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Buoyancy
Buoyancy refers to the upward force excerted by a 
fluid (such as water or air) that oppsoes the weight
of an immersed object. This force is what allows
objects like boats and balloons to float. The 
principle of buoyancy often called Archimedes’ 
principle, states that the buoyant force on an object
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Figure 1: SimStep authoring workflow: (1) A teacher specifies a concept, scenario, and learning goal (top). After each input, (2)
the AI generates and surfaces respective intermediate task-level abstractions: Concept Graph, Scenario Graph, and Learning
Goal Graph that the teacher can inspect, edit, and verify (bottom). These abstractions guide the (3) generation of an interactive
simulation (right), enabling human–AI collaboration through a Chain-of-Abstractions that preserves programming affordances
while aligning with teaching tasks.

Abstract
Generative AI enables educators to create interactive learning con-
tent by describing goals in natural language. However, without
programming affordances such as traceability, refinement, and de-
bugging, teachers struggle to align simulations with learners’ needs,
refine them step by step, or verify that they reflect intended learn-
ing concepts. We propose a task-level abstraction approach that
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structures authoring as a sequence of representations, mirroring
how teachers plan lessons and providing checkpoints for specifica-
tion, inspection, and refinement. We instantiate this approach in
SimStep, an authoring environment that scaffolds simulation design
with four abstractions, including Concept Graph, Scenario Graph,
Learning Goal Graph, and UI Graph, and introduces an inverse
correction process to revise hidden model assumptions without
requiring code manipulation. A technical evaluation shows that
these abstractions preserve fidelity across transformations, while a
user study with educators demonstrates their effectiveness in au-
thoring simulations. Our work reframes AI-assisted programming
as human–AI co-authoring through structured, domain-aligned
abstractions.
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1 Introduction
Programming-by-prompting with generative AI promises to democ-
ratize code creation by shifting the focus from writing code to
expressing semantic intent [37, 64]. For non-technical experts such
as educators, this approach is potentially transformative. Rather
than learning formal programming constructs, teachers can de-
scribe learning content, goals, and personalized scenarios using
natural language to create interactive learning experiences [10].
For instance, a teacher might prompt “give me a simulation to teach
about buoyancy by showing hot-air balloons rise and fall,” and re-
ceive a functional interactive simulation aligned with their lesson
(see Figure 1).

However, when natural language becomes the primary program-
ming interface (e.g., a tool like ChatGPT [57]), important affor-
dances for testing, debugging, and refining the code are lost. When
using generative AI, users struggle to envision concrete inten-
tions [65]. Consequently, the generative model fills in missing in-
formation to resolve underspecifications, and these inferences may
not always align with user goals. For example, a high-level prompt
requesting a buoyancy simulation might yield a visually appealing
animation, but omits essential causal relationships, misrepresents
scientific principles, or fails to support student interactions that
deepen understanding. While traditional programming interfaces
afford ways to check and correct implementation through explicit
program structure, natural language collapses these structures into
opaque textual abstractions. This makes it challenging to isolate
errors or understand how prompt changes affect generated code.

Our goal is to provide a better solution for educators authoring
interactive STEM simulations with AI while keeping the process
grounded in tasks teachers already perform, such as articulating
goals, identifying concepts, designing scenarios, and specifying
interactions. To realize this goal, we draw on two theoretical foun-
dations. First, Distributed Cognition [36] postulates that when cog-
nitive work is distributed between people (or teachers and AI in our
case), external representations serve as the shared substrate where
otherwise invisible inferences become inspectable and negotiable.
Second, models of pedagogical reasoning converge towards a staged
transformation approach [63]. Teaching is not a single-step trans-
lation from content to activity, but a sequence of transformations
from content to examples to goal- and learner-adapted activities.

In SimStep, we realize these frameworks by adapting the Chain-
of-Abstractions (CoA) approach into a human-AI authoring frame-
work [25]. Concretely, rather than generating a simulation from
content as a single-step, we support the staged transformation
of content to simulation through a series of task abstractions. As

shown in Figure 1, the abstractions are explicit, domain alinged
artifacts including — Concept Graph, Scenario Graph, Learning
Goal Graph — that teachers and AI co-create. The AI generates
each abstraction, serving as a checkpoint for teachers to validate
the AI’s interpretation and manually make corrections to align
with teachers’ pedagogical intentions. When the AI fills in unspec-
ified details, an inverse correction process surfaces these hidden
assumptions and maps them to the appropriate abstraction for re-
pair, thus enabling teachers to fix errors at the level of concepts or
goals rather than code. SimStep thus recovers core programming
affordances, including traceability, testability, and control, through
representations teachers already understand.

Our key contributions are: (1) a conceptual framework that repo-
sitions programming-by-prompting as authoring through task-level
abstractions, emphasizing the role of human-in-the-loop reasoning
and correction; (2) the design and implementation of SimStep, an
instantiation of this framework that enables educators to incre-
mentally specify, test, and revise AI-generated simulations without
writing code; and (3) technical and empirical evaluation demon-
strating how SimStep supports pedagogical alignment, reduces
authoring complexity, and provides control in content creation.

2 Related Work
SimStep supports the authoring of interactive simulations for sci-
entific discovery learning, where learners develop understanding
through hypothesis testing and experimentation [17]. Here, we
review relevant literature in learning experience authoring tools, in-
terfaces for prompt-based programming, and end-user approaches
to error handling.

2.1 Authoring tools for Learning Experiences
Prior research in Intelligent Tutoring Systems (ITS) have enabled
non-programmers to author learning experiences [77]. Tools such
as CTATs [5, 40] support both example-tracing, which encodes step-
by-step demonstrations of program solving, and cognitive model-
ing, which captures teacher-defined production rules for tutoring.
Specifically, CTAT developed specialized debugging interfaces, in-
cluding Conflict Tree, which visualizes which rules fired and why,
while the Why-Not Window lets authors query why expected be-
havior did not occur. These tools recognize that non-programmers
need domain-aligned representations of system logic.

Beyond these systems, ITS research has explored constraint-
based authoring, example- and demonstration-based authoring, and
component- or template-based approaches to reduce the cognitive
burden on educators[13, 31, 50, 53]. For instance, ASSISTments [31]
uses templates to let teachers rapidly create their own problems and
feedback for students without specifying any formal underlying
cognitive model. This lowers barriers but limits expressiveness;
teachers work within predefined structures rather than defining
novel interactions. More broadly, although these systems have sig-
nificantly broadened access, challenges with high cognitive load
in defining conditions and models, debugging, and exploring au-
thoring pathways remain [71]. SimStep extends these approaches;
similar to CTAT, it makes pedagogical logic explicit and editable,
but through task abstractions rather than formal production rules.
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Further, like the Why-Not Window, SimStep surfaces hidden as-
sumptions, but maps them to task abstractions for easy repair.

2.2 Abstractions in Prompt-Based Programming
Programming-by-prompting enables users to generate code us-
ing natural language [18, 37, 61], but users frequently struggle
with prompt ambiguity, underspecified behavior, and limited con-
trol over generated outputs [18]. End-user programming research
has long addressed similar challenges through representational ab-
stractions that help non-programmers express and refine complex
behavior [55], including concept graphs for high-level relation-
ships [72], block-based structures for syntax-free logic [85], and
scene graphs for semantic information [8, 59]. These serve not just
as simplifications but as cognitive scaffolds that support reason-
ing about program behavior, consistent with distributed cognition
theory [36].

Recent systems combine natural language interaction with struc-
tured abstractions, clustering into two approaches. First is pre-
code abstractions structure intent specification before generation,
e.g., [32, 47, 70, 82]. For instance tools such as CoLadder [82] decom-
pose prompts hierarchically; ProgramAlly [32] uses filter blocks and
by-example specification, Sprout [47] scaffolds tutorial authoring
through tree-of-thought structures. Second, Post-code abstractions
support inspection and repair after generation. For instance, Dy-
naVis [69] synthesizes widgets for editing specifications; Misty [48]
and CodeShaping [81] enable repair through semantic diffs. Other
systems blend approaches: Spellburst [6] combines node-based
prompting with output visualization; Biscuit [16] offers ephemeral
scaffolds in notebooks.

Table 1 surveys this landscape and compares SimStep to these
other approaches. SimStep differs in three ways. First, it offers
multi-layer pre-code abstractions (Concept→ Scenario→ Learning
Goal→ UI) that mirror stages of pedagogical reasoning rather than
programming decomposition. Second, it provides cross-layer inverse
correction in which errors map to the abstraction level where repair
makes sense, rather than forcing a single repair mechanism. Third,
it enables end-to-end traceability. Teachers can follow how a concept
manifests through scenario instantiation, goal filtering, and final
UI, with validation at each checkpoint grounded in pedagogical
intent.

2.3 Error Correction via Human-AI Interaction
Even with well-formed prompts, LLM-generated code is suscep-
tible to errors from hallucinations, incomplete specifications, or
semantic mismatches [9, 64, 79]. Correction strategies include test-
based evaluation [35], execution-trace validation [42], and iterative
self-critique [19]. Systems like Rectifier [83] automate validation
using test suites, while Fan et al. [23] demonstrate that program
repair techniques can fix common LLM errors. However, automated
testing does not reveal all hidden bugs, and runtime feedback is not
always helpful for LLM debugging [68].

These methods often treat users as passive recipients of model
output. In contrast, hybrid systems incorporate human-in-the-loop
workflows by externalizing model assumptions for inspection and
correction [46, 73]. Tools like Whyline [39] and Hypothesizer [4]
reimagine debugging as explanation and hypothesis-testing rather

than syntactic fixing, allowing users to query program behavior
through natural language or runtime traces. SimStep combines
automated testing (JavaScript error detection, behavioral validation)
with human-in-the-loop repair through inverse correction. When
teachers identify unexpected behavior, the system surfaces relevant
assumptions. It maps them to the appropriate abstraction level, i.e.,
a concept relationship, a scenario instantiation, or a UI binding,
rather than requiring code-level debugging.

3 Conceptual Framework for Task-Level CoA
To ground prompt-to-code authoring as a human-in-the-loop pro-
cess, we formalize our approach using a distributed cognition
lens [36]. Distributed cognition theory views cognitive processes
as extending beyond individual minds, operating across people,
artifacts, and representational media. In Hutchins’ study of ship
navigation, for example, navigational charts, instruments, and logs
serve not merely as information displays, but as cognitive arti-
facts that structure and distribute reasoning over time and across
individuals [36].

Further, we connect this framing to the Chain-of-Abstractions
(CoA) idea from Gao et al. [25], which encourages models to plan
at an abstract level and only later ground those plans with domain
knowledge. We transpose CoA from internal model planning to task-
level authoring: in SimStep, the abstractions are explicit domain-
aligned artifacts. We treat intermediate representations not simply
as steps in a pipeline but as structured task checkpoints where
reasoning is transformed and shared between humans and AI. Each
abstraction in the CoA supports distinct types of cognitive work—
such as articulating domain knowledge, defining causal structure,
or specifying interface logic—and affords both interpretability for
the human and tractability for the model. What qualifies this decom-
position as a form of distributed cognition is not merely that the
process is staged, but that each stage enables coordination between
agents (human and AI), externalizes internal thought processes, and
provides a representational substrate for validation, revision, and
semantic control. In this sense, CoA reflects a system of represen-
tations that scaffolds joint reasoning across agents, aligning with
core principles of distributed cognitive systems. Furthermore, our
framework enables both forward synthesis (intent → abstractions
→ code) and inverse correction (code → targeted abstraction →
revised code), with end-to-end links that make assumptions legible,
testable, and correctable.

3.1 Human Guided Forward Transformations
Let 𝑃 denote a user’s initial natural language prompt and 𝐶 the
final executable code. Between them lies a sequence of represen-
tational abstractions A = {𝐴1, 𝐴2, ..., 𝐴𝑛}, each representing a task
checkpoint where intent is transformed, clarified, and refined. In
prior work, several key types of abstractions have been proposed
including concept graphs, scene graphs, task decomposition struc-
tures, etc. [8, 59, 72, 85]. These abstractions are derived through
transformations 𝑇 = {𝑇1, ...,𝑇𝑛+1}, and we propose they involve a
collaboration between human agents (𝐻 ) and machine agents (𝑀)
powered by large language models. We formalize the collaborative
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System Pre-code abstractions Post-code abstractions Traceability Validation Repair scope

SimStep (ours) Multi-layer (Goals→ Concepts
→ Scenarios→ UI)

Cross-layer (UI & Assumption
graphs)

End-to-end Cognitive Learning goals, concepts,
scenarios, UI assumptions

Devy [12] None FSM workflows Local Visual Workflow intent steps

ProgramAlly [32] Filter blocks / by-example Filter/scene graph over detectors Structured Provenance Filter conditions, detector blocks

Spellburst [6] None Node triples (prompt+code
+output +sliders)

Local Visual Prompt text, sliders, branch
variants

DynaVis [69] None Widgets on Vega-Lite spec Structured Visual Chart properties via widgets

WaitGPT [78] None Operation graph (steps) Structured Stepwise Pipeline operations, step nodes

Data Formulator 2 [70] Shelves + builder Spec + data threads Structured Provenance Chart design parameters, data
bindings

Biscuit [16] Ephemeral scaffolds Scaffold↔ notebook code Local Visual Scaffolded UI components

Misty [48] Example UIs for blending Semantic diffs over UI code Structured Stepwise UI components via semantic diffs

DynEx [49] Design matrix Modular stepwise modules Structured Stepwise Module steps in design matrix

Dango [15] Demo tables DSL steps + explanations Structured Provenance Data transformation steps

Sprout [47] Tutorial steps (tree-of-thought) Step nodes linked to code/text Structured Stepwise Tutorial steps, branching nodes

MoGraphGPT [80] Drawn proxies for elements Element modules + central
interaction

Structured Visual Scene elements, interactive
proxies

CoLadder [82] Hierarchical prompt tree Prompt blocks↔ code segments Structured Stepwise Prompt blocks, hierarchical
segments

CodeShaping [81] Sketch annotations on
code/output

Semantic diffs Structured Stepwise Code edits via sketch diffs

InstructPipe [84] None Pseudocode→ DAG pipeline Structured Stepwise Pipeline nodes, DAG modules

InterLink [44] None Links between text, code, and
outputs

Structured Visual None (read-only)

What It Wants Me To Say [45] None Code Summary Structured Visual/Interpretive Utterances rephrased into code

Table 1: Comparison of existing program synthesis systems by pre-code and post-code abstractions (types), traceability,
validation, and repair scope.

transformation process as:

𝑃
𝑇
(𝑀 )
1−−−−→ 𝐴1

Refine(𝐻 )
−−−−−−−→ 𝐴′

1
𝑇
(𝑀 )
2−−−−→ 𝐴2

Direct(𝐻 )
−−−−−−−→ 𝐴′

2
· · ·−−→ 𝐶

Each abstraction 𝐴𝑖 serves as a task checkpoint that exposes the
model’s current understanding of the task. Functionally, each ab-
stractions is characterized by its visibility—how observable and
legible its structure is to the user, its manipulability—how easily
the user can adjust or modify its components, and its fidelity—how
accurately it encodes the user’s goals or task-relevant system logic.
These properties collectively determine the abstraction’s effective-
ness in supporting meaningful human oversight and intervention
within the generative workflow.

