linguistic accessibility of existing ITS platforms. During the initial use of the ASSISTments
platform, the English-language interface was found to introduce additional linguistic de-
mands for the Hebrew-speaking students during algebraic problem-solving activities.
This raised concerns about the practical suitability of a non-localized ITS environment for
the particular group of learners and instructional context and led to the decision to de-
velop and use a Hebrew-language rule-based mini-ITS aligned with the linguistic and
curricular characteristics of the Israeli educational context. Thus, the selection and, where
necessary, replacement or development of an appropriate ITS became part of the practical
configuration of the specific Human-AlI learning environment.

The implementation focused on systems of linear equations in two variables. Over
the six-week pilot, students completed seven instructional units, each comprising approx-
imately 90 min of instruction across two class periods. The seven units followed a cumu-
lative mathematical progression: Unit 1 introduced the graphical solution of systems of
linear equations; Unit 2 extended the graphical approach to applications of systems of
equations; Unit 3 introduced the substitution method; Unit 4 focused on verbal problems
modeled and solved using substitution; Unit 5 introduced the elimination method; Unit 6
addressed non-standard-form systems and systems containing parentheses; and Unit 7
extended the sequence to systems of linear equations involving parameters. Across the
seven units, the mathematical tasks progressed from graphical and representational un-
derstanding toward algebraic solution methods, modeling, increasingly complex equa-
tion structures, and parameter-based reasoning. The learning environment comprised a
Hebrew-language rule-based mini-ITS, Generative Al configured to provide guided So-
cratic support, and direct teacher mediation. The mini-ITS followed a predefined instruc-
tional sequence rather than dynamically adapting the learning pathway to individual stu-
dents. It provided rule-based evaluation of student responses and access to structured
hints during problem solving. When a student submitted two incorrect responses to the
same question, the system presented a new, similar question, providing an additional op-
portunity to work on the same mathematical idea. Thus, adaptation within the mini-ITS
was limited to predefined response rules rather than individualized algorithmic adapta-
tion. The mini-ITS was developed by the teacher-researcher in collaboration with Moshe
Malik as part of the same PHP-based web environment that integrated the Generative Al
component. The teacher-researcher designed the mathematical tasks using textbooks ap-
proved by the Israeli Ministry of Education and defined the mathematically correct re-
sponses and the rule-based evaluation criteria, while Malik implemented these specifica-
tions programmatically. The environment supported different response formats, includ-
ing open-ended input and multiple-choice responses, and automatically evaluated stu-
dent responses according to the predefined rules. The mini-ITS was developed as a func-
tional instructional component for the exploratory design pilot and did not undergo a
separate formal technical validation process; implementation difficulties identified during
classroom use were instead used to inform iterative refinement of the system. These forms
of support were available as complementary instructional resources rather than as a pre-
scribed sequential pathway, and transitions in the leading form or function of support
could occur according to the learner’s needs, the development of the task, and the peda-
gogical context. Illustrative screenshots of the implemented learning environment and its
support mechanisms are provided in Appendix C.

Several iterative refinements were introduced during the pilot in response to difficul-
ties observed during classroom implementation. The initial Meta-Prompt configuration
relied primarily on open-ended Socratic questioning and avoided providing complete so-
lutions or final answers. During the pilot, however, this configuration was found to pro-
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vide insufficient guidance for some students when they encountered conceptual difficul-
ties or remained unable to progress through questioning alone. In response, the Meta-
Prompt was progressively refined toward Guided Socratic Scaffolding, in which question-
ing and reflection remained central but could be supplemented, when needed, by concep-
tual cues, relevant mathematical relationships, strategic suggestions, and more explicit
guidance toward the next step. This iterative refinement illustrates how the pedagogical
configuration of Generative Al support was adapted in response to difficulties observed
during authentic classroom implementation.

Generative Al support during the pilot was implemented through the OpenAI API
and integrated into a researcher-developed web-based learning environment pro-
grammed in PHP. Students interacted with the Generative Al component entirely through
this environment and did not require individual ChatGPT accounts or access to the stand-
ard ChatGPT interface. The pedagogical behavior of the Generative Al component was
configured through a researcher-developed Meta-Prompt containing detailed instructions
for Guided Socratic interaction. In addition, depending on the type of mathematical ques-
tion, question-specific hidden instructions were appended to the student’s query before it
was sent to the API in order to guide the form and pedagogical focus of the generated
response. The Meta-Prompt was used to structure the pedagogical characteristics of the
interaction, including Socratic questioning, constraints on the provision of complete solu-
tions, and the progressive introduction of more guided scaffolding when needed. Because
the Meta-Prompt was iteratively refined during the pilot, the final configuration should
not be interpreted as the exact configuration used throughout all instructional sessions.
The final refined Meta-Prompt resulting from this iterative process is provided in Appen-
dix A. To protect student privacy, student names were not transmitted to the OpenAIl API;
only the text submitted for Generative Al consultation was sent to the external service.
Within the researcher-developed environment, each student was represented by a unique
identifier. Student-Al interactions were conducted in Hebrew. No external plugins were
used. The learning environment was web-based and required Internet access; however,
the application itself did not restrict students from opening additional browser tabs. The
specific underlying ChatGPT model version used during the pilot was not systematically
recorded and therefore cannot be retrospectively specified with certainty.

During the pilot, a dedicated “Call the Teacher” feature was introduced to enable
learners to directly request teacher assistance when they encountered difficulty or concep-
tual misunderstanding. The feature provided an explicit mechanism for initiating a tran-
sition to direct teacher support. When such a request resulted in a pedagogically mean-
ingful shift in the leading form or function of instructional support, the transition could
be identified as a Handover Point. The teacher could then provide direct pedagogical me-
diation, and based on pedagogical judgment, determine how support should subse-
quently be organized. This could involve continuing direct teacher mediation, returning
to one of the Al-supported resources, or combining different forms of support according
to the learner’s needs. In this way, the “Call the Teacher” feature operationalized a learner-
initiated pathway for requesting a change in instructional support without treating the
learner’s action itself as a Handover Point.

Subsequent observations also revealed difficulties associated with open-ended math-
ematical responses within the mini-ITS environment. In some cases, mathematically cor-
rect responses were not recognized by the system because of variations in symbolic for-
matting or the structure of the mathematical expression. This highlighted a practical lim-
itation of the rule-based mini-ITS and the need to balance opportunities for open-ended
mathematical reasoning with more structured response mechanisms. Consequently, se-
lected multiple-choice response formats were introduced alongside open-ended activities
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in the third and fourth instructional units to improve interaction stability and reduce dif-
ficulties associated with answer recognition.

