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ABSTRACT

Multimodal large language models (MLLMs) are increas-
ingly proposed for tutoring, feedback, and other educational
uses, yet they remain brittle on mathematics problems that
require interpreting diagrams, graphs, number lines, and
other figures. This dissertation investigates whether many
of these failures are fundamentally representational: mod-
els may have the mathematical knowledge needed to solve a
problem, but fail because the visual information is not en-
coded in a sufficiently faithful form for downstream reason-
ing. To address this challenge, I study alternative represen-
tations of image-dependent mathematical content, including
high-quality alt-text, structured textual descriptions, and
executable Python reconstructions of the original figure. I
first analyze difficult image-dependent middle-school math-
ematics problems to identify recurring visual bottlenecks
in MLLM performance. I then evaluate whether alterna-
tive representations improve not only problem solving, but
also educationally meaningful tasks such as hint generation,
explanation, scaffolding, accessibility support, and related-
problem creation. The dissertation contributes both an em-
pirical account of representational failure in multimodal edu-
cational Al and a design framework for making visual math-
ematical content more usable in learning environments.
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1. INTRODUCTION

Multimodal large language models (MLLMs) are increas-
ingly being explored for tutoring, feedback, problem solv-
ing, and other educational applications. In mathematics ed-
ucation, however, many tasks depend on diagrams, graphs,
geometric figures, tables, and other visuals that provide es-
sential problem context. These are not simply text questions
with accompanying illustrations; rather, the visual represen-
tation often contains information required to determine the
correct answer or construct a valid solution. Such visually
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grounded tasks also arise in classroom-authentic tutoring
and assessment settings, including platforms such as AS-
SISTments [3].

This challenge is especially important for educational data
mining and Al in education because model success on vi-
sually grounded tasks depends on more than symbolic rea-
soning alone. A model may appear mathematically capable
while still failing to count objects accurately, read a scale,
bind labels to the correct visual elements, or preserve spatial
relations needed for reasoning. As a result, strong perfor-
mance on broad multimodal benchmarks can obscure weak-
nesses that matter in authentic learning environments [4].
Recent work on authentic middle-school image-dependent
mathematics suggests that such failures are often driven by
visual misreading rather than symbolic mathematics alone

2.

My dissertation is motivated by the hypothesis that many of
these failures are fundamentally representational. In other
words, the model may possess the mathematical reasoning
required once the relevant information is available, but fail
because the original image is not transformed into a suffi-
ciently faithful internal or external representation for down-
stream reasoning. This dissertation therefore asks whether
alternative representations of visual mathematical content
can make image-dependent mathematics more usable for
MLLMs in educational settings. Rather than treating the
original image as the only viable input, I investigate forms
such as high-quality alt-text, structured textual descriptions,
and executable Python scripts that reconstruct the figure
while preserving its mathematical structure.

2. PROBLEM AND RESEARCH GAP

MLLMs have become a central topic in educational technol-
ogy research, with growing interest in their use for tutoring,
automated feedback, accessibility, and content generation.
At the same time, prior work in mathematics education and
the learning sciences has shown that representations are not
incidental to learning; they shape interpretation, inference,
and strategy selection [1, 5]. This makes image-dependent
mathematics an important testbed for educational Al

Existing multimodal work often focuses on benchmark ac-
curacy or broad demonstrations of capability [4]. While
this work is valuable, it does not fully explain why visually
grounded mathematics problems remain difficult in authen-
tic educational settings, especially when success depends on
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precise visual interpretation. In such cases, failure may re-
flect not only reasoning limitations but also bottlenecks in
how task-relevant visual information is represented.

A second gap is that most work treats the original image
as the primary or only form of visual input. In educational
systems, however, the same mathematical content can often
be expressed in multiple forms. A diagram may be repre-
sented as alt-text, as a structured description of entities and
relations, or as an executable program that reconstructs the
figure. These alternatives may preserve different aspects of
the original content and may vary in how well they sup-
port reasoning, explanation, accessibility, and content gen-
eration. Accessibility guidance emphasizes that such alter-
natives must preserve task-relevant structure, not merely
summarize appearance [6, 7]. Despite this promise, rep-
resentation choice has not been studied systematically for
image-dependent mathematics in educational contexts.