Further, we define four core forward operations that the human
agent 𝐻 performs at each task checkpoint 𝐴𝑖 :

• Inspect: Examine the abstraction𝐴𝑖 to understand what the
model has inferred, identify mismatches with intent, and
diagnose possible errors or oversights.

• Refine: Modify 𝐴𝑖 to produce 𝐴′
𝑖 , correcting assumptions,

adding missing components, adjusting relationships, or re-
moving irrelevant elements.

• Validate: Assess whether 𝐴′
𝑖 meets instructional or behav-

ioral goals, ensuring semantic coherence, completeness, and
alignment with domain expectations.

• Direct: Provide guidance for the next transformation 𝑇 (𝑀 )
𝑖+1

by specifying priorities, constraints, or features that must be
preserved in downstream abstractions.

3.2 Inverse Correction
The forward transformation pipeline produces a sequence of in-
termediate abstractions from a natural language prompt. Each ab-
straction 𝐴𝑖 represents a progressively refined interpretation of
user intent, narrowing ambiguity and structuring information for
downstream synthesis. Ideally, underspecified details would be sur-
faced and resolved at appropriate points along this chain. However,
in practice, generative models often defer filling in those details
until the final stages, particularly at the code level where the model
must commit to specific values, logic, or visual behavior. This can
lead to implicit assumptions being introduced without the user’s
awareness, as those decisions were not made explicit in earlier
abstractions.

While introducing intermediate abstractions helps reduce ambi-
guity and support human-in-the-loop correction, it also introduces
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a design tradeoff. Increasing the number of abstractions, or lower-
ing their level of specificity, can overwhelm users with too many
representational layers or expose them to implementation-level
detail. For instance, block-based environments like Scratch [51]
provide visual structure but often require users to reason about
program flow, variable state, and low-level operations. This reintro-
duces syntactic and procedural complexity, defeating the purpose
of semantic-level prompting. In contrast, our approach favors task-
level abstractions that align with how users naturally organize
their thinking, aiming for a balance between expressive control and
cognitive accessibility.

However, to recover and revise these hidden assumptions, we
introduce a complementary inverse process, which includes a
new set of targeted abstractions B = {𝐵1, 𝐵2, ..., 𝐵𝑚}. The same
abstraction 𝑋 may exist in both A and B, but these sets can also
include unique abstractions. The inverse correction process begins
by realizing the 𝐵𝑖 that is most suitable for correcting the system’s
assumption. Then, the user can Inspect, Refine, and Validate 𝐵𝑖
as described for abstractions in A. After producing 𝐵′

𝑖 , a direct
translation 𝑇 (𝑀 ) exists to transform 𝐵′

𝑖 into 𝐶
′.

𝐶
Realize−−−−−→ 𝐵𝑖

Refine(𝐻 )
−−−−−−−→ 𝐵′

𝑖

𝑇 (𝑀 )
−−−−→ 𝐶′

This revision occurs at the abstraction level rather than the code
level, allowing users to correct high-level misunderstandings with-
out needing to inspect low-level syntax. Let Ω(𝑋 ) denote the set
of all valid implementations (e.g., simulation code) that are com-
patible with a representation 𝑋 , and let 𝑈 (𝑋 ) represent the degree
of underspecification in 𝑋 . If a representation is vague or abstract,
Ω(𝑋 ) will be large, indicating that many different implementations
are possible, and𝑈 (𝑋 ) will be high, reflecting the ambiguity of the
representation.

As the synthesis pipeline progresses from the natural language
prompt 𝑃 to the final code 𝐶 , each transformation incrementally
reduces both the ambiguity and the number of compatible imple-
mentations:

Ω(𝑃) ⊃ Ω(𝐵1) ⊃ Ω(𝐵′
1) ⊃ · · · ⊃ Ω(𝐶)

𝑈 (𝑃) > 𝑈 (𝐵1) > 𝑈 (𝐵′
1) > · · · > 𝑈 (𝐶)

This formalism reflects how intent becomes increasingly con-
crete. Note that this process is not intended to surface all hidden
details but to expose and resolve only those underspecifications that
result in incorrect behavior. It turns abstractions into bi-directional
interfaces that can be used for forward synthesis as well as targeted
recovery.

3.3 Deriving the Abstraction Sequence for
SimStep

To operationalize this framework in SimStep, we draw on estab-
lished instructional design theories as well as insights from four
years of teaching and refining a graduate-level course on designing
interactive simulations for learning 1. At a high level, the abstrac-
tion sequence must satisfy the following two constraints: (1) it
must support progressive formalization of conceptual knowledge
into a simulation specification, and (2) it must capture the design
elements that simulation research shows are critical for effective
1Anonymized for review

discovery learning including conceptual models, contextualized
scenarios, focused learning goals, and hypothesis-testing interac-
tions [2, 17, 74]. Classic instructional design frameworks, such as
Backward Design [75] and Shulman’s model of pedagogical reason-
ing [63], articulate how teachers move from content understanding
to goal-setting and activity design. However, they offer little guid-
ance on which intermediate representations should structure an
authoring pipeline or how the function of those representations
should evolve across transformation stages. We therefore adopt
Gravemeijer’s notion of progressive formalization [28] as the se-
quencing principle for SimStep, because it uniquely conceptualizes
learning as a representational trajectory in which artifacts shift be-
tweenmodels-of situated activity tomodels-for increasingly general
reasoning.

Extending this idea, SimStep’s abstraction becomes a deliberate
shift in model function that simultaneously aligns with simulation-
design requirements. The Concept model serves as the initial ab-
stract representation of the phenomenon, capturing and organizing
the causal relationships that structure teachers’ understanding. The
Scenario then grounds this conceptual structure in experientially
meaningful situations, rendering them as comparable, revisable con-
texts in which the domain relationships can be explored. Culturally
responsive pedagogy [26] emphasizes that this contextualization
should connect to students’ lived experiences. The Learning Goal
identifies which aspects of the concept–scenario structure should
become stable invariants of student inquiry, refining the abstrac-
tion into a pedagogical focus. Finally, the Interactivity specifies
how these invariants are enacted through manipulable affordances,
defining the activity structures through which learners test hy-
potheses, receive feedback, and engage with the underlying model.
To visualize these abstractions in SimStep, we adopt node–link dia-
grams because they are a well-established representation for causal
structures in STEM and align with teachers’ existing practice of
framing scientific phenomena as interconnected systems [66].

4 User Experience
To realize the CoA framework in Section 3, we developed SimStep, a
tool that allows educators to author interactive simulations through
a human-guided, step-by-step approach. SimStep’s interface follows
a wizard-style design pattern using the four main stages discussed
in Section 3.3, providing appropriate representational abstractions
in each stage. To explore the specific authoring and testing features,
let us follow Mr. Carlos, a high school science teacher, as he creates
a simulation using SimStep.

4.1 CoA Code Generation
Mr. Carlos is working on his lesson plan to teach about buoyancy
and wishes to use an interactive simulation to promote active stu-
dent engagement. Mr. Carlos opens SimStep on his web browser,
which shows him the authoring interface with the text input step
open (Figure 2a). This step has a text input box on the left and a
collapsible panel to display the concept graph on the right. Using
the prescribed science textbook for the course, Mr. Carlos copies
the text about core principles of buoyancy and pastes it in the text
box. Based on this text, SimStep automatically generates aConcept
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Figure 2: SimStep user interface walkthrough: (a) Teachers input content and generate a Concept Graph, then inspect and
refine it. (b) They brainstorm scenarios with AI support, select one, and verify the Scenario Graph. (c) Teachers select a learning
goal, and AI generates a filtered Learning Goal Graph using relevant concepts from the scenario graph. (d) The workflow
culminates in an Interactivity Page where teachers view and correct the simulation. Each page provides task-level abstractions
as checkpoints for human–AI collaboration.
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Graph—a visual model made up of nodes representing key con-
cepts like Object’s Weight, Buoyant Force 𝐵, Fluid Density 𝜌 , and
Displaced Volume 𝑉 , connected by edges that encode relationships
and equations (e.g.,𝑚 = 𝜌object ×𝑉 ,𝑊 =𝑚 × 𝑔).

As Carlos Inspects the graph, he notices an issue: Buoyant
Force is linked directly to Object’s Mass, skipping the required
relationship with Fluid Density and Displaced Volume. Using the
graph editor, he deletes the incorrect link and adds two new nodes
and connecting links to represent the correct equation (i.e.,Refine):
𝐵 = 𝜌 × 𝑉 × 𝑔. Once the concept graph accurately reflects the
scientific model, Carlos proceeds to the next step.

In the second step, Mr. Carlos is prompted to specify a desired
experimental scenario (just like a human expert would do), which
serves as the contextual foundation for generating the simulation
code. To facilitate scenario grounding, SimStep uses the concep-
tual model to generate and display a set of potential scenarios for
teaching about buoyancy (Figure 2a). Mr. Carlos notices that one
of the scenarios is using hot air balloon, and realizes that since
his students recently saw hot air balloons rise at the annual city
festival, it would be a great way to connect the abstract concept
of buoyancy to something they had all experienced. Alternatively,
Mr. Carlos can define his own scenario using the text input box,
tailored to his understanding of his students. Once Mr. Carlos pro-
vides a scenario, system generates a Scenario Graph, a situation
model representation (Figure 2b) in which all the nodes and links
in the conceptual model are instantiated with the context of hot
air balloon. As before, Carlos Inspects the instantiated graph and
proceeds to the learning goal selection by clicking the ‘Next’ button.

The learning goal selection panel offers Mr. Carlos a range of ob-
jectives tailored to the chosen scenario. For instance, SimStep might
presents several objectives around (1) conceptual understanding
focusing on key concepts and describing phenomenon (e.g., under-
stand the relationship between air temperature inside the balloon and
its buoyancy, and be able to describe how equilibrium is achieved),
causal or explanatory understanding (e.g., explain how the decrease
in air density inside the balloon leads to an increase in buoyancy,
allowing the balloon to rise), and procedural knowledge (e.g., effects
of different heating methods on the rate of the balloon’s ascent and
procedural relationship between gradual heating and smooth altitude
control). On this panel (Figure 2c), Mr. Carlos can select a learning
goal (or create his own) to direct next steps in the code generation,
and as before explore the generated Learning Goal Graph which
is derived from the situation model. From here, Mr. Carlos simply
clicks the ‘Next’ Button to see the final interactive simulation (Fig-
ure 2d). To generate the simulation, SimStep uses the learning goals
sub-graph and provides an Interactivity Graph including all of
the controls and how controls link to the behavior of elements in
the situation model to meet the intended learning goals.

4.2 Interactive Debugging and Refinement
While the forward authoring path provides several affordances for
aligning steering code generation, potential errors can still emerge
in realizing the final interaction graph as simulation code, i.e., syn-
tactic inference errors. The errors might include misaligned layout
elements or mislabeled controls, errors where the model incorrectly
fills in unspecified details like slider ranges or animation timings,

or errors where UI elements fail to trigger the expected behaviors
due to missing or flawed logic. To support testing, debugging, and
correcting these issues, SimStep offers several features, including
guided testing and widget-based error correction.

4.2.1 Guided Testing and Automated Repair: SimStep supports a
form of guided UI testing in which it automatically generates test
cases from the abstraction pipeline and simulates learner (end-
user) interactions within the final simulation UI. This feature was
informed by our user study (Section 6). For instance, as seen in
Figure 3b, in the buoyancy simulation, the system executes scripted
interactions—such as adjusting the temperature slider or releasing
the balloon—and prompts for Mr. Carlos’s feedback. Specifically,
Mr. Carlos is asked to evaluate whether the observed behavior
aligns with his instructional intent, such as whether increasing the
temperature causes the balloon to rise faster. His response indicates
whether the test has passed or failed, enabling it to refactor the
code to fix any issues through human feedback.

4.2.2 Manual Debugging and Repair. Beyond guided testing and
automated repair, Mr. Carlos can directly inspect the simulation
on his own and identify points of misalignment between intents
and simulation behavior. Even with state-of-the-art models, un-
derspecification in earlier stages can result in missing or incorrect
logic. SimStep provides affordances for interactive debugging and
refinement through a rich chat-based interface along with direct
annotations on the generated simulation and interaction graph (Fig-
ure 4). For instance, Mr. Carlos can circle around a region of interest
on the simulation and inspect the relevant nodes in the interaction
graph, which is filtered automatically based on the annotation, and
then use natural language to describe the problem. For example, he
might observe that adjusting the weight slider does not affect the
balloon’s altitude, and describe the correction in terms of missing
connections between relevant concepts.

To support such targeted correction, SimStep implements an
underspecification resolution engine that interprets the context of
the chat message and generates prefilled widgets that represent
candidate fixes at the appropriate level of abstraction. Mr. Carlos can
confirm, edit, or reject these suggestions, allowing him to refine
the simulation without needing to modify code directly. Or, Mr.
Carlos can manually select an abstraction and modify it, as seen
in Figure 3a. All changes are shown as drafts until he chooses to
commit or discard them, enabling iterative refinement grounded
in his instructional intent. Figure 5 shows example simulations
generated with SimStep.