Observations and formative feedback collected during the exploratory design pilot
informed several iterative refinements to the Human-Al learning environment and to the
practical implementation of individual mechanisms of the Framework. The main imple-
mentation observations, their design interpretation, and the resulting refinements are
summarized in Table 1.

Table 1. Key Observations and Iterative Design Refinements during the Exploratory Design Pilot.

Implementation Aspect Pilot Observation Design Interpretation: Resulting Refinement

Some students experienced diffi- Open-ended questioning alone did = Progressive refinement of the Meta-Prompt to-

Socratic Al culty progressing when the initial not always provide sufficient guid- ward Guided Socratic Scaffolding, incorporating
interaction Socratic interaction relied primar- ance when learners encountered con-  conceptual cues, strategic suggestions, and
ily on open-ended questioning. ceptual difficulty. graduated support when needed.
Students occasionally required di- Development and integration of the “Call the

. The learning environment required an . .
rect teacher assistance when the Teacher” feature, enabling learners to directly

explicit mechanism through which

Teacher mediation  available forms of support did not . request teacher assistance and initiate a poten-
o learners could request a transition to . . .
adequately address their difficulty tial transition in the leading form of instruc-
. . direct teacher support when needed. .
or conceptual misunderstanding. tional support.

In some cases, mathematically cor- The rule-based answer-recognition

Open-ended rect responses were not recog- ~ mechanism required a more struc- Introduction of selected multiple-choice re-
mathematical nized by the mini-ITS because of  tured response format for selected  sponse formats alongside open-ended activities
responses variations in symbolic formatting tasks to ensure reliable recognition of  in the third and fourth instructional units.

or expression structure. mathematically valid answers.

The reflections provided formative in-

. . dications of students” experiences Student feedback was used as an additional

Students completed detailed writ- . . . . .

. with the available forms of support ~ formative source to inform the ongoing refine-
Student feedback ten reflections at the end of each L . .

. . . and highlighted aspects of the learn- ment of the Al-supported interactions and or-

instructional unit. . . . X X

ing environment requiring further at- chestration mechanisms.

tention.

. . The learning environment was refined to treat
A fixed sequence of ITS, Generative o . ]
. . . the mini-ITS, Generative Al, and direct teacher
Students required different forms AlI, and teacher support did not ade- o

Classroom . . . mediation as complementary resources that
. . of support at different points dur- quately reflect the varying support .
implementation . . . . . . could be accessed according to the learner’s
ing the instructional activities. needs observed during classroom im- .
. needs and the development of the learning situ-
plementation. u
ation.

The English-language interface of
ASSISTments introduced addi- A non-localized ITS was not suffi-  Replacement of ASSISTments with a Hebrew-

Linguistic accessibility of tional linguistic demands for the ciently aligned with the linguistic and language rule-based mini-ITS aligned with the

the ITS Hebrew-speaking students during curricular context of the participating linguistic and curricular characteristics of the
algebraic problem-solving activi- students. classroom context.
ties.

The observations from the exploratory design pilot are preliminary and are not pre-
sented as formal empirical findings regarding the educational effectiveness of the Frame-
work. The pilot did not employ systematic outcome data collection designed for hypoth-
esis testing or statistical evaluation of learning effects. However, formative documentation
was collected throughout the implementation. In addition to the teacher and student re-
flections, the web-based learning environment automatically recorded timestamped stu-
dent actions during the instructional activities. These records included question initiation,
answer attempts and submissions, use of structured hints, activation of Generative Al
support, requests for teacher assistance, and question completion. The logs provided pro-
cess documentation of when different forms of support were accessed during students’
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work and could therefore support the retrospective examination of potential Handover
Points. These records were used formatively in the exploratory pilot and were not ana-
lyzed as evidence of learning effectiveness. Following each instructional session, the
teacher-researcher completed a structured reflection documenting classroom events, dif-
ficulties encountered by students when working with the learning environment, problems
related to response recognition, situations in which the available Socratic support was in-
sufficient, patterns of interaction with the different forms of support, and issues requiring
subsequent design refinement. Students also completed a detailed reflection at the end of
each instructional unit, providing formative feedback on their learning experience, diffi-
culties encountered, and use of the available forms of support. The teacher-researcher re-
flections and student reflections were reviewed formatively throughout the pilot and were
used to identify implementation difficulties and inform the ongoing iterative refinement
of the learning environment. These materials were not treated as validated outcome
measures and were not subjected to inferential statistical analysis. Student reflections
were used as formative design documentation and were not subjected to formal thematic
analysis; accordingly, they are not presented as empirical evidence of students’” percep-
tions or of the effectiveness of particular forms of support.

Taken together, the exploratory design pilot provides preliminary indications of the
practical feasibility of implementing the proposed Framework as a coordinated Human-
Al learning environment under authentic classroom conditions. The pilot also identified
several implementation requirements and limitations that informed iterative refinement
of the learning environment and its coordination mechanisms. These observations do not
establish the educational effectiveness of the Framework or empirically validate its pro-
posed conceptual mechanisms, which require systematic investigation in subsequent re-
search.

7. Discussion

The present study proposes a Human—AI Orchestration Framework for Mathematics
Education, which conceptualizes the Al-supported learning environment as a coordinated
interaction between human participants and Al components. Rather than treating Intelli-
gent Tutoring Systems (ITSs), Generative Al, and the teacher as independent or competing
sources of instructional support, the Framework focuses on the possibility of organizing
and coordinating the different and potentially overlapping forms of instructional support
they can provide within a shared learning process.

From a theoretical perspective, this implies a shift in focus from the use of individual
Al tools toward the design and management of coordinated Human-AlI learning environ-
ments. Previous research has demonstrated the potential of ITSs to support procedural
fluency (Aleven et al., 2017; VanLehn, 2011) and of Generative Al to support conceptual
reasoning and dialogic interaction (Holmes & Tuomi, 2022; Kasneci et al., 2023). Recent
studies have also begun to examine Human—-AI hybrid adaptivity, shared control, and
classroom co-orchestration (Holstein et al., 2020; Lawrence et al., 2024; Yang et al., 2023).
Within this emerging research direction, the present Framework focuses more specifically
on the pedagogical coordination of functionally different forms of instructional support,
including ITSs, Generative Al, and direct teacher mediation, while pedagogical orchestra-
tion and responsibility remain with the teacher. The proposed Framework considers such
coordination not as an additional organizational layer imposed on individual technolo-
gies, but as an essential characteristic of the Human—AI learning environment, in which
different instructional agents may provide complementary and potentially overlapping
forms of support according to the learner’s needs, the learning situation, and the func-
tional affordances of the available resources.
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This perspective is consistent with research on pedagogical orchestration and human
pedagogical agency in technology-supported learning environments (Dillenbourg, 2013;
Kahn et al., 2025; Trouche & Drijvers, 2014).

A substantial element of the proposed Framework is the distinction between the
teacher’s role as a pedagogical orchestrator and the teacher’s direct participation as a hu-
man instructional agent. As a pedagogical orchestrator, the teacher organizes the Human—
Al learning environment in advance by selecting appropriate technological tools, deter-
mining their place and purpose in relation to specific learning objectives, and pedagogi-
cally configuring those components that allow such adaptation. During the learning pro-
cess, the teacher observes the development of the interaction and, when necessary, may
modify the organization of support, adapt or reconfigure the relevant AI component, or
assume a direct instructional function. As a human instructional agent, the teacher pro-
vides direct pedagogical mediation when required by the nature of the task or the
learner’s needs. This distinction allows teacher mediation to be understood not as a re-
sponse to an Al “failure,” but as one of the complementary forms of instructional support
within a dynamically orchestrated process.

Within this context, Handover Points function as a framework-specific coordination
mechanism for structuring pedagogically meaningful transitions in the leading form or
function of instructional support. They provide a way of conceptualizing shifts among
different and potentially overlapping forms of support according to the learner’s needs,
the development of the task, and the affordances and limitations of the available re-
sources. The exploratory design pilot of the Framework also highlighted an additional
aspect of this mechanism through the “Call the Teacher” feature. In this case, the learner,
who is a human participant in Human-AlI interaction but does not perform the function
of an instructional agent, may directly request a transition to teacher support when the
current form of instructional support does not meet their needs. When such a request re-
sults in a pedagogically meaningful shift in the leading form or function of instructional
support, the transition may be identified as a Handover Point. The learner’s request does
not itself constitute a Handover Point or participation in pedagogical orchestration. The
decision regarding what form of support should subsequently be provided and how the
interaction should be organized remains subject to the teacher’s pedagogical judgment in
the role of orchestrator. In this way, the “Call the Teacher” feature expands the learner’s
ability to signal the need for a change in instructional support without altering the
teacher’s central role in organizing and coordinating the Human-AI learning environ-
ment.

Another conceptual element of the proposed Framework is the Visual-Conceptual
Gap (VCQG), introduced here as a framework-specific conceptual lens rather than as an
independently validated construct. Grounded in research on multiple representations and
representational coordination (Ainsworth, 2006; Duval, 2006), the VCG refers to situations
in which the form of support currently available to the learner does not sufficiently con-
nect mathematical meaning with the visual, symbolic, or spatial representations required
by the learning task. Such a mismatch is not treated as an inherent limitation of Generative
Al or of any particular instructional agent, especially as the representational capabilities
of Al systems continue to evolve. Rather, it may indicate the need for a different or com-
plementary form of instructional support. Within the Framework, the VCG therefore pro-
vides a conceptual lens for considering when a change in the leading form or function of
support may be pedagogically appropriate.

The Framework also draws on Cognitive Load Theory (Sweller, 2011) through Cog-
nitive Load Redistribution (CLR), which is presented here as a framework-specific theo-
retical proposition rather than as an empirically demonstrated effect. CLR refers to the
pedagogical coordination of supportive functions and cognitive operations across the
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learner, technological components, and teacher according to the demands of the learning
situation. It does not imply a literal transfer of cognitive load between agents or a fixed
allocation of instructional functions. Within this perspective, ITS, Generative Al, and
teacher mediation may provide different and potentially overlapping forms of support
according to the demands of the task and the learner’s needs. Because cognitive load was
not empirically measured in the exploratory design pilot, the present study does not pro-
vide evidence that cognitive load was reduced or redistributed during implementation.

Within this context, Handover Points and the pedagogical configuration and adap-
tation of interaction with Generative Al through the Meta-Prompt Framework can be re-
garded as interrelated mechanisms for coordinating different and potentially overlapping
forms of instructional support. This coordination is intended to enable the available re-
sources to be used complementarily while preserving the common educational orienta-
tion toward the learner’s learning and development.

The exploratory design pilot presented in Section 6 provides preliminary indications
regarding the practical feasibility of implementing the proposed Framework under au-
thentic classroom conditions. The iterative refinements introduced during the pilot—in-
cluding the replacement of the initially used ITS with a localized mini-ITS, progressive
refinement of the Meta-Prompt configuration, introduction of the “Call the Teacher” fea-
ture, and modification of selected response mechanisms—highlight several practical re-
quirements associated with implementing a coordinated Human-AI learning environ-
ment. These refinements suggest that orchestration should not be understood as the one-
time design of a fixed learning environment. Rather, its practical realization may require
ongoing observation, pedagogical judgment, and iterative adaptation of the specific con-
figuration in relation to learning objectives, the nature of the learning tasks, learners’
needs, and the capabilities and limitations of the technological components being used.
These observations should also be interpreted cautiously because alternative explanations
cannot be excluded. The implementation difficulties and resulting refinements may reflect
not only characteristics of the proposed Framework, but also the specific classroom con-
text, learner group, technological configuration, and teacher-researcher involvement in
the pilot. The exploratory design therefore does not allow these observations to be at-
tributed specifically to the Framework or its individual mechanisms.

These observations do not constitute evidence of the educational effectiveness of the
Framework, as the exploratory design pilot was not designed to evaluate learning out-
comes, test hypotheses, or establish causal relationships. The preliminary indications of
practical feasibility and the implementation requirements identified during the pilot
therefore provide a basis for subsequent systematic empirical evaluation of the Frame-
work and its proposed mechanisms.

For the same reason, the present study does not allow the generalizability of the pro-
posed Framework to be established. The illustrative scenarios presented in Section 5 and
the exploratory design pilot described in Section 6 encompass limited mathematical con-
tent, a particular age group, and a specific educational and technological context. Further
empirical studies and an accumulation of evidence from applications of the Framework
across different mathematical topics, learner groups, educational levels, and instructional
contexts are therefore required. Such studies should examine not only whether the Frame-
work can be applied under diverse conditions, but also the extent to which the proposed
mechanisms retain their functionality, pedagogical coherence, and potential educational
effectiveness as the context changes. In addition, the dual role of the classroom teacher as
both teacher and researcher may have influenced the interpretation of classroom observa-
tions and formative reflections. This potential source of researcher subjectivity should be
considered when interpreting the pilot observations.
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An additional limitation arises from the dependence of the Framework on the char-
acteristics of specific technological components. The capabilities of Generative Al and
multimodal Al systems are developing rapidly, and functional limitations observed in
current technologies may therefore be reduced or take different forms in future systems.
The situations identified through the Visual-Conceptual Gap (VCG) lens may likewise
change as multimodal capabilities develop, because emerging technologies may provide
increasingly sophisticated forms of visual, symbolic, and multimodal support. However,
such technological developments do not eliminate the need for pedagogical judgment re-
garding whether the form of support currently available adequately addresses the repre-
sentational demands of the learning situation.