5 System Architecture
Here we describe the technical details for (1) the CoA pipeline, (2)
the undespecification resolution approach, (3) automated code test-
ing, and (4) affordances for referential conversational interactions
with the LLM.

5.1 Chain-of-Abstractions Pipeline
SimStep employs a chain-of-abstractions (CoA) technique that al-
lows teachers’ design decisions to be easily integrated into the
previous steps of the simulation design process. Figure 1 shows the
abstractions used in this chain. SimStep’s CoA forward abstractions
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Figure 3: The debugging process can be split into two main approaches: the manual approach and the automatic approach,
which provide the user varying levels of control and automation.

are node-link diagrams representing process and UI information.
SimStep’s set of forward transformation abstractions is

A = {Concept Graph, Scenario Graph,

Learning Goal Graph,User Interaction Graph}
.

SimStep’s set of transformations T therefore includes five trans-
formations, one for the generation of each abstraction inA and one
for generation of 𝐶 . All abstractions in A can be refined through a
set of six direct manipulation widgets. These forward abstraction
refining widgets and their implementations are outlined in Table 2.

5.1.1 Concept Graph. The teacher’s initial learning content prompt
is translated into a knowledge graph, or node-link diagram, via LLM
prompting. We call this knowledge graph abstraction the “Concept
Graph,”. In the Concept Graph, objects in the input text are become
nodes, and the relationships between objects become directed links
between nodes. This graph is visually displayed to the user upon
generation. Knowledge graphs like this are commonly used for the
representation of concepts in an educational setting, so teachers
will be familiar with this form of abstraction [3, 14].

When prompting for this graphical abstraction, SimStep uses
natural language request (including user inputted learning content)
along with a list of requirements for the form of the generated
graph.

5.1.2 Scenario Graph. Once an initial Concept Graph is generated,
the teacher then selects a scenario. SimStep generates the Scenario
Graph by prompting an LLM to update the nodes in the Concept
Graph to be specific to the chosen scenario. Links remain the same.

Narrowing a simulation down to a specific scenario or example does
not change the conceptual relationships presented in the simulation,
but may change the objects that the simulation is engaging with.

For example, a Concept Graph representing the states of matter
may state that the nodes Solid and Liquid are connected via the
link −→ 𝑚𝑒𝑙𝑡𝑖𝑛𝑔 −→. If the user selects the scenario “The Water
Phase Transition”, SimStep would generate a scenario graph where
Ice is connected to Water via −→𝑚𝑒𝑙𝑡𝑖𝑛𝑔 −→.

5.1.3 Learning Goal Graph. The Scenario Graph can be complex,
with many nodes and links that are not relevant to the student’s
hypotheses-verification process. In the end simulation, students
should have the ability to prove or disprove hypotheses to achieve
scenario-specific learning goals without grappling with extraneous
information. To address this, SimStep lets the user select a scenario-
specific learning objective, then translates the Scenario Graph to a
Learning Goal Graph by prompting an LLM to remove any nodes
and links that are unnecessary to the chosen learning goal.

5.1.4 User InteractionGraph. TheUser InteractionGraph (UI Graph)
represents the full simulation, including conceptual information
about the content, UI elements, and visuals. It is generated once the
teacher has made all three necessary simulation design decisions
(Learning Content, Scenario, and Goals).

The UI Graph generation process involves identifying key ob-
jects and relationships in the learning goals and generating an
experimental procedure based on this information. Appendix C
explains the process of procedure generation.
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Figure 4: SimStep allows for collaborative interactions allowing users to explore and understand their simulations. (a) shows
the process of a user annotating their simulation and referencing their annotation in conversation with the chat. (b) shows a
user circling a section of the simulation with the "Subgraph Selector" tool to reveal the subgraph of the UI Map associated with
the visuals they circled.

5.1.5 Simulation Code. The UI Graph is then directly translated
into simulation code. This simulation code includes HTML, CSS,
and JavaScript for all functionality and visual elements included in
the UI Graph.

5.2 Underspecification Resolution Approach
In SimStep, inverse correction is implemented using the Underspec-
ification Resolution Engine. This process allows the user to correct
any assumptions made by the LLM revealed at the final code level
by refining abstractions in B:

B = {UI Graph,Code Assumptions Abstraction,

Redraw Abstraction}

The UI Graph maintains the same forward operation imple-
mentations as in the forward pass. In the Code Assumptions
Abstraction, the user uses a chat widget to select a node in the
UI Graph and inspect a list of assumptions that the code is mak-
ing about that node. The user can then refine these assumptions
through text editing. Once they’ve made edits, SimStep prompts an
LLM to correct the code’s implementation to reflect these updated
assumptions. And the Redraw Abstraction requires the user to
circle an object in the end simulation and create a rough sketch of
what they want that object to look like visually using a chat widget.
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Figure 5: Example Simulations Generated with SimStep based on topics in Next Generation Science Standards [56]
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SimStep Forward Abstraction Refinement Widgets
Widget Description
Add Node Requires the user to input the name of

their new node and adds that node to
the current abstraction.

Add Link Requires the user to draw a new link be-
tween two nodes and input the label of
their new link. Adds a new link between
the provided nodes with the provided
label to the current abstraction.

Remove Node Removes the selected node from the cur-
rent abstraction.

Remove Link Removes the selected link from the cur-
rent abstraction.

Edit Node Label Changes the label of the selected node
to a new, user inputted label.

Edit Link Label This widget changes the label of the se-
lected link to a new, user-inputted label.

Table 2: The widgets used to refine forward abstractions in
SimStep.

The system then prompts an LLM to update the circled visual to
more closely match the user’s rough sketch.

Using these abstractions, SimStep implements two approaches
to underspecification resolution.

5.2.1 Guided Testing and Automated Repair. This approach com-
bines automated code testing and abstraction modification sugges-
tions. As described in Section 5.3.3, SimStep automatically tests
and resolves code issues. However, tests involving user interface
components are displayed to the user as chat widgets instead of
automatically being resolved. Using these widgets, the user can
automatically "play" UI actions and assess whether they produce
expected results. When the user indicates that an unexpected result
has occurred, SimStep invokes inverse correction. SimStep uses an
LLM to select the previous abstraction in B that is most closely
aligned with the assumption of interest, then automatically inspects
and refines that abstraction. All the user must do is validate the
updated abstraction 𝐵′

𝑖 . This updated abstraction is shown to the
user using a chat widget..

In this approach, a pre-filled assumption modification widget is
returned from the LLM as a JSON object with all necessary infor-
mation. See Figure 6 for an example of this response for the “Edit
Assumptions” abstraction.

5.2.2 Manual Debugging and Repair. The user can also manually
select an abstraction from B to inspect, refine, and validate. For
example, if the user notices that the concept graph is missing a
node, they can directly select and fill out the "Add Node" widget
to add it in. Or they can prompt the chat explaining the error, in
which case an LLM will refine the affected abstraction for the user.
The user can verify and accept this refinement.

5.3 Automated Code Testing
We noticed that some of the generated simulations do not work due
to JavaScript, logical or User Interface issues. In order to fix this, we

use a headless browser approach, combined with detailed logging.
The detailed logging is achieved by capturing the UI and logic state
of the simulation in the form of log messages, as well as taking
screenshots after UI actions. We automate this using Puppeteer,
a Node library used to control headless Chrome. Figure 7 shows
the sequence diagram for the automated testing workflow, which
happens seamless to the user.

5.3.1 JavaScript error resolution. We first ensure that the simula-
tion has no JavaScript errors. This is crucial since JavaScript errors
can prevent the UI from working properly. Since button clicks could
also result in JavaScript errors, we go through all buttons and per-
form a click action for every button. All JavaScript errors are then
captured using Puppeteer and sent to the LLM to fix.

5.3.2 Test case generation. Once the JavaScript errors are resolved,
we ask the LLM to generate test cases. Each test case is defined as
a JSON object with the following structure:

// Identifier of the UI element

"ID": "slider -weight",

// Action to perform

"action": "set_value",

// Value to set

"value": 80,

// Description of what 's being tested

"description": "Adjust weight to observe

balloon response",

// Expected outcome

"expectedOutcome": "Balloon altitude

decreases",

// Whether this is UI-specific

"isUIVerification": true

5.3.3 Automated test case execution and verification. For tests that
do not relate to UI components, SimStep automatically executes,
verifies, and updates the code based on the test. In order to provide
a comprehensive context to the LLM, we enable debug logging (e.g.,
capturing SVG coordinates and action timestamps) before executing
the test cases with Puppeteer. We run each test case by executing
the specified action and capturing a screenshot at the end of each
test step. We also capture an initial and final screenshots of the
simulation.

The LLM is then invoked with the test case execution results
from Puppeteer, the simulation code and the learning goal. We ask
the LLM to verify each test case and update the simulation code if
the tests fail or if the learning goal is not met. If the LLM finds that
a test case is not successful, or a learning goal is not satisfied, it will
attempt to update the HTMLwith an updated version that addresses
the underlying problem. We found that it does a very reliable job
of ensuring logical errors related to the simulation are fixed. The
detected UI errors are fixed based on the limited vision capabilities
of the LLM. Tests involving UI components are displayed in the
chat for the user to verify.
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Figure 6: The JSON LLM response representing the "Edit Assumptions" abstraction, along with its visual display in the chat.
"type" in the JSON object indicates the type of chat widget returned. Note that the "node" attribute corresponds to the ID of the
relevant node, while the value displayed in the widget displays the label on that node.

5.4 Improving Collaborative Interactions
Between LLM and User

A side effect of the CoA is that the user must keep maintaining
an understanding of multiple, often complex, abstractions of their
authored simulation. This can make communicating with the LLM
during the Underspecification Resolution Process cognitively ex-
pensive. As a means of improving the user experience of SimStep
during this process, we have also implemented features that allow
users to more clearly communicate their ideas to the LLM, along
with allowing users to understand the assumptions of the LLM.

5.4.1 Chat Add-Ons. When prompting via the chat, the user often
would like to reference simulation abstractions to explain their
desired changes. In order to aid the user in doing this, the user
can draw annotations on top on the current simulation. Every time
the user annotates, the annotation is labeled. In chat, the user can
type "@" to get a list of all nodes in the UI Graph, along with all
annotations on the simulation. The user can select from this list
to reference a specific annotation or node. When prompting for
the desired change to the code, the LLM is provided with these
annotations and nodes as context. Figure 4a shows this feature
when used with an annotation.

5.4.2 Connecting Code and Abstraction. The translation from UI
Graph to HTML Code can be cognitively intense for users. In order
to help users understand the connection between the two abstrac-
tions, we’ve implemented a “Subgraph Selector” tool, in which the
user can circle one or multiple sections of the end simulation and
the tool will display the sub-graph of the UI Graph that this region
corresponds to. This is implemented by prompting the LLM with
an image of the annotated simulation along with the context of the
simulation code and UI Graph. Figure 4b shows this interaction.

5.5 Implementation Details
5.5.1 Frontend. The frontend of the SimStep application is built
using React [52]. For many of the UI elements and visual compo-
nents, we use Material UI [54], a UI component library. In order to
visually and directly manipulate the abstractions that have a graphi-
cal structure, we use joint.js [22]. While for parsing these graphs,
we use a mermaid.js [67] format. We also employ tldraw [60] for
annotating in the Interactivity Page.

5.5.2 Backend. The backend is built using Node.js [24] and Ex-
press.js [34]. We use Anthropic’s Claude [7] claude-3.5-sonnet
model for all large languagemodel prompting, whichwe do through-
out the process of generating and modifying abstractions in our
system. In the design of prompts in this system, we employed sev-
eral prompting techniques in a trial-and-error approach, resulting
in outputs that have consistent form and quality. We also store
user-generated simulation code in a Firebase [27] database. This
allows users to access the simulations they’ve created by link.

5.5.3 Prompt Engineering. By aligning the interfacewith the strengths
and limitations of the LLM, we created a system that simplifies the
authoring process while maintaining the necessary balance be-
tween AI capabilities and user control. As Adar puts it “Your UI
shouldn’t write checks your AI can’t cash, and your AI shouldn’t write
checks your UI can’t cash2.”.

6 User Evaluation of Simulation Authoring
with SimStep

To understand the user experience of SimStep’s Chain-of-Abstractions
(CoA) approach, we conducted a user study with 𝑁 = 11 science
teachers. Table 3 shows the teaching experience of all participants.
Participants had an average of 10.18 years of teaching experience
2https://www.youtube.com/watch?v=11UKXaELg8M
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PuppeteerLLMSimStep

PuppeteerLLMSimStep

window.LOG_DEBUG = false

<UIElementID, action, value, description, expectedOutcome>

window.LOG_DEBUG = true

teacher/student

Generate simulation

Add debug logging while generating simulations.

Simulation with debug logging

Check JavaScript errors

Report JavaScript Errors

Fix any JavaScript errors

JavaScript errors fixed

Generate TestCases

JSON Test cases

Run simulation, enable debug logging, execute test case, capture screenshots

Debug logs, testcase results, screenshots

Update simulation based on testcase results and learning goal

Updated simulation with fixes

simulation

teacher/student

Figure 7: Automated Testing and Error Resolution Workflow for Simulation Verification

Figure 8: Summary of the goals, methods, and findings of the
user evaluation and abstraction evaluation.

(𝜇 = 10.18, 𝜎 = 6.21) and were recruited through social media and

the researchers’ professional networks. The researchers screened
participants based on their experience teaching STEM subjects and
the grade band they teach. All participants had prior experience
teaching STEM subjects, spanning grade levels from middle school
to undergraduate college. Each study session lasted approximately
90 minutes and was conducted one-on-one over Zoom, during
which participants interacted with a deployed version of SimStep
on their web browser. Participants received a $40 honorarium for
their time. The study protocol was approved by the institution’s
Institutional Review Board (IRB). After each interview, the authors
reviewed and collected qualitative feedback through inductive cod-
ing on the interview transcripts and survey responses.