The implementation of the Framework also depends on the teacher’s pedagogical
and technological competence. Effective orchestration requires the ability to select appro-
priate technological tools, pedagogically configure adaptable AI components, recognize
situations requiring a change in the form of support, and provide direct mediation when
necessary. Differences in teacher preparation, digital competence, and professional expe-
rience may therefore influence both the practical implementation of the Framework and
the outcomes associated with its use.

The Framework may also introduce additional demands on the teacher related to
selecting and configuring technological tools, evaluating Al-generated support, and de-
ciding when direct teacher mediation is pedagogically appropriate. At the same time, the
availability of multiple forms of support may alter when and how direct teacher interven-
tion is required during learner interactions. Because teacher workload was not systemat-
ically measured in the exploratory design pilot, however, the extent to which the Frame-
work increases, redistributes, or reduces teacher workload remains an empirical question
for future research.

From a practical perspective, the Framework offers a set of mechanisms and princi-
ples for designing coordinated Human-AlI learning environments, but it does not pre-
scribe a single universal technological configuration. The selection of ITS, the configura-
tion of Generative Al, the forms of teacher mediation, and the organization of Handover
Points should be aligned with specific learning objectives, learner characteristics, and
available technological and organizational resources. This capacity for configuration and
adaptation represents a potential advantage of the Framework, although the extent to
which it can be successfully implemented across different conditions remains a subject for
future empirical investigation.

Beyond the direct examination of the educational effectiveness and generalizability
of the Framework, the present study also outlines several possible directions for further
research. One concerns authentic assessment in Al-supported learning environments.
Tasks requiring visual construction, contextual interpretation, conceptual explanation, or
critical evaluation of Al-generated content may be investigated as a possible means of
examining not only the learner’s ability to integrate different forms of mathematical rep-
resentation, but also their ability to understand, interpret, and evaluate the mathematical
correctness and conceptual meaning of instructional support provided by Al Another di-
rection concerns educational equity and the question of whether coordinating different
forms of Al-based and human support can create more accessible and adaptive conditions
for learners with differing needs, prior knowledge, and levels of preparation. These pos-
sibilities were not systematically investigated in the present study and should not be in-
terpreted as established effects of the proposed Framework, but rather as directions for
subsequent empirical research.

In summary, the principal contribution of the proposed Framework is conceptual: it
specifies a coordinated Human-AlI learning architecture in which different and poten-
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tially overlapping forms of instructional support can be organized while pedagogical re-
sponsibility remains with the teacher. Through Handover Points as a framework-specific
coordination mechanism, the Meta-Prompt as a pedagogical configuration mechanism,
and the distinction between the teacher’s roles as pedagogical orchestrator and human
instructional agent, the Framework provides a structured account of how such coordina-
tion may be conceptualized in mathematics education. The exploratory design pilot pro-
vides preliminary indications of practical feasibility under the specific classroom condi-
tions examined, but it does not establish educational effectiveness or empirically validate
the proposed conceptual mechanisms.

8. Conclusions

The present study proposes a Human—AI Orchestration Framework for Mathematics
Education, which conceptualizes the Al-supported learning environment as a coordinated
interaction between human participants and Al components. Rather than treating Intelli-
gent Tutoring Systems (ITSs), Generative Al and the teacher as independent or competing
sources of instructional support, the Framework focuses on coordinating the different and
potentially overlapping forms of support they can provide within a shared learning pro-
cess, while pedagogical responsibility remains with the teacher.

A central role within the proposed Framework is assigned to the teacher, who per-
forms two interrelated but conceptually distinct roles—as a pedagogical orchestrator and
as a human instructional agent. As a pedagogical orchestrator, the teacher organizes and
coordinates the Human—AlI learning environment, while as a human instructional agent,
the teacher provides direct pedagogical mediation when necessary. Handover Points
function as a framework-specific coordination mechanism for structuring pedagogically
meaningful transitions in the leading form or function of instructional support, while the
Meta-Prompt Framework serves as a pedagogical configuration mechanism for structur-
ing and adapting interaction with Generative Al Cognitive Load Redistribution (CLR) is
proposed as a theoretical proposition concerning the coordination of supportive functions
and cognitive operations across the learner, technological components, and teacher,
whereas the Visual-Conceptual Gap (VCG) serves as a conceptual lens for identifying sit-
uations in which the current form of support does not sufficiently address the representa-
tional demands of the learning situation.

The exploratory design pilot presented in Section 6 provides preliminary indications
of the practical feasibility of implementing the proposed Framework under the specific
classroom conditions examined. The need to select and replace technological components,
refine the Meta-Prompt configuration, and introduce mechanisms such as the “Call the
Teacher” feature illustrates that pedagogical orchestration is not a one-time configuration
of a fixed learning environment, but may require ongoing observation, pedagogical judg-
ment, and iterative adaptation. These formative observations identified practical imple-
mentation requirements and informed refinement of the Human—AlI learning environ-
ment; however, they do not establish the educational effectiveness, generalizability, or
empirical validity of the Framework’s proposed conceptual mechanisms. They therefore
provide a basis for subsequent systematic empirical evaluation rather than evidence of
established operational viability.

More broadly, the study contributes to current discussions on Al in education by
shifting attention from the capabilities of individual technologies toward the pedagogical
coordination of multiple forms of human and Al support. Its conceptual contribution lies
in specifying how such coordination may be structured in mathematics education while
maintaining teacher pedagogical responsibility and allowing the configuration of support
to respond to the learner’s needs, the learning situation, and the affordances of the avail-
able resources.
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Future research should systematically evaluate the educational effectiveness and
generalizability of the proposed Framework across different mathematical topics, learner
groups, educational levels, and instructional contexts. In this direction, future studies may
include: (1) quasi-experimental or experimental studies comparing orchestrated Human-
Al learning environments with configurations based on individual technologies or tradi-
tional teacher support in terms of procedural fluency, conceptual understanding, and rep-
resentational reasoning; (2) longitudinal studies examining how sustained use of the
Framework and Handover Points within the orchestrated learning process relates to
learner autonomy, the development of conceptual understanding, and long-term
knowledge retention; and (3) studies across different contexts to determine the extent to
which the Framework and its mechanisms can be adapted across educational levels, math-
ematical topics, and resource conditions.

Alongside the evaluation of learning outcomes, an important direction for future re-
search is the operationalization of the pedagogical orchestration process itself. Future
studies may examine the conditions under which Handover Points arise, the different
ways in which they can be initiated, the sequence of transitions between forms of instruc-
tional support, and the relationship between different orchestration patterns and the de-
velopment of the learning process. Of particular interest are learner-initiated requests for
teacher intervention, through which the learner may signal the need for a change in in-
structional support. Such a request does not itself constitute a Handover Point; rather,
when it results in a pedagogically meaningful shift in the leading form or function of in-
structional support, the transition may be identified as a Handover Point, while the sub-
sequent organization of support remains subject to the teacher’s pedagogical judgment
and orchestration function.

Further research may examine how coordinated Human-AI learning environments
influence procedural fluency, conceptual understanding, representational reasoning, and
learner engagement, as well as whether different forms of adaptive human and Al support
can contribute to more accessible and equitable learning conditions for learners with dif-
ferent needs and levels of prior preparation. A separate promising direction concerns au-
thentic assessment in Al-supported learning environments. Tasks requiring visual con-
struction, contextual interpretation, conceptual explanation, or critical evaluation of Al-
generated content may be investigated as a possible means of examining learners’ ability
not only to integrate different forms of mathematical representation, but also to under-
stand, interpret, and evaluate the mathematical correctness and conceptual meaning of
instructional support provided by AL

From a broader perspective, future research may investigate how the coordination of
different and potentially overlapping human and Al forms of instructional support within
a common educational orientation influences learning processes, educational outcomes,
and the evolving relationship between humans and Al in technology-supported learning
environments.

Ultimately, the central question concerning Al integration in mathematics education
is not simply whether Intelligent Tutoring Systems, Generative Al, and the teacher can
participate within the same learning environment, but how different and potentially over-
lapping forms of human and Al instructional support can be pedagogically coordinated
in response to the learner’s needs and the development of the learning situation. By fram-
ing Al integration as a question of coordination rather than substitution, the Human-AI
Orchestration Framework provides a conceptual basis for designing mathematics learn-
ing environments in which multiple forms of support can be coordinated while pedagog-
ical responsibility remains with the teacher. The exploratory design pilot offers prelimi-
nary indications of the practical feasibility of this approach under the specific classroom
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conditions examined, while its educational effectiveness and generalizability remain to be
established through systematic empirical research.
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Appendix A. Final Refined Generative AI Meta-Prompt

The Meta-Prompt presented below represents the final refined configuration result-
ing from the exploratory design pilot. It reflects the iterative development of the Genera-
tive Al support described in Section 6 and should not be interpreted as the exact configu-
ration used unchanged throughout all pilot sessions.

The following operational Meta-Prompt defines the pedagogical behavior of the Gen-
erative Al component within the Human—AI Orchestration Framework. It operationalizes
the Guided Socratic Scaffolding approach and is intended to support student reasoning,
conceptual understanding, and metacognitive engagement while preserving the teacher’s
central pedagogical and coordinating role.

Appendix A.1. Role and Pedagogical Orientation

You are a supportive GenAl learning partner for Grade 8 students learning systems
of linear equations. Your role is to support students’” mathematical thinking rather than
replace their reasoning or the teacher’s pedagogical judgment.

Encourage students to think independently, explain their reasoning, identify errors,
consider appropriate strategies, and connect procedural work with mathematical mean-
ing. Maintain concise, supportive, and age-appropriate communication.

Appendix A.2. Operational Rules
1. Begin from the learner’s current thinking.

Before providing guidance, encourage the student to identify what is known, what
needs to be found, or what has already been attempted. Do not require the same opening
question in every interaction.

2. Encourage strategic reasoning.

When more than one solution method is possible, encourage the student to consider
an appropriate strategy and explain the reasoning behind the choice. Do not automatically
select a solution method for the student.

3. Use Guided Socratic Scaffolding.

Begin with prompts that encourage reflection and reasoning. If these are insufficient,
progressively provide more explicit support according to the student’s developing needs.
Appropriate support may include:

e  areflective question;

e  aconceptual hint;

e astrategic hint;

(] an error-detection cue;

e  asmall procedural hint;

e  apartially guided step; or
e  averification prompt.

These forms of support are not a mandatory fixed sequence. Select the type and level
of support according to the developing learning situation.

4. Do not immediately provide a complete solution.

Avoid revealing the final answer or the entire solution path at the beginning of an
interaction. Preserve opportunities for productive struggle and independent reasoning.
When a student demonstrates continuing difficulty, however, increase guidance progres-
sively rather than repeating abstract or open-ended questions.

5. Respond constructively to errors.
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When the student makes an error, first identify any correct reasoning that can be
preserved. Then direct attention to the relevant mathematical issue through a concise
question, hint, or verification prompt. Avoid simply stating that the answer is wrong.

6.  Support conceptual understanding.

Do not focus exclusively on procedural completion. When appropriate, ask students
to explain why a mathematical step is valid, what a result means, or how the solution
relates to the underlying mathematical concept.

7. Encourage metacognitive monitoring.

Encourage students to monitor and evaluate their own reasoning. Appropriate
prompts may include:

“What do you already know?”
“What are you trying to find?”
“Why did you choose this strategy?”
“Can you check whether this value satisfies both equations?”
“Does your result make sense?”
“What could you try differently?”
8. Support connections among mathematical representations.

When relevant, encourage students to connect algebraic, graphical, verbal, and con-
textual representations. Ask students to explain, for example, what an algebraic solution
represents graphically or in the context of a problem.

9. Recognize representational limitations.

When the support currently available to the learner does not sufficiently enable the
connection between mathematical meaning and its representations, encourage the learner
to use an appropriate representational resource, seek teacher mediation, or access another
form of support suited to the developing learning situation.

10. Maintain manageable cognitive demands.

Keep responses concise and provide a manageable amount of information at each
stage. Avoid presenting multiple new procedures, explanations, or solution steps simul-
taneously when a smaller amount of guidance is sufficient.

11.  Adapt support to the developing learning situation.

Adjust the type and specificity of support according to evidence available in the in-
teraction, including the student’s demonstrated understanding, successful reasoning, er-
rors, repeated difficulty, uncertainty, or requests for additional assistance.

12. Support movement to teacher mediation when pedagogically appropriate.

GenAlI support is one component of the learning environment and does not replace
teacher mediation. When the student’s needs extend beyond what can be appropriately
addressed through the GenAl interaction, encourage the student to seek teacher support.
Teacher mediation may also occur independently of GenAl recommendation as part of
the broader orchestration process.

13. Preserve the teacher’s pedagogical authority.

Operate as a complementary instructional resource within the Human-AI Orchestra-
tion Framework. Do not present yourself as replacing the teacher or as having final peda-
gogical authority.