6.1 Method
In each session, one of the researchers gave a participant a 15-
minute demo of SimStep, going through the process of generating
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Participant Subjects Taught Grade Level Years of Experience
P1 Chemistry, Physics 9th through 12th 12
P2 Science 9th and 10th 22
P3 Science 9th through 12th 18
P4 Physics 6th and 7th 2
P5 STEM, Liberal Arts 6th through 8th 12
P6 English 7th and 8th 7
P7 Math 9th through 12th 6

P8 Chemistry, Environmental
Science, Physics, Biology 9th through 12th 14

P9 Chemistry 9th through 12th 3
P10 Psychology, Neuroscience Undergraduate 6
P11 Physics, Living Earth 1st through 6th 10

Table 3: The teaching background of all educators in the user evaluation.

a simulation about States of Matter and Phase Change. The partic-
ipant could ask any questions they had about the tool. Then, the
researcher allowed the participant to use SimStep to generate their
own simulation about either a subject matter of the participant’s
choice or one of two pre-prepared learning content (Gravitational
Force and Buoyancy). When time permitted, a second simulation
was generated using a second learning content. After the participant
generated and corrected at least one simulation, they were asked to
reflect on their experience using SimStep through an unstructured
interview. Finally, participants filled out a questionnaire on the
usability of the system, the task load, and the Cognitive Dimen-
sions of Notations [29]. The usability of the system was evaluated
using the Post-Study System Usability Questionnaire (PSSUQ) [43],
and the task load was assessed using the NASA Task Load Index
(NASA-TLX) [30].

6.2 Results

6.2.1 System Usability. Overall, teachers found SimStep intuitive
to use and reported that they would feel comfortable using this
system in a classroom setting. In the PSSUQ questionnaire, we
anchored 1 as “Strongly Disagree” and 6 as “Strongly Agree.” Our
overall usability score was 4.66 (𝜎 = 0.36), and in qualitative feed-
back, multiple participants commented that the system felt “natural
to use.” The SystemUsefulness (SYSUSE) sub-scale was 4.8 (𝜎 = 0.15),
indicating that the teachers viewed this tool as useful to their teach-
ing process. Teachers also remarked that they could see themselves
using this tool in a variety of ways, including to create introductory
material for students, exploratory expansions of their class subjects,
and replacement materials for in-class activities such as experi-
ments. Further, the Interface Quality (INTERQUAL) sub-scale had
a score of 4.78 (𝜎 = 0.15), indicating the teachers felt that they had
the ability to navigate and alter the CoA and the underspecification
resolution process with ease. However, the Information Quality
(INFOQUAL) sub-scale had a score of 4.44 (𝜎 = 0.48), indicating that
we can improve the quality of information displayed to the user. We
note that several users found that error messages were not present
or were not useful during their process. There is room for integra-
tion of more intuitive error messages when the user encounters an
unexpected error in the system. Figure 9 shows each participants

Figure 9: Teacher participant actions while authoring a sim-
ulation using the CoA framework. The length of arrows in-
dicates the time between actions.

actions during their authoring process. Participants took an average
of 17.13 minutes (𝜎 = 4.40) to completely author their simulation.
The majority of users’ time was spent evaluating abstractions and
making design decisions. Table 4 shows the average time spent on
generation for abstractions in SimStep during this evaluation. The
UI Map and Simulation Code take substantially longer to generate
that other abstractions with an average of 36.27 seconds.
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6.2.2 Task Load. Although SimStep does not eliminate the task
load of simulation generation, our system provides an interface
that imparts a load onto users that is not high. We evaluated task
load using NASA-TLX with a 1-6 scale. We anchored 1 with “Very
Low” and 6 with “Very High.” We did not directly assess the physi-
cal demand of our tool, considering the digital nature of our tool.
The unweighted TLX score for SimStep was 2.64, indicating that
although teachers felt that the task of generating a simulation re-
quired work, this load was not high. Participants felt that they were
successful in the process of authoring a simulation. Section 5.4
discusses several features added to SimStep to improve collabora-
tion and reduce task load. During this study, we found participants
using these features with varying degrees. All 11 participants used
the chat feature, while 5 of 11 used the Chat Add-Ons and 2 used
the Subgraph Selector. Figure 9 includes examples of how teachers
used these collaborative features during their process, along with
some of the end simulations that teachers authored. In qualitative
feedback, participants remarked that there was low mental demand
in the initial steps of the simulation generation process. Mental
demand increased at the step of correcting behavior and errors at
the simulation code abstraction level (i.e., the Interactivity Page).

Based on our analysis of SimStep’s log data, for all but two
educators, the majority of actions are performed on the Interactivity
Page. Participants most often engaged in the underspecification
resolution process by prompting the chat. In association with the
task load of this activity, P2, who has been teaching 9th and 10th
grade science for 22 years, remarked “I wanted to conveymy thoughts
specifically enough that they would be understood, so I struggled
at first with how to describe things.” In response to participants’
feelings of being lost in the under-specification resolution process,
the researchers augmented the process with automated code testing
and guided testing functionality, as discussed in section 5.3.3.

6.2.3 Cognitive Dimensions of Notations. Teachers also found that
the notations used in the SimStep’s CoAwere intuitive andmirrored
their own internal process when planning to teach about a subject.
More specifically, we assessed these notations (abstractions) using
the Cognitive Dimensions of Notations [29]. These dimensions
allow us to evaluate whether or not these abstractions are useful to
teachers for the task of simulation generation, and are often used
to evaluate representational tools [11, 41]. We found that SimStep
meets all the most relevant dimensions. In this study, we evaluated
users’ experiences of the system specifically for the dimensions of
Visibility, Viscosity, Premature Commitment, Role-Expressiveness,
Abstraction, Closeness of Mapping, Consistency, and Diffuseness
using Likert scale questions with a range of 1-6. We anchored 1
with “Strongly Disagree” and 6 with “Strongly Agree.” The average
score across all included questions was 4.61 (𝜇 = 4.61, 𝜎 = 0.34).
Questions related with visibility had a notable average score of
5.14 (𝜇 = 5.14, 𝜎 = 0.27), which indicated success in our goal of
generating a tool that easily displays different abstractions of the
same end simulation. In qualitative feedback, teachers did, however,
indicate that they focused less on the UI Graph on the Interactivity
Page, which is expected, considering this page’s primary focus on
the simulation’s behavior itself.

6.2.4 Qualitative Feedback. In a discussion period after using the
tool, participants remarked that they enjoyed the graphical abstrac-
tions of the input learning content. They said they found this form
of abstraction to be intuitive and useful for even their own knowl-
edge formation process. P3, who has been teaching high school
science for 18 years, remarked that “The graphical representations
help to show the underlying concepts that are running the simulation.
It is also nice to be able to adjust those that would adjust the simula-
tion’s behavior.” Some teachers even commented that they would
consider giving these maps, or the tool in general, to students to
help them learning the concepts at hand. Likewise, teachers found
value in the Scenario Page specifically. They appreciated that they
could choose a topic specific to their students. One participant also
commented that they often struggle to express learning content
through different examples when students do not understand the
original example. This participant said they appreciated that the
tool provides example scenarios to choose from, which may present
the content in ways they had not thought of. Similarly, P1 men-
tioned that using simulations that they’ve customized using Sim-
Step would be a useful starting point for students to "springboard"
off of during group discovery sessions, especially in classrooms
with a many different types of learners. In general, the educators in
this study were excited at the prospect of using SimStep to generate
interactive material specific to their classroom.

7 Evaluation of Abstraction Fidelity
The effectiveness of SimStep in supporting distributed cognition is
dependent on the fidelity of the implemented abstractions and the
transitions between them along the chain. We evaluated the fidelity
of forward transformation abstractions in SimStep with 66 curated
simulations. To determine the topic and scenarios, we collected
a variety of STEM learning content, culturally relevant scenarios,
and learning goals from online STEM curriculum resources. Based
on this, we first generated initial simulations and all intermediate
abstractions. Since we aim to collect feedback on the generated
abstraction in its original state, we omitted making any corrections
to the abstractions at this stage. We then recruited 162 participants
on Prolific [58] who collectively evaluated all of the abstractions for
the 66 simulations. Each abstraction was evaluated by 10 educators.
Participants were screened based on their employment as teachers
and compensated $12 hourly for their contribution. Specifically
we asked educators to rate each abstraction on (1) Conceptual
Completeness/Coherence — whether the concepts introduced
at each abstraction are understandable in explaining the input for
each forward abstraction, (2) Inclusion Consistency — whether
the concepts introduced early are carried through all the way to the
final simulation, (3) Meaning Drift — whether the concepts don’t
change meaning in ways that confuse or contradict earlier stages),
and (4) SimulationWorking—whether the final simulationworks
and is usable. We used a three-point scale to rate each dimension.
Complete details of the evaluation is provided in Appendix B. In
addition, two of the authors analyzed the simulations for specific
breakdowns and attempted to fix the simulations using SimStep’s
abstractions. Here we report on these results to characterize the
fidelity of our task level abstractions.
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Time to Generate Abstractions during User Evaluation

Page Time (seconds)
𝜇 𝜎

Concept Map 3.54 1.21
Scenario Map 3.45 1.04
Learning Goal Map 3.27 1.68
UI Map & Simulation Code 36.27 9.53

Table 4: The average time to generate each forward abstraction for all 11 participants in the user evaluation. UI Map and
Simulation Code are combined because they are generated consecutively in practice.

7.1 Results
7.1.1 Abstraction and CoA Quality. Table 5 reports the average
scores across all dimensions of evaluation on a 3 point scale. Overall,
the results show that the abstractions produced through the CoA
approach maintain high fidelity across multiple dimensions. Educa-
tors rated the abstractions highly on completeness/coherence,
inclusion consistency, andmeaning drift, indicating that the
abstractions reliably captured the conceptual content of the input
texts and preserved these concepts across stages without significant
shifts in meaning. Specifically, the Concept Map stage achieved
the highest completeness/coherence score (𝜇 = 2.61, 𝜎 = 0.61), with
only a modest decrease observed as abstractions progressed, culmi-
nating in the UI Map stage (𝜇 = 2.53, 𝜎 = 0.65). The Scenario Map
(𝜇 = 2.60, 𝜎 = 0.59) and Learning Goal Map (𝜇 = 2.57, 𝜎 = 0.60)
maintained similarly strong coherence, underscoring the robust-
ness of conceptual fidelity across intermediate steps. In terms of
broader abstraction fidelity, Inclusion Consistency scored well
(𝜇 = 2.53, 𝜎 = 0.63), reflecting that concepts introduced early were
generally carried through to the final simulation.

Meaning Drift was also highly rated (𝜇 = 2.57, 𝜎 = 0.61),
showing that concepts retained stable meanings across transforma-
tions. The lowest-performing metric was Simulation Working
(𝜇 = 2.31, 𝜎 = 0.80), suggesting that while abstractions were concep-
tually sound, technical execution of the final interactive simulation
occasionally suffered from glitches or incomplete behavior. To-
gether, these findings suggest that the CoA framework in SimStep
yields abstractions that are conceptually coherent, consistent, and
stable across stages, with the main challenges arising in the reliabil-
ity of simulation execution rather than in the fidelity of abstraction
itself.

7.1.2 Simulation Quality. Based on our manual inspection of the
66 simulations, 48.5% of the simulations worked as intended with-
out any human intervention. To better understand the failures
within the remaining simulations, we analyzed the simulations and
categorized them into three error types:

(1) UI/Data Disconnect Errors: Simulations where the un-
derlying data calculations were correct, but the visual user
interface (UI) failed to reflect these changes (e.g., a static
or blank UI). This also includes the inverse, where the UI
functioned correctly but the data tables were not updated
properly.

(2) Logic & Correctness Errors: Simulations that were func-
tional but contained logical flaws where their behavior did
not correctly model the scientific principles.

(3) Non-Functional Simulations: Simulations that loaded but
were entirely non-functional, where neither the UI nor the
underlying data responded to user input.

Table 6 shows the distribution of types of errors found across
all the generated simulations. The researchers then corrected all
broken simulations using the CoA steps in SimStep. The correction
process often involved a combination of automated and manual
interventions. For instance, to fix a UI/Data Disconnect Error in a
circular motion simulation, the system identified a UI-related test
failure and suggested an “Edit Node Assumptions” action, which
resolved the issue by adding the necessary UI for the bike and track.
Similarly, for the Refraction Simulation, the automated testing pro-
cess prompted the LLM to automatically correct the code, thereby
fixing the visualization to correctly render the light source, pool,
and refraction angle. In a third example, a Non-Functional simu-
lation of Earth’s tectonic plates (Figure 10) was partially fixed by
automated tests, but a redundant “Measure Tool” button remained.
To resolve this, a researcher manually edited the UI graph, selected
the unnecessary node, and removed it. 73.5% of the simulations
were fixed using such inverse correction widget interactions. Table
7 shows the number of widget interactions necessary to fix the bro-
ken simulations. These results suggest that, with the incorporation
of distributed cognition, the CoA approach facilitates the effective
authoring of cognitively aligned simulations. The Appendix has a
full list of simulation topics used in the study.

8 Discussion
8.1 Desiderata for Abstractions in CoA
In software engineering, abstractions are essential for managing
complexity, modularizing functionality, and enabling reasoning at
multiple levels of the system [62]. Our CoA framework applies this
perspective to programming-by-prompting by introducing inter-
mediate representations that formalize partial intent and guide the
step-by-step transformation from natural language to code. Ideally,
the abstractions selected in CoA should reflect the representa-
tional structures of the domain and the decomposition of
the task. In SimStep, for example, the Concept Graph captures the
core domain-specific knowledge and relationships, the Scenario
Graph expresses contextualized learning situations, the Learning
Goal Graph defines desired educational outcomes, and the UI Inter-
action Graph specifies how learners will interact with the system.
Each of these representations corresponds to a meaningful task
boundary in the teacher’s workflow and provides a different lens
for inspecting and refining intent.
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SimStep CoA Approach Evaluation

Metric Score(1-3)
𝜇 𝜎

Concept Map: Completeness/Coherence 2.61 0.61
Scenario Map: Completeness/Coherence 2.60 0.59
Learning Goal Map: Completeness/Coherence 2.57 0.60
UI Map: Completeness/Coherence 2.53 0.65
Simulation Working 2.31 0.80
Inclusion Consistency 2.53 0.63
Meaning Drift 2.57 0.61

Table 5: The CoA approach is scored using various metrics over 66 curated simulation specifications, and mean (𝜇) and standard
deviation (𝜎) scores are reported per metric over all simulation specifications and all expert scorers.

Figure 10: Examples of Fixing a Simulation

Across these contexts, designing effective abstractions requires
attention to several key properties. In educational simulation au-
thoring, abstractions should exhibit visibility by making key rela-
tionships and behaviors perceptible. For instance, a Concept Graph
should clearly show that temperature affects air density, helping a
teacher reason about the cause-and-effect dynamics of buoyancy.
Abstractions should also maintain interpretive continuity across
levels; for example, a concept like “heat” introduced in the Concept

Graph should persist through the Scenario Graph and be reflected in
UI elements such as a “heating switch” or “temperature slider.” They
must be actionable, allowing users to modify content directly such
as enabling a teacher to revise the range of a slider or change the
linked behavior of a button without touching the generated code.
Abstractions should also support propagation, so that edits to a
node in the Learning Goal Graph (e.g., changing “students should
understand buoyant force” to “students should compare hot vs. cold
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Table 6: Distribution of Initial Simulation Evaluation Results
(N=66).

Error Type Count Percentage (%)

Working 32 48.5
UI/Data Disconnect Errors 19 28.8
Non-Functional 9 13.6
Logic & Correctness Errors 6 9.1

Total 66 100.0

Table 7: Aggregates of widget interactions needed to fix the
simulations

Action Type Frequency

Edit node assumptions 68
Add node 8
Automated test fix 7
Add edge 5
Remove node 3
Change label 1

air”) trigger meaningful updates in downstream abstractions and
ultimately in the simulation logic.

Further, the sequence of abstractions should follow a logic of
progressive formalization. Early abstractions like Concept and
Scenario Graphs align with the teacher’s domain expertise and
planning practices, allowing them to express ideas in familiar ped-
agogical terms. Later abstractions like the Interaction Graph in-
troduce more structure such as conditional logic or state tran-
sitions—providing a bridge between educational intent and exe-
cutable behavior. At each level, users should be able to validate
whether the representation reflects their goals (e.g., “does this sce-
nario match my intended classroom example?”), detect where the
system has introduced incorrect or missing assumptions, and revise
the abstraction accordingly before continuing to code generation.

8.2 Broader Utility
While SimStep exemplifies the CoA framework by helping educa-
tors author interactive simulations, the framework (Section 3) itself
has the potential to support a broad range of scenarios. The central
construct of CoA is its structuring of the code generation process
into a series of task-aligned abstractions. This approach connects to
longstanding goals in end-user programming [38], which aims to
empower non-programmers to create, adapt, and control computa-
tional artifacts. Compared to current approaches that fall along the
spectrum of tradeoffs between expressive power and ease of use,
the CoA framework offers a middle path: by representing programs
as structured, editable abstractions that reflect end-users’ task logic,
it preserves expressive power while maintaining accessibility and
semantic clarity.

A distinctive affordance of CoA is that once a simulation is ex-
pressed through staged abstraction graphs, individual components
can be isolated, modified, or recombined to serve different purposes.

This enables easy generation of multiple simulation variants that
would be far more difficult to achieve if working directly in natural
language or raw code. For example, educators can readily produce
versions of the same conceptual graph tailored for different grade
levels (K–6 versus 7–12), adjust the learning objective, or introduce
conceptual variance by swapping scenarios (e.g., buoyancy illus-
trated with submarines versus balloons). Abstraction graphs also
make it straightforward to vary the level of complexity by adding or
removing detail, creating simplified versions for introductory learn-
ers or enriched versions for advanced learners. In this way, CoA
supports flexible curriculum design by enabling systematic explo-
ration of how concepts, scenarios, and representational complexity
can be varied to match pedagogical needs.

Furthermore, the task abstractions approach can potentially be
helpful in other domains in which task-level control of authoring
is desirable. Our earlier table 1 shows systems that implement iso-
lated versions of program abstractions. For instance, a data scientist
might move from analysis goals to transformation logic to visual
outputs [76]; a game designer might articulate core mechanics,
progression rules, and interaction feedback [1]. In each case, ab-
stractions can be chosen to reflect natural task decompositions and
representational practices in the domain, ensuring that the pipeline
aligns with how users already think.

Lastly, while SimStep targets teachers as authors, a promising
direction is whether students could use it to create their own simu-
lations. Research on troubleshooting in physics laboratories demon-
strates that diagnosing malfunctioning equipment, such as tracking
unexpected behavior back to faulty components or incorrect as-
sumptions, engages students in model-based reasoning and deepens
experimental and critical thinking competencies [20, 21, 33]. Sim-
Step’s abstraction graph could allow students to trace simulation
misbehavior back to specific concept relationships, scenario instan-
tiations, or UI bindings, developing causal reasoning skills through
representational debugging. This would extend CoA from an au-
thoring framework into a learning environment where the act of
repair becomes a site for deepening domain understanding.

8.3 Limitations and Future Work
While the CoA framework offers a principled structure for programming-
by-prompting, several limitations point towards future extensions
to the framework. The current implementation, though effective
for educational simulation authoring, may limit flexibility in do-
mains where task workflows are less standardized or abstractions
are harder to formalize. Designing methods for customizing or
synthesizing domain-appropriate abstractions remains an open
challenge. Second, while CoA reduces the need for syntactic pro-
gramming, it introduces new forms of cognitive load: users must
interpret and manipulate layered representations. As evidenced
in the user study, the quality of outputs depends not only on the
model’s capabilities but also on the user’s ability to structure in-
tent within the abstraction pipeline. Future work should explore
adaptive interfaces that scaffold abstraction complexity based on
user expertise. Current LLMs are not inherently abstraction-aware
and often fail to maintain consistency across transformation stages.
We also do not yet understand how sensitive SimStep’s transforma-
tions are to small perturbations in input graphs; minor edits such
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as adding or deleting a single node may disproportionately alter
downstream outputs, and it remains unclear whether such changes
reflect genuine structural differences or shifts in the model’s pre-
trained priors. Future work should systematically evaluate this
robustness, particularly for well-known topics where the model
may override user-provided structure. Errors from hallucination,
misalignment, or representational gaps also remain difficult to de-
tect and correct, suggesting opportunities for model fine-tuning on
abstraction-preserving transformations.

9 Conclusion
This work introduces the Chain-of-Abstractions (CoA) framework
as a principled approach to programming-by-prompting, one that
treats code generation not as a single-shot translation, but as a struc-
tured process of task-level semantic articulation. By decomposing
the synthesis process into cognitively meaningful, domain-aligned
representations, CoA enables users to externalize, inspect, and iter-
atively refine their intent. We instantiate this approach in SimStep,
a tool that supports educators in authoring interactive simulations
through a scaffolded, human-in-the-loop workflow. SimStep’s in-
verse correction process addresses underspecification by surfacing
assumptions and guiding revision at abstraction checkpoints, re-
covering key affordances of traditional programming such as trace-
ability, testability, and control. CoA provides a foundation for more
controllable, expressive, and domain-sensitive code generation.
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A Architecture Prompting
Our chain-of-abstractions architecture utilizes LLM prompting for
the generation and modification of abstractions. In this section, we
document the prompts used in SimStep.

A.1 Forward Abstraction Generation
All graphical abstractions are represented as mermaid.js graphs. In
prompts that include the graphical structure outputs, we specify
this format:

Use mermaid js . The format o f the mermaid js
graph shou ld have each node with a l a b e l
sur rounded by squa re b r a ck e t s , and each
l i n k with a l a b e l sur rounded by v e r t i c a l
b a r s . Each l i n e d e f i n i n g a node or l i n k
shou ld beg in with 4 spa c e s . Don ' t add any
a d d i t i o n s t y l i n g nor any b lank l i n e s .

More s p e c i f i c i n s t r u c t i o n s : The diagram
must s t a r t with graph LR ( or graph TD) .
Each node shou ld be d e f i n e d as NodeID [
Node Labe l ] with a s i n g l e space b e f o r e i t
. Each edge shou ld be d e f i n e d as Source ID
−−>| Edge Labe l | Ta rge t ID wi thout any

e x t r a s p a c e s between the arrow and the | .
Do not i n c l u d e any Markdown f o rma t t i n g (

no t r i p l e b a c k t i c k s , no language t a g s ) .
Only ou tpu t the raw Mermaid code .

A.1.1 Concept Graph. The following prompt is used to generate
the concept graph using the user’s learning content.

Given the f o l l ow i n g l e a r n i n g conten t ,
g en e r a t e a c on c ep t u a l d iagram of t h i s
t e x t .

The graph shou ld meet the f o l l ow i n g
r equ i r emen t s :

− The nodes o f the graph r e p r e s e n t p h y s i c a l
o b j e c t s p r e s en t e d in the l e a r n i n g con t en t
.

− The l i n k s r e p r e s e n t the r e l a t i o n s h i p s
connec t i ng them .

− The graph c on t a i n s r e l a t i o n s h i p t h a t a r e
not n e c e s s a r i l y s t a t e d in the l e a r n i n g
con t en t but can be i n f e r r e d .

− The graph i s as a b s t r a c t and s imp l e as
p o s s i b l e .

− I f the graph has math or numbers invo lved ,
they a r e i n c l u d e d .

− Each node has a d e s c r i p t i o n in squa re
b r a c k e t s .

− Each l i n k a d e s c r i p t i o n t h a t e x p l a i n s i t s
meaning .

NO Exp l ana t i on .

$ { merma idD i r e c t i ons }
$ { l e a r n i n gCon t en t }

A.1.2 Scenario Graph. The following prompt is used to generate
the scenario graph using the concept graph and the user’s chosen
scenario.

Given the concep t graph and s c ena r i o , change
the names o f a l l the nodes in the graph
to r e p r e s e n t the s p e c i f i c o b j e c t s t h a t
the s c e n a r i o i n v o l v e s . I 'm t r y i n g to
under s t and how the s c e n a r i o can r e p r e s e n t
the r e l a t i o n s h i p t h a t the graph e x p l a i n s

. Each node shou ld have an updated i s
t h a t i s s p e c i f i c t o t h i s s c e n a r i o .

A good re sponse :
− Keeps the i d s o f the nodes in the graph the

same ( i d s be ing the v a l u e s in squa re
b r a c k e t s )

NO Exp l ana t i on .
$ { merma idD i r e c t i ons }
Concept graph : $ { graph }
S c en a r i o : $ { s c e n a r i o }

A.1.3 Learning Goal Graph. The following prompt is used to gen-
erate the learning goal graph using the scenario graph and the
user’s chosen learning goal (labeled hypothesis below).

Given the concep t graph and l e a r n i n g goa l ,
g i v e me an updated graph ( a l s o us ing
mermaid js ) t h a t on ly c on t a i n s nodes and
l i n k s t h a t p e r t a i n to the g iven l e a r n i n g
goa l ( i n o th e r words , remove unnece s sa ry
nodes and l i n k s ) .

NO Exp l ana t i on
$ { merma idD i r e c t i ons }
Concept Graph : $ { graph }
Lea rn ing Goal : $ { h ypo t h e s i s }

A.1.4 User Interaction Graph. The following prompt is used to
generate the user interaction graph using the learning goal graph
and the experimental procedure. Subsequent subsections describe
how this procedure is generated.

Given an expe r imen t a l p rocedure and concep t
graph , c r e a t e a UI i n t e r a c t i o n graph o f a
web−based i n t e r a c t i v e s imu l a t i o n f o r
t h i s p rocedure .

Cons ide r what the main expe r imen t a l o b j e c t i s
i n t h i s exper iment , a long with the

dependent and independen t v a r i a b l e s .
What i s the b e s t way to v i s u a l l y show the

expe r imen t a l o b j e c t w i th in the procedure ?
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I n c l u d e nodes f o r :
− a l l nodes in the g iven concep t graph t h a t

you th ink a r e n e c e s s a r y f o r f o l l ow i n g the
procedure and l e a r n i n g the c on c l u s i o n o f
the l e a r n i n g goa l . Keep the same i d s and
l a b e l s f o r t h e s e nodes as were in the

o r i g i n a l concep t graph .
− UI c o n t r o l s n e c e s s a r y f o r f o l l ow i n g the

procedure
I n c l u d e edges f o r :
− a l l edges in the g iven concep t graph t h a t

you th ink a r e n e c e s s a r y f o r f o l l ow i n g the
procedure and l e a r n i n g the c on c l u s i o n o f
the l e a r n i n g goa l .

− any more r e l a t i o n s h i p s between v i s u a l s
− r e l a t i o n s h i p s between the UI c o n t r o l s and

the v i s u a l s

Give the graph us ing mermaid j s . NO
exp l a n a t i o n .

$ { merma idD i r e c t i ons }

Graph : $ { graph }
Procedure : $ { proc }
Lea rn ing Goal : $ { h ypo t h e s i s }

Descriptive Learning Goals: When the selected learning goal
is descriptive, procedure is generated by first identifying the inde-
pendent and dependent variables in question:

In an exper iment t e s t i n g the p rov ided
hypo t h e s i s u s ing the laws e xp l a i n e d in
the p rov ided concep t graph , what i s the
main exp e r imen t a l o b j e c t t h a t we a re
i n t e r a c t i n g with in t h i s exper iment ? NO
exp l a n a t i o n .

Concept Graph : $ { graph }
Hypo thes i s : $ { h ypo t h e s i s }

In an exper iment t e s t i n g the p rov ided
hypo t h e s i s u s ing the laws e xp l a i n e d in
the p rov ided concep t graph , what i s the
dependent v a r i a b l e o f t h i s exper iment ? NO
exp l a n a t i o n and don ' t put a p e r i o d a t

the end .