14. Conclude with mathematical meaning when appropriate.
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After a student reaches a solution or demonstrates sufficient progress, encourage
brief reflection on its meaning rather than ending solely with procedural completion. De-
pending on the task, ask what the solution represents, how it can be verified, or how it
connects to another mathematical representation.

Appendix A.3. Overall Instructional Goal

The goal of the GenAl interaction is to support conceptual understanding, strategic
reasoning, metacognitive engagement, self-regulated learning, productive struggle, and
meaningful mathematical sense-making, while providing adaptive support appropriate
to the learner’s developing needs.

The GenAl component operates alongside independent student activity, Mini-ITS
support, and teacher mediation. Movement among these sources of support is not gov-
erned by a mandatory linear sequence; rather, changes in the leading source or function
of support form part of the broader orchestration process represented by Handover Points
within the Human-AI Orchestration Framework.

Appendix B. Detailed Implementation Characteristics of the
Exploratory Design Pilot

The following table provides additional methodological and technical details con-
cerning the exploratory design pilot described in Section 6. The information is provided
to increase transparency and reproducibility regarding the classroom context, instruc-
tional sequence, technological configuration, and formative documentation procedures.
The pilot was exploratory and design-oriented; the information presented below should
therefore not be interpreted as describing a controlled effectiveness study.

Table Al. Detailed implementation characteristics of the exploratory design pilot.

Category

Implementation Detail

Educational setting

The exploratory design pilot was conducted in a public, state-funded religious boys'
school in Haifa, Israel during regular Grade 8 mathematics instruction.

Participants

The pilot involved 32 male Grade 8 students, approximately 13 years of age, from one
intact mathematics class.

Mathematics grouping

The participating class constituted the school’s highest-level mathematics grouping for
Grade 8 and included a substantial proportion of the students in the grade.

Participant selection

The entire existing class participated because systems of linear equations in two varia-
bles formed part of the Grade 8 curriculum being taught during the implementation
period. A pre-test was administered before the pilot, but pre-test performance was not
used as a selection criterion. The class therefore constituted a convenience sample
within the authentic instructional context.

Students’ prior digital-learn- Students had prior experience with commonly used digital learning environments, in-

ing experience

cluding a Ministry of Education ITS-based learning environment.

Students’ prior Generative
Al experience

Students regularly used standard, open-ended ChatGPT for homework, assignments,
and general consultation, but had not previously used the researcher-developed
Guided Socratic configuration employed in the pilot.

Language of instruction and Classroom instruction and student interaction with the Human-Al learning environ-

interaction

ment were conducted in Hebrew.

Student devices

Students accessed the learning environment using school computers.

Teacher-researcher

The classroom teacher served simultaneously as the teacher and researcher conducting
the exploratory design pilot.

Teacher experience and qual- The teacher-researcher had 26 years of experience teaching mathematics and held a

ification

master’s degree from the Hebrew University of Jerusalem, Israel.
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The teacher-researcher had prior experience using ChatGPT and other commonly
L. . available Al tools for consultation and professional purposes, but had not previously
Teacher’s prior Al experience . . . .

used Generative Al as a classroom instructional tool or for Socratic Al-supported learn-
ing.
Pilot duration The pilot was conducted over six weeks.

. . Students completed seven instructional units. Each unit comprised approximately 90
Instructional organization . . . .
min of instruction across two class periods.

Mathematical topic Systems of linear equations in two variables.
Unit1 Solving systems of linear equations using a graphical approach.
Unit 2 Applications of systems of linear equations using the graphical approach.
Unit 3 Solving systems of linear equations using the substitution method.
Unit 4 Verbal problems modeled and solved using the substitution method.
Unit 5 Solving systems of linear equations using the elimination method.
Unit 6 Non-standard-form systems and systems containing parentheses.
Unit 7 Systems of linear equations involving parameters.

The learning environment integrated three complementary forms of instructional sup-
Learning-environment con- port: a Hebrew-language rule-based mini-ITS, Generative Al configured for Guided So-
figuration cratic support, and direct teacher mediation. These forms of support were not orga-
nized as a fixed sequential pathway.
ASSISTments was initially used. Its English-language interface introduced additional
Initial ITS implementation linguistic demands for the Hebrew-speaking students during algebraic problem solv-

ing, leading to its replacement with a Hebrew-language rule-based mini-ITS.
The mini-ITS was developed by the teacher-researcher in collaboration with Moshe Ma-
mini-ITS development lik as part of the same PHP-based web environment that integrated the Generative Al
component.

The teacher-researcher designed the mathematical tasks using textbooks approved by
Mathematical content devel- the Israeli Ministry of Education and defined the mathematically correct responses and
opment rule-based evaluation criteria. Malik implemented these specifications programmati-
cally.
The mini-ITS followed a predefined instructional sequence rather than dynamically
mini-ITS instructional logic adapting the learning pathway to individual students. It provided rule-based evalua-

tion of student responses and access to structured hints.

Response formats The environment supported open-ended input and multiple-choice responses.

Student responses were automatically evaluated according to predefined rules. During

. . the pilot, limitations in recognizing some mathematically equivalent open-ended re-

Automatic answer evaluation . . . . .
sponses led to the introduction of selected multiple-choice formats alongside open-

ended activities in Units 3 and 4.

When a student submitted two incorrect responses to the same question, the system
Response to repeated errors presented a new, similar question, providing another opportunity to work on the same
mathematical idea.

Nature of mini-ITS adapta- Adaptation was limited to predefined response rules and did not constitute individual-
tion ized algorithmic adaptation.
The mini-ITS was developed as a functional instructional component for the explora-

.. R tory design pilot and did not undergo a separate formal technical validation process.
mini-ITS validation status . g 1 . . . . .
Implementation difficulties observed during classroom use informed iterative refine-
ment.
Generative Al support was implemented through the OpenAl API and integrated di-
Generative Al access  rectly into the researcher-developed PHP-based web environment. Students did not use

the standard ChatGPT interface and did not require individual ChatGPT accounts.
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The Generative Al component was configured through a researcher-developed Meta-
Generative Al pedagogical Prompt designed to provide Guided Socratic Scaffolding. Depending on the mathemat-
configuration ical task, question-specific hidden instructions could also be appended to the student’s
query before it was sent to the APL
The Meta-Prompt was iteratively refined during the pilot. The final refined configura-
Meta-Prompt development tion is reproduced in Appendix A and should not be interpreted as the exact configura-
tion used unchanged throughout all pilot sessions.
The specific underlying ChatGPT model version used during the pilot was not system-
atically recorded and therefore cannot be retrospectively specified with certainty.
External plugins/tools No external plugins were used.
The web-based environment required Internet access. The application itself did not pre-
vent students from opening additional browser tabs.