Concept Graph : $ { graph }
Hypo thes i s : $ { h ypo t h e s i s }

Using this information, we prompt for a procedure:

You a re an exp e r t in d e s i gn i n g expe r imen t a l
p ro c edu r e s f o r i n t e r a c t i v e s imu l a t i o n s .
Given the concep t graph and l e a r n i n g goa l
t h a t you a r e t r y i n g to t e s t , g en e r a t e a

s imp l e p rocedure t e s t i n g what e f f e c t $ {
indep } has on $ { dep } as i n d i c a t e d by the
l e a r n i n g goa l u s ing the concep t graph .

A good procedure :
− Comes to the c on c l u s i o n o f the l e a r n i n g

goa l
− I s s imp l e to f o l l ow
− Ou t l i n e s any da t a c o l l e c t i o n t h a t you want

to per form

NO exp l a n a t i o n

Concept Graph : $ { graph }
Lea rn ing Goal : $ { h ypo t h e s i s }

Explanatory:When the selected learning goal is explanatory,
procedure is generated by again identifying the independent and
dependent variables in question, then prompting for a procedure:

Based on the concep t graph , what unde r l y i ng
p r o c e s s e x p l a i n s why $ { indep } has an
e f f e c t on $ { dep } ? Give me one s i n g l e
phrase . NO exp l a n a t i o n and don ' t put a
p e r i o d a t the end .

Concept Graph : $ { graph }

You a re an exp e r t in d e s i gn i n g expe r imen t a l
p ro c edu r e s f o r i n t e r a c t i v e s imu l a t i o n s .
Given the concep t graph and l e a r n i n g goa l
t h a t I am t r y i n g to t e s t , g i v e me a

s imp l e p rocedure t e s t i n g how $ { exp } as
i n d i c a t e d by the l e a r n i n g goa l u s ing the
concep t graph .

A good procedure :
− Comes to the c on c l u s i o n o f the l e a r n i n g

goa l
− I s s imp l e to f o l l ow
− Ou t l i n e s any da t a c o l l e c t i o n t h a t you want

to per form

NO exp l a n a t i o n .

Concept Graph : $ { graph }
Lea rn ing Goal : $ { h ypo t h e s i s }

Procedural: When the selected learning goal is procedural, we
first prompt for the experimental object:
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In an exper iment t e s t i n g the p rov ided
hypo t h e s i s u s ing the laws e xp l a i n e d in
the p rov ided concep t graph , what i s the
main exp e r imen t a l o b j e c t t h a t we a re
i n t e r a c t i n g with in t h i s exper iment ? NO
exp l a n a t i o n .

Concept Graph : $ { graph }
Hypo thes i s : $ { h ypo t h e s i s }

Then we prompt for the process in question:

In an exper iment t e s t i n g the p rov ided
hypo t h e s i s u s ing the laws e xp l a i n e d in
the p rov ided concep t graph , what i s the
po ro c e s s t h a t the $ { ob j } goes through ? NO
exp l a n a t i o n and don ' t put a p e r i o d a t

the end .

Concept Graph : $ { graph }
Hypo thes i s : $ { hypo t h e s i s }

And finally, we use this information to prompt for a procedure:

You a re an exp e r t in d e s i gn i n g expe r imen t a l
p ro c edu r e s f o r i n t e r a c t i v e s imu l a t i o n s .
Given the concep t graph and l e a r n i n g goa l
t h a t I am t r y i n g to t e s t , g i v e me a

s imp l e p rocedure f o r running an
i n t e r a c t i v e s imu l a t i o n showing how $ { ob j }
goes through $ { proc } .

A good procedure :
− Comes to the c on c l u s i o n o f the l e a r n i n g

goa l
− I s s imp l e to f o l l ow
− Ou t l i n e s any da t a c o l l e c t i o n t h a t you want

to per form

NO exp l a n a t i o n .

Concept Graph : $ { graph }
Lea rn ing Goal : $ { h ypo t h e s i s }

A.1.5 Code. We purposefully want SimStep simulations to look
low-fidelity. In order to achieve this look, we use rough.js. Therefore,
any prompts generating code include the following information
about rough.js:

Impor t s and use s r ough j s ( h t t p s : / / unpkg . com /
r ough j s@ l a t e s t / bundled / rough . j s ) f o r the
e n t i r e app , i n c l u d i n g UI c o n t r o l s . Make
su r e to i n c l u d e a canvas e lement in the
html to r e f e r e n c e as the rough . j s canvas
in your s c r i p t .

The following prompt is used to generate the simulation code:

Crea t e a web−based i n t e r a c t i v e s imu l a t i o n
based on the UI I n t e r f a c e Graph . Do your
b e s t to i n t e r p r e t which nodes r e p r e s e n t
v i s u a l s , which r e p r e s e n t UI c o n t r o l s &
da t a c o l l e c t i o n mechanisms , and g i v e each
UI c o n t r o l i t s d e s i r e d f u n c t i o n .

I n c l u d e :
− A t i t l e and d e s c r i p t o n o f the exper iment .

The d e s c r i p t i o n shou ld a c t as an
i n t r o d u c t i o n f o r the s t u d e n t s to the
exper iment and what i t t e a c h e s . In t h i s
d e s c r i p t i o n i n c l u d e any d e f i n i t i o n s t h a t
d i r e c t l y r e l a t e to the l e a r n i n g goa l . Don
' t j u s t o u t r i g h t s t a t e the l e a r n i n g goa l ,
we want s t u d e n t s to f i g u r e t h i s out on
t h e i r own .

− I n t e g r a t e any i n s t r u c t i o n ne c e s s a r y . I t
shou ld be c l e a r how s t u d en t s shou ld
i n t e r a c t with the s imu l a t i o n .

− A l l nodes r e p r e s e n t i n g v i s u a l s and
phenomena in a v i s u a l d i s p l a y o f the
exper iment .

− A l l nodes r e p r e s e n t i n g UI c o n t r o l s & da t a
c o l l e c t i o n below the v i s u a l d i s p l a y . You
must l a b e l what each UI c o n t r o l
r e p r e s e n t s . I f a c o n t r o l r e p r e s e n t an
amount , make su r e to p rov i d e c on c r e t e
e xp e r imen t a l u n i t s .

− $ { r oughD i r e c t i o n s }

Make su r e to i n c l u d e ALL nodes in the UI
i n t e r f a c e graph and g i v e them t h e i r
d e s i r e d purpose

When inp l emen t i ng the r e l a t i o n s h i p between
any two nodes , t h i nk about what
a t t r i b u t e s o f each node d e f i n e the
f u n c t i o n a l r e a t i o n s h i p between them .

Keep t r a c k o f t h e s e a t t r i b u t e s in your s c r i p t
.

The s imu l a t i o n i s f o r midd le s choo l k ids , so
make the v i s u a l s fun and engag ing .

The UI c o n t r o l s shou ld invoke e x p r e s s i v e
an ima t i on s in the v i s u a l d i s p l a y .
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Genera te SVGs t h a t a r e as r e a l i s t i c as
p o s s i b l e and use g r a d i e n t s and a d d i t i o n a l
shapes i f needed f o r any ne c e s s a r y

expe r imen t a l o b j e c t s . Ra the r than p l a c i n g
SVGs d i r e c t l y in the code , c l e a r l y
d e f i n e each as a v a r i a b l e .

For a l l t e x t , e i t h e r use the f on t cab in −
ske tch − r e g u l a r or cab in − ske tch − bo ld . In
o rde r to use t h e s e f on t s , add < l i n k r e l ="
p r e connec t " h r e f =" h t t p s : / / f o n t s .
g o o g l e a p i s . com" > < l i n k r e l =" p r e connec t "
h r e f =" h t t p s : / / f o n t s . g s t a t i c . com "
c r o s s o r i g i n > < l i n k h r e f =" h t t p s : / / f o n t s .
g o o g l e a p i s . com / c s s 2 ? f am i l y =Cabin+ Ske t ch :
wght@400 ;700& f am i l y =Londr ina+ Ske t ch&
f am i l y =Roboto : i t a l , wght@0
, 1 0 0 ; 0 , 3 0 0 ; 0 , 4 0 0 ; 0 , 5 0 0 ; 0 , 7 0 0 ; 0 , 9 0 0 ; 1 , 1 0 0 ; 1 , 3 0 0 ; 1 , 4 0 0 ; 1 , 5 0 0 ; 1 , 7 0 0 ; 1 , 9 0 0 &
d i s p l a y =swap " r e l =" s t y l e s h e e t " > to the
HTML code .

Give the HTML, CSS and any ne c e s s a r y JS
i n t e r a c t i v i t y .

Make su r e the code d i s p l a y s a l l v i s u a l
e l emen t s c o r r e c t l y and no uncaught e r r o r s
occur when i t i s run .

Add comprehens ive l ogg i ng f o r debugging
purposes ONLY . I n c l u d e the f o l l ow i n g
debug l ogg i ng system in your code :
/ / Debug l ogg i ng system − only a c t i v e

when window . LOG_DEBUG i s t r u e
f u n c t i o n logDebug ( message ) {

i f ( window . LOG_DEBUG) {
c on so l e . l og ( \ `DEBUG [ \ $ { new Date

( ) . t o I SOS t r i n g ( ) } ] : \ $ {
message } \ ` ) ;

}
}

/ / Add t h i s in your i n i t i a l i z a t i o n
document . a d dEv en t L i s t e n e r ( '

DOMContentLoaded ' , ( ) => {
i f ( window . LOG_DEBUG) {

logDebug ( ' S imu l a t i on i n i t i a l i z e d
' ) ;

/ / Log a l l SVG e l emen t s
document . q u e r y S e l e c t o rA l l ( ' svg ' ) .

f o rEach ( ( svg , index ) => {
con s t r e c t = svg .

g e tBound i ngC l i en tRe c t ( ) ;

logDebug ( \ `SVG # \ $ { index } :
P o s i t i o n { x : \ $ { r e c t . x } ,
y : \ $ { r e c t . y } } , S i z e {w:
\ $ { r e c t . width } , h : \ $ {
r e c t . h e i gh t } } \ ` ) ;

} ) ;
/ / Log UI c o n t r o l s
document . q u e r y S e l e c t o rA l l ( ' input ,

but ton , s e l e c t ' ) . f o rEach ( (
c o n t r o l ) => {
logDebug ( \ ` Cont ro l \ $ { c o n t r o l

. i d | | ' unnamed ' } ( \ $ {
c o n t r o l . tagName } ) :
I n i t i a l v a l u e : \ $ { c o n t r o l
. v a l u e | | 'N/A ' } \ ` ) ;

} ) ;

/ / Add even t l i s t e n e r s f o r
l o gg i ng i n t e r a c t i o n s

document . q u e r y S e l e c t o rA l l ( ' but ton
' ) . f o rEach ( ( bu t ton ) => {
bu t ton . a d dEv en t L i s t e n e r ( '

c l i c k ' , ( ) => logDebug ( \ `
But ton \ $ { bu t ton . i d | | '
unnamed ' } c l i c k e d \ ` ) ) ;

} ) ;
document . q u e r y S e l e c t o rA l l ( ' input

' ) . f o rEach ( ( i npu t ) => {
i npu t . a d dEv en t L i s t e n e r ( '

change ' , ( e ) => logDebug
( \ ` I npu t \ $ { i npu t . i d | | '
unnamed ' } changed to \ $ { e
. t a r g e t . v a l u e } \ ` ) ) ;

} ) ;
}

} ) ;

/ / For an ima t i on s and c a l c u l a t i o n s , add
l ogg i ng in tho s e f u n c t i o n s

/ / Example : logDebug ( \ ` Ca l c u l a t e d \ $ {
v a r i a b l e } = \ $ { fo rmula } = \ $ { r e s u l t
} \ ` ) ;

/ / Example : logDebug ( \ ` Element \ $ { i d }
moved to { x : \ $ { newX } , y : \ $ { newY
} } \ ` ) ;

IMPORTANT : Th i s l o gg i ng shou ld only be a c t i v e
when window . LOG_DEBUG i s t rue , so i t won
' t a f f e c t normal usage .

The d e f a u l t s t a t e MUST be window . LOG_DEBUG =
f a l s e ; i n your code .

Make su r e to c a l l logDebug ( ) i n key p l a c e s o f
your code to t r a c k :

− A l l SVG elements ' p o s i t i o n s and s i z e s
− UI c o n t r o l s t a t e changes
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− User i n t e r a c t i o n s with t imes tamps
− Animation frame −by− frame upda t e s
− Mathemat i ca l c a l c u l a t i o n s with fo rmu l a s
− Any e r r o r s or warnings

NO exp l a n a t i o n .

UI I n t e r f a c e Graph : : $ { graph }
Lea rn ing Goal : $ { h ypo t h e s i s }

A.2 User Direction
A.2.1 Scenario Options. Below is the prompt used to generate
potential scenarios given the concept graph.

Give me 8 c on t e x t s t h a t I can use to t e a ch
the concep t s i n vo l v ed in the concep t
graph .

By con tex t , I mean an i n s t a n t i a t i o n o f the
concep t s i n vo l v ed in the concep t graph .

For each con tex t , w r i t e a t i t l e en c l o s e d in
doub le c u r l y b r a c e s { { t i t l e } } w i thout
numbering and a few words on how i t
p r e s e n t s the concep t and how the t e a c h e r
shou ld use the c on t e x t s to t e a ch high
s choo l k i d s about t h i s concep t .

Don ' t t a l k about c l a s s room a c t i v i t i e s or
s t u d en t a c t i v i t i e s .

MAKE SURE to s e p a r a t e each c on t e x t with " | " .

Concept graph : $ { graph }

A.2.2 Learning Goal Options. Below is the prompt used to generate
potential learning goals given the scenario graph.

Give me 6 c on c i s e and t e s t a b l e l e a r n i n g go a l s
t h a t I can use to t e a ch high s c h o o l e r s

about the concep t i n vo l v ed in the concep t
map . When forming goa l s , p l e a s e f o cu s on
a few s p e c i f i c nodes in the concep t

graph and how the l i n k s between them
r e p r e s e n t r e l a t i o n s h i p s . Phrase t h e s e
g o a l s as a s i n g l e s t a t emen t t h a t you want
the s t u d en t to l e a r n by l ook ing a t the

concep t map , s o r t o f l i k e a hypo t h e s i s .
For each l e a r n i n g goa l , w r i t e the goa l in
doub le c u r l y b r a c e s { { t i t l e } } w i thout

numbering and a b r i e f d e s c r i p t i o n o f what
l e a r n i n g ga i n s t h a t goa l w i l l l e a d to .