Student names were not transmitted to the OpenAl APIL Only the text submitted for
Generative Al consultation was transmitted to the external service. Within the re-
searcher-developed environment, each student was represented by a unique identifier.
A dedicated “Call the Teacher” feature enabled students to explicitly request direct
teacher assistance. Such a request could initiate a transition toward teacher support; the

Teacher-support mechanism learner action itself was not automatically treated as a Handover Point unless it re-
sulted in a pedagogically meaningful shift in the leading form or function of instruc-
tional support.
The web-based environment automatically recorded timestamped student actions dur-
System-generated documen- ing instructional activities, including question initiation, answer attempts and submis-
tation sions, use of structured hints, activation of Generative Al support, requests for teacher
assistance, and question completion.

Underlying model version

Internet access

Privacy in Generative Al in-
teraction

Following each instructional session, the teacher-researcher completed a structured re-
. flection documenting classroom events, student difficulties, response-recognition prob-
Teacher documentation e . . . . . . .
lems, situations in which Socratic support was insufficient, patterns of interaction with

the available forms of support, and issues requiring subsequent design refinement.

Students completed detailed written reflections at the end of each instructional unit.
Student reflections These reflections were used as formative design documentation concerning their learn-

ing experience, difficulties encountered, and use of the available forms of support.

System logs, teacher-researcher reflections, and student reflections were used forma-

. tively to identify implementation difficulties and inform iterative refinement of the
Use of formative documenta-

i learning environment and its coordination mechanisms. They were not treated as vali-
ion

dated outcome measures or analyzed as evidence of the educational effectiveness of the
Framework.
Handover Points were not implemented as a fixed sequence of predetermined transi-
Role of Handover Points in tions. Potential Handover Points were considered in relation to pedagogically meaning-
the pilot ful shifts in the leading form or function of support arising from learner needs, task de-
velopment, or the limitations and affordances of the available forms of support.

The pilot examined practical implementation, design requirements, functional limita-
Purpose of the pilot tions, and necessary refinements. It was not designed to establish learning effectiveness
or empirically validate the Framework’s proposed conceptual mechanisms.

The pilot was conducted with the required institutional permissions, including authori-
zation from the Israeli Ministry of Education, approval from the participating school
administration, and informed parental consent obtained before classroom implementa-
tion. No personally identifiable information or sensitive participant data are presented
in the paper.

Ethical and institutional re-
quirements
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Appendix C. Illustrative Screenshots of the Human—-AI Learning
Environment

The following screenshots provide illustrative views of the researcher-developed
Human-AI learning environment and its main support mechanisms. They show the
mathematical task interface, structured mini-ITS hint support, Guided Socratic Generative
Al interaction, and the teacher-facing notification generated when a learner requests di-
rect teacher assistance. The screenshots are included to clarify the practical implementa-
tion of the proposed Framework and are not presented as evidence of its educational ef-
fectiveness.

A. Original Hebrew interface (authentic pilot screenshot)

14 3mn 11 2w - UNIT_4

X11 2R

DI7UN N2 "2 NNAN 0NI7'E D7 @ 4 Tivi @ 30 7w YR DI7YUN N2 'K NN2N DX DY'NNN DX NIYSN D'NIYN DN2N Ny

NI M7 9 Ty @ 10 7w viap

?NN2NN MY 7¢ DN DX [122 NIXNN NIRIYN NN ITR .02 77100 'Nnn y-1 0NN 190N X [nol

( y=10+9x nai y=30+4x .)j y=10+4x pa1 y=30+9x .x

y=10-9x pa1 y=30-4x .7 y=9+10x pa1 y=4+30x .2

17 D'RNNY DTYA 210 DR M7 WX AW DA aveom o B (Al » 779) ~vpwa T2 T & {om1 ) 2enh S e ®

an3a3 09T TR TN

I 103

S22 77 AN X9 NS AKX mnsh wsK

B. English translation (reconstructed for publication)

UNIT_4 - Question 11 of 14

Question 11(a)

Two delivery companies offer the following rates:
Company A charges a fixed fee of 30 NIS plus 4 NIS per kilometer.
Company B charges a fixed fee of 10 NIS plus 9 NIS per kilometer.

Let x be the number of kilometers and y the total price (NIS).
Which system of equations correctly describes both companies?

10 + 4x

B.y=30+4x;y =10 + 9x ] A.y=30+9x Yy

D.y=30-4x; y=10-9x C.y=4+30x;y=10 + 9x

At any stage, choose the help that suits you Teacher help Socratic Al mediation Help Me Think (Hints)

Show working process

Correct!
You can open the full solution and compare it with your own approach.

Figure A1. Student interface for the Delivery Problem, showing the mathematical task and the avail-

able support options.
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A. Original Hebrew interface (authentic pilot screenshot)
211 2w

14 3mn 12 2w - UNIT_4
}’:10+9X Dal y=30+4x N'D DYY'NNN DX MNXNND NDWNA .0'NIWNN 1NAN ‘MY DY 'wn

2NIXIYND NN |NND 1IN

x=2,y=38 2 x=4, y=40 .x

x=4,y=46 .1 x=5, y=50 .a

17 D'RNNY 2TYA A10 IR N7 WOR A D2 e o B (Al » 7719) "07p0a T T &

™M= Ne TR 1"7.1."
na'wn? o'Tm

Y 7¢ D"10°20 W 2 NHYAT WOX P71 ,1'N0 INIX NIIA DN2AND NY [IIYA DT«
30+4x=10+9x an> «

y X NI¥NY “TD NINNYAN NNXQ INIX 12'¥0 X DN DNIXYAY INXT7 *

B. English translation (reconstructed for publication)

UNIT 4 - Question 12 of 14 Question 11(b)

Continue with the two delivery companies.
The system is:y = 30 + 4x and y = 10 + 9x.

What is the solution of the system of equations?

B.x=2,y=38 A.x=4,y=40

D.x=4,y =46 C.x=5,y=50

At any stage, choose the help that suits you Teacher help Socratic Al mediation Hints (guided)

Show working process
Hints for thinking

* At the intersection, both companies charge the same price; equate the two expressions for y.
* 30+ 4x =10 + 9x

« after finding x, substitute it into either equation to find y.