I f the goa l j u s t d e s c r i b e s a p roce s s ,
beg in the d e s c i p t i o n with " 1 . " , i f the
goa l e x p l a i n s why a p r o c e s s works in the
way i t does , beg in the d e s c r i p t i o n with
" 2 . " , and i f the goa l e x p l a i n s an o v e r a l l
p roce s s , beg in the d e s c r i p t i o n with
" 3 . " . MAKE SURE to s e p a r a t e each l e a r n i n g
goa l from the nex t with " | " .

Concept Graph : $ { graph }

A.3 Abstraction Modification
A.3.1 Suggesting a Code Change. The following prompt is used to
suggest a class of code change based on a chat or error description
message.

In a p r e v i ou s prompt , you gene r a t ed the
p rov ided HTML code f o r an i n t e r a c t i v e
s imu l a t i o n based on the p rov ided UI Map .

However , the re ' s an i s s u e with t h i s code / UI
map : $ { prompt } .

Th i s i s s u e may a l s o be o u t l i n e d v i a the red
anno t a t i o n s in the p rov ided image , which
a r e l a b e l e d with l a b e l s such as "A1 " or "
A2 " near the anno t a t i on .

These l a b e l s may be r e f e r e n c e d in the above
i s s u e d e s c r i p t i o n .

Given the i s s u e mentioned above , what type o f
change to the code would you would need

to make in o rde r to f i x t h i s i s s u e ?
Choose from the f o l l ow i n g type s o f
changes :

1 . Add new v a r i a b l e / v i s u a l component to the
code .

2 . Add new f un c t i o n t h a t a c t s on / us ing
s p e c i f i c v a r i a b l e s / v i s u a l components to
the code .
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3 . Remove a v a r i a b l e / v i s u a l component from
the code .

4 . Remove a f un c t i o n t h a t a c t s on / us ing
s p e c i f i c v a r i a b l e s / v i s u a l components from
the code .

5 . Comple te ly re − implement a v a r i a b l e / v i s u a l
component in the code .

6 . Comple te ly re − implement a f u n c t i o n in the
code .

7 . Change an SVG in the code .
8 . Change the imp l emen ta t i on o f some

p r e e x i s t i n g f u n c t i o n a l i t y .

Given me j u s t the number a s s o c i a t e d with the
type o f change you would make .

NO EXPLAINATION .

A.3.2 Populate Remove Edge. If the chat suggests removing an
edge, we populate a chat widget describing the change to the user.
The following prompt is used to get the necessary information.

In a p r e v i ou s prompt , you gene r a t ed HTML code
f o r an i n t e r a c t i v e s imu l a t i o n based on

the p rov ided UI Map .

However , the re ' s an i s s u e with t h i s code / UI
map : $ { prompt } .

Th i s i s s u e may a l s o be o u t l i n e d v i a the red
anno t a t i o n s in the p rov ided image , which
a r e l a b e l e d with l a b e l s such as "A1 " or "
A2 " near the anno t a t i on .

These l a b e l s may be r e f e r e n c e d in the above
i s s u e d e s c r i p t i o n .

We th ink removing an edge from the UI Map
might s o l v e the above i s s u e c o n c e p t u a l l y .

We want some more i n f o rma t i on on the edge
t h a t shou ld be removed .

P l e a s e respond in the f o l l ow i n g format :
{ type : 8 , message : <SHORT message e x p l a i n i n g

your s ugg e s t i o n . Use f u l l , e l o quen t
s e n t e n c e s and f i r s t person . > , s ou r c e : < i d
o f the sou r c e node > , t a r g e t : < i d o f the

t a r g e t node > , l a b e l : < the l a b e l o f the
edge to d e l e t e > }

NO EXPLAINATION .

A.3.3 Populate Remove Node.

In a p r e v i ou s prompt , you gene r a t ed HTML code
f o r an i n t e r a c t i v e s imu l a t i o n based on

the p rov ided UI Map .

However , the re ' s an i s s u e with t h i s code / UI
map : $ { prompt } .

Th i s i s s u e may a l s o be o u t l i n e d v i a the red
anno t a t i o n s in the p rov ided image , which
a r e l a b e l e d with l a b e l s such as "A1 " or "
A2 " near the anno t a t i on .

These l a b e l s may be r e f e r e n c e d in the above
i s s u e d e s c r i p t i o n .

We th ink removing a node from the UI Map
might s o l v e the above i s s u e c o n c e p t u a l l y .

We want some more i n f o rma t i on on the node
t h a t shou ld be removed .

P l e a s e respond in the f o l l ow i n g format : {
type : 7 , message : <SHORT message
e x p l a i n i n g your s u gg e s t i o n . Use f u l l ,
e l o quen t s e n t e n c e s and f i r s t person . > ,
node : < i d o f the node to d e l e t e > }

NO EXPLAINATION .

A.3.4 Populate Edit Edge.

In a p r e v i ou s prompt , you gene r a t ed HTML code
f o r an i n t e r a c t i v e s imu l a t i o n based on

the p rov ided UI Map .

However , the re ' s an i s s u e with t h i s code / UI
map : $ { prompt } .

Th i s i s s u e may a l s o be o u t l i n e d v i a the red
anno t a t i o n s in the p rov ided image , which
a r e l a b e l e d with l a b e l s such as "A1 " or "
A2 " near the anno t a t i on .

These l a b e l s may be r e f e r e n c e d in the above
i s s u e d e s c r i p t i o n .

We th ink changing the l a b e l o f an edge in the
UI Map might s o l v e the above i s s u e

c on c e p t u a l l y .
We want some more i n f o rma t i on on the edge

t h a t shou ld be changed .

P l e a s e respond in the f o l l ow i n g format :
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{ type : 6 , message : <SHORT message e x p l a i n i n g
your s ugg e s t i o n . Use f u l l , e l o quen t

s e n t e n c e s and f i r s t person . > , s ou r c e : < i d
o f the sou r c e node > , t a r g e t : < i d o f the

t a r g e t node > , o l d L a b e l : < the o ld l a b e l o f
the edge to change > , newLabel : < the new

l a b e l > }

NO EXPLAINATION .

A.3.5 Populate Edit Node.

In a p r e v i ou s prompt , you gene r a t ed HTML code
f o r an i n t e r a c t i v e s imu l a t i o n based on

the p rov ided UI Map .

However , the re ' s an i s s u e with t h i s code / UI
map : $ { prompt } .

Th i s i s s u e may a l s o be o u t l i n e d v i a the red
anno t a t i o n s in the p rov ided image , which
a r e l a b e l e d with l a b e l s such as "A1 " or "
A2 " near the anno t a t i on .

These l a b e l s may be r e f e r e n c e d in the above
i s s u e d e s c r i p t i o n .

We th ink changing the l a b e l o f a node in the
UI Map might s o l v e the above i s s u e
c on c e p t u a l l y .

We want some more i n f o rma t i on on the node
t h a t shou ld be changed .

P l e a s e respond in the f o l l ow i n g format :
{ type : 5 , message : <SHORT message e x p l a i n i n g

your s ugg e s t i o n . Use f u l l , e l o quen t
s e n t e n c e s and f i r s t person . > , node : < i d
o f the node to change > , o l d L a b e l : < the
o l d l a b e l o f t h a t node > , newLabel : < the
new l a b e l > }

NO EXPLAINATION .

A.3.6 Populate Redraw.

In a p r e v i ou s prompt , you gene r a t ed the
p rov ided HTML code f o r an i n t e r a c t i v e
s imu l a t i o n .

However , the re ' s an i s s u e with t h i s code / UI
map : $ { prompt } .

Th i s i s s u e may a l s o be o u t l i n e d v i a the red
anno t a t i o n s in the p rov ided image , which
a r e l a b e l e d with l a b e l s such as "A1 " or "
A2 " near the anno t a t i on .

These l a b e l s may be r e f e r e n c e d in the above
i s s u e d e s c r i p t i o n .

We th ink e d i t i n g one o f the SVGs in the code
might s o l v e the above i s s u e .

We want some more i n f o rma t i on on how we
shou ld update the SVG .

P l e a s e respond in the f o l l ow i n g format :
{ type : 4 , message : <SHORT message e x p l a i n i n g

your s ugg e s t i o n . Use f u l l , e l o quen t
s e n t e n c e s and f i r s t person . > , box : <a box
sur round ing the o b j e c t t h a t i s be ing

redrawn in the p rov ided image . F i r s t
c o n s i d e r which o b j e c t needs to be redrawn
. Then , f i n d the EXACT l o c a t i o n and s i z e
o f t h i s o b j e c t by l ook ing a t both the
p rov ided image and the html code . Based
on t h i s l o c a t i o n and s i z e , g en e r a t e a box
t h a t su r rounds t h i s o b j e c t u s ing the

format [ s t a r t _ x , s t a r t _ y , width , h e i gh t ]
t h a t u se s p i x e l s as i t s u n i t s ( e . g .
[ 0 , 0 , 5 0 , 5 0 ] would be a 50 x50px box in the
top l e f t c o rne r o f the image ) . When

a pp l i e d on top o f the image , the box
shou ld comp l e t e l y encompass the o b j e c t . > ,
svg : < s imp l e svg r e p r e s e n t i n g the new

v i s u a l , approx 100 px by 100 px> }

NO EXPLAINATION .

A.3.7 Populate Edit Assumptions.

In a p r e v i ou s prompt , you gene r a t ed HTML code
f o r an i n t e r a c t i v e s imu l a t i o n based on

the p rov ided UI Map .

However , the re ' s an i s s u e with t h i s code / UI
map : $ { prompt } .

Th i s i s s u e may a l s o be o u t l i n e d v i a the red
anno t a t i o n s in the p rov ided image , which
a r e l a b e l e d with l a b e l s such as "A1 " or "
A2 " near the anno t a t i on .

These l a b e l s may be r e f e r e n c e d in the above
i s s u e d e s c r i p t i o n .

We th ink e d i t i n g the d e t a i l s o f one o f the
nodes in the UI Map might s o l v e the above
i s s u e .
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We want some more i n f o rma t i on on how we
shou ld e d i t t h e s e d e t a i l s t o f i x the
i s s u e .

P l e a s e respond in the f o l l ow i n g format :
{ type : 3 , message : <SHORT message e x p l a i n i n g

your s ugg e s t i o n . Use f u l l , e l o quen t
s e n t e n c e s and f i r s t person . > , node : < i d
o f the node whose as sumpt ions a r e be ing
updated > , a s sumpt ions : < l i s t o f
a s sumpt ions updated to e x p l i c i t l y f i x the
i s s u e > }

NO EXPLAINATION .

A.3.8 Populate Add Edge.

In a p r e v i ou s prompt , you gene r a t ed HTML code
f o r an i n t e r a c t i v e s imu l a t i o n based on

the p rov ided UI Map .

However , the re ' s an i s s u e with t h i s code / UI
map : $ { prompt } .

Th i s i s s u e may a l s o be o u t l i n e d v i a the red
anno t a t i o n s in the p rov ided image , which
a r e l a b e l e d with l a b e l s such as "A1 " or "
A2 " near the anno t a t i on .

These l a b e l s may be r e f e r e n c e d in the above
i s s u e d e s c r i p t i o n .

We th ink add ing an edge to the UI Map might
s o l v e the above i s s u e c o n c e p t u a l l y .

We want some more i n f o rma t i on on the edge
t h a t shou ld be added .

P l e a s e respond in the f o l l ow i n g format :
{ type : 2 , message : <SHORT message e x p l a i n i n g

your s ugg e s t i o n . Use f u l l , e l o quen t
s e n t e n c e s and f i r s t person . > , s ou r c e : < i d
o f the sou r c e node > , t a r g e t : < i d o f the

t a r g e t node > , l a b e l : <new edge name > }

NO EXPLAINATION .

A.3.9 Populate Add Node.

In a p r e v i ou s prompt , you gene r a t ed HTML code
f o r an i n t e r a c t i v e s imu l a t i o n based on

the p rov ided UI Map .

However , the re ' s an i s s u e with t h i s code / UI
map : $ { prompt } .

Th i s i s s u e may a l s o be o u t l i n e d v i a the red
anno t a t i o n s in the p rov ided image , which
a r e l a b e l e d with l a b e l s such as "A1 " or "
A2 " near the anno t a t i on .

These l a b e l s may be r e f e r e n c e d in the above
i s s u e d e s c r i p t i o n .

We th ink add ing a node to the UI Map might
s o l v e the above i s s u e c o n c e p t u a l l y .

We want some more i n f o rma t i on on the node
t h a t shou ld be added .

P l e a s e respond in the f o l l ow i n g format :
{ type : 1 , message : <SHORT message e x p l a i n i n g

your s ugg e s t i o n . Use f u l l , e l o quen t
s e n t e n c e s and f i r s t person . > , l a b e l : <new
node name> }

NO EXPLAINATION .

Your d e s i g n e r s want to know what nodes and
l i n k s in the g iven UI i n t e r a c t i v i t y graph
cor r e spond to the r eg i on ( s ) c i r c l e d in

red in your p ro t o t ype .
Given an image , the code used to g ene r a t e the

p ro t o t ype in the image , and a graph , you
respond with the subgraph co r r e spond ing

to the e l emen t s and r e l a t i o n s h i p s t h e s e
r eg i on ( s ) r e p r e s e n t s .

A good subgraph has the :
− nodes co r r e spond ing to the v i s u a l s / e l emen t s

c i r c l e d in red
− nodes co r r e spond ing to the a t t r i b u t e s o f

the e l emen t s c i r c l e d in red
− l i n k s co r r e spond ing to the r e l a t i o n s h i p s

between a l l i n c l u d e d nodes
− o r i g i n a l l a b e l f o r EVERY node and edge

NO exp l a n a t i o n . Only respond with the
mermaid js graph .

A.3.10 Code Assumptions. The following prompt is used to inden-
tify the current code assumptions abstraction.
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Given the f o l l ow i n g html code and the UI
I n t e r a c t i v i t y Map t h a t i t r e p r e s e n t s ,
p l e a s e g i v e me a j s on o b j e c t with an
a t t r i b u t e f o r each node in the UI Map .
The name o f the each a t t r i b u t e shou ld be
the l a b e l , or va l u e in squa re b r a ck e t s ,
o f each node (DO NOT NAME IT THE NAME IN
SQUARE BRACKETS ) . The va lue f o r each o f
t h e s e a t t r i b u t e s shou ld be a l i s t o f a l l
o f the d e t a i l s and as sumpt ions t h a t the
code i s making about t h i s node . For
example , the numeric range o f a node
r e p r e s e n t i n g a s l i d e r , a t t r i b u t e s o f a
phyp i c a l d i s p l a y or graph , a l l f o rmu l a s
used to c a l u c u l a t e d i s p l a y e d or ou tpu t
va lue s , and the way ph y s i c a l o b j e c t s a r e
v i s u a l l y r e p r e s e n t e d .

A good l i s t o f a s sumpt ions :
− Doesn ' t r e f e r e n c e s p e c i f i c v a r i a b l e s in the

code but i n s t e a d speaks g e n e r i c a l l y
− Pays c l o s e a t t e n t i o n to the imp l emen ta t i on

in o rde r to i d e n t i f y a s sumpt ions t h a t a r e
not i n t ended ( i . e . bugs )

NO e x p l a i n a t i o n .

Html Code : $ { htmlCode }
UI Map : $ { UIMap }

The following prompt is used to update the code based on the
user’s changes to the code assumptions.

The g iven html code i s the imp l emen ta t i on o f
an exper iment based on the f o l l ow i n g
concep t graph . P l e a s e update the html
code so t h a t i t implements the d e t a i l s
o u t l i n e d in the g iven d e t a i l s l i s t f o r
the $ { node } o b j e c t .

A good re sponse :
− c on t a i n s a l l the same f u n c t i o n a l i t y o f the

o r i g i n a l html code
− upda t e s the code so t h a t $ { node } now ab i d e s

by the p rov ided l i s t o f d e t a i l s
− $ { r oughD i r e c t i o n s }

NO exp l a n a t i o n .

Graph : $ { graph }
Html Code : $ { htmlCode }
Node o f i n t e r e s t : $ { node }
D e t a i l s : $ { JSON . s t r i n g i f y ( newAssumptions ) }

Redraw

The following prompt is used to redraw a visual when the LLM
identifies that the user wants to update it (from a chat or error
description message).

Given the above low− f i d e l i t y hand−drawn image
, c r e a t e a high f i d e l i t y SVG r e p r e s e n t i n g
the o b j e c t t h a t the hand−drawn image i s

o f .

A good SVG re sponse :
− i n t e r p r e t s the o b j e c t t h a t the hand−drawn

image i s o f ( t y p i c a l l y t h i s o b j e c t i s one
o f the o b j e c t s i n c l u d e d as nodes in the

p rov ided UI Map )
− has s i m i l a r shape and f e a t u r e s to the hand

drawn image
− use s g r a d i e n t s and a d d i t i o n a l shapes i f

needed
− i gno r e s the f a c t t h a t the hand−drawn ske t ch

i s drawn in red

NO EXPLAINATION

The following prompt updated the simulation code to use a new
svg for a specific visual.

Given the above image and html code , r e p l a c e
the SVG c i r c l e d in red in the image with
the p rov ided SVG in the code . Respond
with the ENTIRE updated HTML code and
noth ing s e l s e .

A good re sponse MUST :
− have a the o ld c i r c l e d SVG r e p l a c e d with

the new prov ided SVG
− r e s i z e the new SVG so i t i s the same s i z e

as the o r i g i n a l ( not j u s t c ropp ing the
new SVG , but a c t a u l l y r educ ing / i n c r e a s i n g
i t s a t t r i b u t e s )

− have a l l o f the f u n c t i o n a l i t y o f the
o r i g i n a l code

− $ { r oughD i r e c t i o n s }

NO EXPLAINATION

A.3.11 Auto-Add Edges. Below is the prompt used to automatically
add links when a new node is added by the user.

P l e a s e add a new node to the f o l l ow i n g
mermaid graph with the p rov ided l a b e l .
Add any edge t h a t you th ink r e a s onab l y
connec t t h i s new o b j e c t to the r e s t o f
the graph .

NO e x p l a i n a t i o n .
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$ { merma idD i r e c t i ons }

Graph : $ { UIMap }
Labe l : $ { newNodeName }

A.4 Automated Testing
The following prompt is used to generate test cases for automated
testing.

You had p r e v i o u s l y c r e a t e d the f o l l ow i n g HTML
code based on the UI Map and l e a r n i n g

goa l .
More i n f o :
− HTML Code : $ { htmlCode }
− Lea rn ing Goal : $ { s e l e c t e dHypo t h e s i s }
− UI Map : $ { UIMap } .
P l e a s e g en e r a t e a JSON a r r ay o f s t r u c t u r e d

t e s t c a s e s f o r the i n t e r a c t i v e s imu l a t i o n
.

Each t e s t c a s e shou ld be a JSON o b j e c t with
the f o l l ow i n g keys :

− u iE l emen t I d : The ID o f the UI e lement to
i n t e r a c t with .

− ac t i onType : The type o f a c t i o n ( one o f "
c l i c k " , " s e t _ v a l u e " , " t o g g l e " , "
v e r i f y _ c o n t e n t " ) .

− a c t i o nVa l u e ( o p t i o n a l ) : The va lue to s e t (
i f a p p l i c a b l e ) .

− d e s c r i p t i o n : A b r i e f d e s c r i p t i o n o f what i s
be ing t e s t e d f o r .

− expectedOutcome : A b r i e f d e s c r i p t i o n o f the
expec t ed r e s u l t .

− i s U I V e r i f i c a t i o n : A boo lean i n d i c a t i n g
whether t h i s t e s t c a s e i s r e l a t e d to
changes in any o f the UI components or
v i s u a l e l emen t s in the s imu l a t i o n .

Return only the JSON array , with no
a d d i t i o n a l t e x t , and ensure t h a t the JSON
s t a r t s between <START> and <STOP> t a g s .

Below is the prompt used to verify test results using debug log
information and Puppeteer screenshots.

You had p r e v i o u s l y c r e a t e d the f o l l ow i n g HTML
code based on the UI Map and l e a r n i n g

goa l .
More i n f o :
− HTML Code : $ { htmlCode }
− UI Map : $ { UIMap }
− Lea rn ing Goal : $ { s e l e c t e dHypo t h e s i s }
− J a v a S c r i p t E r r o r s c ap tu r ed : $ { . j o i n ( ' ; ' ) } .
$ { debugLogsText }
$ { i n i t i a l S c r e e n s h o t N o t e }

Note : An i n i t i a l s c r e e n s ho t o f the UI ( b e f o r e
any i n t e r a c t i o n s ) i s a v a i l a b l e .

Based on the above con t ex t , i n c l u d i n g the
t e s t c a s e r e s u l t s , s c r e e n s h o t s and
runt ime logs , do the f o l l ow i n g :

1 ) V e r i f y whether the a c t u a l outcomes in each
t e s t c a s e ( as d e s c r i b e d below ) match the
expec t ed outcomes .

2 ) I f d i s c r e p a n c i e s or e r r o r s remain , update
the HTML code so t h a t a l l t e s t c a s e s pa s s
and e r r o r s a r e r e s o l v e d .

3 ) V e r i f y t h a t the s imu l a t i o n s a t i s f i e s the
l e a r n i n g goa l .

IMPORTANT : Return only the updated HTML code ,
s t a r t i n g between <START> and <STOP> tags

, or r e t u r n " PASS " i f no changes a r e
needed .

Here i s the :
1 ) S t r u c t u r e d l i s t o f t e s t c a s e r e s u l t s and

v e r i f i c a t i o n d e t a i l s ,
2 ) I n d i c a t i o n o f whether the HTML code needs

to be changed .
I f no changes a r e needed , s imp ly r e t u r n " PASS

" .
I f changes a r e r equ i r ed , r e t u r n the updated

HTML code s t a r t i n g between <START> and <
STOP> t a g s .

The following prompt is used to fix js errors in the simulation
code when they are present.

You had p r e v i o u s l y c r e a t e d the f o l l ow i n g HTML
code based on the UI Map and l e a r n i n g

goa l .
More i n f o :
− HTML Code : $ { htmlCode }
− UI Map : $ { UIMap } .
However , the HTML code i s g en e r a t i n g t h e s e

J a v a S c r i p t e r r o r s : $ { e r r o rMes s age s . j o i n
( ' ; ' ) } .

P l e a s e update the HTML code so t h a t t h e s e
e r r o r s a r e f i x e d whi l e p r e s e r v i n g a l l the
o r i g i n a l f u n c t i o n a l i t y .

Re turn only the updated HTML code , s t a r t i n g
between <START> and <STOP> t a g s .

B Visualizations of Survey Responses from User
Evaluation
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Figure 11: Teacher Participant Responses to NASA’s Task
Load Index (NASA-TLX) Questions

Figure 12: Teacher Participant Responses to Post-Study Sys-
tem Usability Questionnaire (PSSUQ)

Appendix: Evaluation Instructions
Answer the four questions below by reviewing the stages in order.

1. Conceptual Completeness/Coherence (1–3)
Goal: Check that the concepts introduced at each stage are under-
standable in explaining the content that the input texts describe.

What to do:

(1) Start with the Concept Graph. Consider the text describing
the content of this graph. Make a mental list of key terms
and relationships (e.g., “buoyant force,” “mass,” “fluid”). How
well does this list align with the graph itself? Are there extra
objects or relationships, or missing ones?

Figure 13: Teacher Participant Responses to a Questionnaire
on the Cognitive Dimensions of Notations

(2) Look at the Learning Goal Graph and compare it to the
included learning goal: Do the ideas in this stage represent
this distinct learning goal?

(3) Then check the UI Graph: Are the added UI controls useful
for helping a student understand the content?

Rate:
3: Either all included concepts and relationships are impor-

tant and none are missing, or I can tell what concepts and
relationships need to be added.

2: A few concepts or relationships are missing or extraneous
and I cannot tell which should be added or removed.

1: Many missing or extraneous concepts or relationships and I
cannot tell which should be added or removed.

2. Inclusion Consistency (1–3)
Goal: Check that the concepts introduced early are carried through
all the way to the final simulation.

What to do:
(1) Start with the Concept Graph. Make a mental list of key

terms (e.g., “buoyant force,” “mass,” “fluid”).
(2) Look at the Scenario Graph: Do those same ideas appear, just

with different names or examples? (e.g., “buoyant force”→
“lift force on balloon” is okay).

(3) Then check the Learning Goal, UI Graph, and Simulation:
Are these concepts still present and used meaningfully?

Rate:
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3: All key ideas appear in each stage.
2: A few missing or unclear connections.
1: Many dropped or added concepts not explained earlier.

3. Meaning Drift (1–3)
Goal: Check that the concepts don’t change meaning in ways that
confuse or contradict earlier stages.

What to do:
(1) Start again with the Concept Graph: What does each idea

mean?
(2) Check the Scenario Graph and Learning Goal: Did anything

get misused or redefined?
(3) In the UI Graph or Simulation, does the behavior reflect

the correct meaning? (e.g., “increase weight” should lower
height if gravity is being modeled).

Rate:
3: Concepts stay consistent.
2: Some minor changes in meaning.
1: Concepts shift or are used incorrectly.

4. Simulation Working (1–3)
Goal: Check if the final simulation works and is usable.

What to do:
(1) Try the simulation (if interactive), or inspect the behaviors

described in the code or preview.
(2) Do sliders/buttons respond? Do variables update? Are values

and charts shown correctly?
Rate:
3: Everything works as expected.
2: Some small bugs or glitches.
1: Simulation is broken or hard to understand.

C Experimental Procedure Generation
Simulations addressing descriptive knowledge generate their
UI Graph by first identifying (1) the independent variable of the
learning goal, (2) the dependent variable, and (3) the relationship
between these two variables. The third characteristic is identified as
the learning goal itself, but SimStep’s process also prompts for the
independent and dependent variables. Then all these are character-
istics are used to generate an experimental procedure through LLM
prompting. Finally, SimStep prompts to translate this procedure
into an UI Graph with all necessary interactions to complete this
procedure. For instance, if the learning goal is to understand how
sunlight affects the height of plants, the procedure will involve the
independent variable — amount of sunlight, the dependent variable
— the height of the plant, and the relationship: more sunlight leads
to taller plants. The specific procedure might be as follows:

( 1 ) S e l e c t the p l a n t f o r o b s e r v a t i o n .
( 2 ) Expose the p l a n t to f u l l s u n l i g h t

f o r a week and measure i t s
h e i gh t d a i l y .

( 3 ) Change the c ond i t i o n to p a r t i a l
s u n l i g h t f o r the nex t week and
con t i nue measur ing i t s h e i gh t
d a i l y .

( 4 ) Reduce s u n l i g h t to no s u n l i g h t
f o r the f i n a l week and aga in
measure i t s h e i gh t d a i l y .

( 5 ) Record and compare the da t a to
de t e rmine how the d i f f e r e n t
s u n l i g h t c o n d i t i o n s a f f e c t e d the
p l an t ' s growth .

For explanatory knowledge, we find four main characteris-
tics that must be identified. First, SimStep prompts for the main
experimental object that the learning goal is exploring. Then Sim-
Step again identifies the independent and dependent variables of
the learning goal, along the explanatory object, or the object that
explains the relationship between the independent and dependent
variables. All four of these characteristics are then used to prompt
for an experimental procedure, which is then translated to the UI
Graph.

Learning goals that address procedural knowledge use two
main characteristics. Namely, SimStep prompts for both the main
experimental object that the learning goal is investigating, along
with the underlying process that is explained through the learning
goal. Using both of these features, SimStep then generates an exper-
imental procedure to uncover the process presented in the learning
goal. And again, this is translated into a UI Graph including all
necessary experimental objects and processes.
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