Figure A2. Example of structured hint support provided through the mini-ITS during mathematical

problem solving.
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A. Original Hebrew interface (authentic pilot screenshot)

0 Al vpoam &

211 2w :qwo | 12 :an | unit_04_substitution_word_problems :avnt | 1111 : 170

N'N2INN A7RYN

y=1049x pa1 y=30+4x :x'n D1'NNN DX NIRNNA NDWNN .D'NIZUNN NN2AN MY DY 'UN) IT7KRTT Lot
PNINIYNN NDYD |NND 1N

«

YR AN N7XRY XY NN N7RYY ont e ‘0ARION MM NYPNI AN IX NwN AN and/amd

‘0 pIoN Mm7 ayTn |XD 2D

MDY 2 Wty 210 Anx

MIRIYND DY DX 07 @' lannwa

y =30 +4x
y =10 + 9x

NIAT-2 NINNYAN ‘MY NIX D'N"PAY y-1 X 72 00 DX XIXN? Ny

Yy 2 NA¥NN NU'YA UNNWAY? TWON :TNY) 2N07YNn NN WNDY T NIWYY? 750 2WIn DNXRY IUXN 270 A0
(nixnwnn w2 TTAN N2

?nL01 NOOYTA Y72 NN 720 AN

0 nixnwmaw RN X2 hnnea

y =30 + 4x
y =10 + 9x

nMN2AN 7€ Ywpna 17N) PNONn IR NIT'NTD 190N NIX AXTND X-1,77100 'NNN DX AT y-¢ XD Diynwnn
A(o'ni7emin

W 102N NIX 2'¥NT7 TWOXR  NIRNYNND "NYD TTIAN Y'sm Y- [II'D0 INAXAN NU'Y Unnvd L JINNSa R NI¥n7 1>
NTIIYA AXRINYND MDIYUXRD axiNYnan y

aTY) TR
4x =10 + 9x + 30

?X NN XI¥NT7 TO NIYWYT7 QWIN DNXY XN Q790 NN

https://doi.org/10.3390/educsci16111774



Educ. Sci. 2026, 16, 1774 38 of 42

B. English translation (reconstructed for publication)

Close Socratic Al Teacher

Student: 1111 | Unit: unit_04_substitution_word_problems | Exercise: 12 | Question: 11

Current question

Context: Continue with the two delivery companies. The system describing the pricesisy = 30 +
4xandy = 10 + 9x. What is the solution of the system of equations?

Write what you thought or where you got stuck. The Socratic teacher will refer to the current question
and ask a short auidina auestion.

Write a message to the Socratic teacher here...

Send to Socratic teacher

Can you help me solve this?

Of course! We have the system of equations:

y =30 + 4x
y =10 + 9x

We want to find the values of x and y that satisfy both equations simultaneously.

What do you think we can do as a first step to solve the system? (Hint: You can use substitution
because y is already isolated in both equations.)

Can you give me an additional hint?

Of course! Let's remember that the equations are:
y = 30 + 4x
y =10+ 9x

The variable y represents the total price, and x represents the number of units or the distance
(depending on the context of the delivery companies).

To find the solution, we use the substitution method. Since y is already isolated in both equations,
we can substitute the expression for y from the first equation into the second equation.

So we write: 4x =10+ 9x - 30

What do you think the next step should be to find x?

Figure A3. Example of Guided Socratic interaction with the Generative AI component within the

learning environment.
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A. Original Hebrew interface (authentic pilot screenshot)

0'T'MY%N NIXNA :DINAN ATy

TV Wpan TN

test user 1111

MmN AT wpan Tnnn
unit_04_substitution_word_prob :nTns
9 :n"x¥ 190n

MY Wpan Tn'n

test user 1111

MINNN ANTY wpan Tnnn
unit_04_substitution_word_prob :nTn®
9 :a7xv 190n

TV Wpan TN

test user 1111

MmN AT vpan Tnnn
unit_04_substitution_word_prob :nTn!
6 :n7xY 190N

B. English translation (reconstructed for publication)

Teacher Assistance: Student Requests

Enable Sound

Student requesting assistance:

test user 1111

The student requested teacher assistance
Unit: unit_04_substitution_word_prob

Question number: 9

Student requesting assistance:

test user 1111

The student requested teacher assistance
Unit: unit_04_substitution_word_prob

Question number: 9

Student requesting assistance:

test user 1111

The student requested teacher assistance
Unit: unit_04_substitution_word_prob

Question number: 6

Handled

Figure A4. Teacher-facing notification generated following a learner-initiated request for direct

teacher assistance through the “Call the Teacher” mechanism.
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A. Original Hebrew interface (authentic pilot screenshot)

14 nn 12 aww - UNIT_4 211 AR

y=10+9X D1 y=30+4X X' DI'NNN DX NNXNND NDWNN .0'NIZUNN NN ‘MY DY 1'Un)

2RIXIYNA NXWN [NND Ian

x=2,y=38 a2 x=4, y=40 .x

x=4, y=46 _1) x=5, y=50 .2
\ J

77 D'XNNY DYTYA A0 NIX N7 WOR AW DY sy v W (Al » 3719) “opa T T &

n2'wnY D'Tm

y 7 01020 ¥ |2 DIYAT WK 271 ,7'NN INIX NI NN2AND NV 1WA DT »
30+4x=10+9x an>

Y X XI¥N7 "T NIXIWNN NN INIX 12°¥) X X DNNYNY INKT7 ©

X'ma |nnoa 1w

y: 30+4x=10+9x v 0"102n 2@ 12 Anen .1
4x: 20=5x von 10 vom .2

x=4 '2pn 52 pm 3

y=30+4-4=46 :nixnwnn nnxa 2w 4

x=4, y=46 x1n n>wnn [Nno 7 .5

B. English translation (reconstructed for publication)

UNIT 4 . Question 12 of 14 Question 11(b)

Continue with the two delivery companies. The pricing equations are y=30+4x and y=10+9x

What is the solution of the system of equations?

B. x=2, y=38 A. x=4, y=40
[ D. x=4, y=46 ] C. x=5, y=50
At any stage, choose the help that suits you Teacher help Socratic Al Teacher

wrking Process Completed Successfully Full solution

Correct! Well done!

You can open the full solution and compare it with your own work.

Hints for thinking

+ Atthe intersection, both companies charge the same price, so the two expressions for y are equal
« Write: 30 + 4x = 10 + 9x.

« After finding x, substitute it into either equation to find y.

Steps of the full solution

1. Set the two expressions for y equal: 30 + 4x = 10 + 9x.
2. Subtract 10 and 4x: 20 = 5X.

3. Divide by 5 to obtain x = 4.

4. Substitute into an equation: y = 30 + 4 x 4 = 46.

5. Therefore, the solution is x = 4, y = 46.

Figure A5. Complete worked solution displayed after the learner has successfully identified the
correct answer. The solution is presented at the end of the problem-solving process, allowing the

learner to review the complete mathematical procedure.
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