3. RESEARCH QUESTIONS AND THEORET-

ICAL FRAMING

The dissertation is organized around three questions:

RQ1: What kinds of image-dependent mathematics prob-
lems remain especially difficult for MLLMs, and what re-
curring visual bottlenecks contribute to these failures?

RQ2: To what extent can alternative representations of vi-
sual mathematical content improve MLLM understanding
and problem solving on image-dependent tasks?

RQ3: Which forms of alternative representation are most
useful for downstream educational tasks such as hint gen-
eration, explanation, scaffolding, accessibility support, and
the creation of related practice problems?

These questions reflect a dissertation arc that moves from
diagnosis to intervention to educational application. The
central theoretical claim is that representation is not merely
a delivery format for visual information; it is part of the
mechanism by which a model can or cannot reason success-
fully about a task. Accordingly, this dissertation treats al-
ternative representation as both an analytic lens for explain-
ing multimodal failure and a design space for building more
useful educational AT systems.

4. CURRENT PROGRESS

A substantial portion of the dissertation’s diagnostic phase is
already complete. Earlier work on authentic middle-school
mathematics problems in which the image is required for
solving showed that even strong contemporary MLLMs re-
main brittle when the figure contains task-critical informa-
tion not recoverable from text alone. Across repeated eval-
uations with and without the figure, these studies suggested
that visual misreading is a dominant failure mode, with re-
curring errors involving counting, measurement, label bind-
ing, and geometric relation extraction.

This prior result motivates the dissertation’s shift from diag-
nosing image-dependent failure to studying representation
as an intervention. Rather than viewing each failure only
as evidence of insufficient model capability, I ask whether
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the same visual information can be expressed in forms that
are more accessible to the model while remaining faithful
to the underlying mathematics. To explore this possibility,
I conducted early experiments using prompting to gener-
ate Python scripts that reconstruct selected images from
difficult mathematics problems. These scripts, typically im-
plemented with plotting or drawing libraries, serve as exe-
cutable representations of the original figure. Unlike a static
image, they can be inspected, edited, parameterized, and po-
tentially reused for multiple educational purposes. Building
on these experiments, I have also begun implementing an
early-stage web prototype that converts structured math-
task inputs into schema-constrained visual specifications,
deterministic scene representations, executable Matplotlib
code, and SVG outputs. The prototype logs intermediate
artifacts and run-level metadata, enabling inspection and
comparison of alternative representations, but it should cur-
rently be understood as research infrastructure rather than
as a fully evaluated educational intervention.

These early experiments suggest that executable represen-
tations may have value beyond answer production. Because
they expose the structure of a figure in a machine-readable
and human-interpretable form, they may support hint gen-
eration, explanation, scaffolding, and the creation of related-
but-not-identical problems. Likewise, alt-text and struc-
tured descriptions may improve accessibility for learners who
cannot fully access the original image while also providing
models with more explicit task-relevant information.

S. PROPOSED METHODOLOGY

The next phase of the dissertation will systematically com-
pare multiple representations of the same image-dependent
mathematical content. I currently anticipate studying at
least four representation conditions: (1) the original image,
(2) high-quality alt-text, (3) structured textual descriptions
designed to preserve task-relevant visual relations, and (4)
executable Python reconstructions of the original figure. Hy-
brid conditions that combine these forms may also be ex-
plored.

These representations will be evaluated across several ed-
ucationally meaningful tasks. The first is direct problem
solving on image-dependent mathematics items. Here I will
measure whether alternative representations improve model
performance and reduce specific types of visual failure. The
second is hint and explanation generation, where the goal
is not simply to produce a correct answer but to gener-
ate support that is instructionally useful and grounded in
the relevant visual structure. The third is scaffolding and
accessibility support, including whether alternative repre-
sentations help make visual mathematical information more
understandable to both models and learners. The fourth is
related-problem generation, where executable or structured
representations may enable the creation of new problems
that are similar in concept but not identical in surface form.

Methodologically, I plan to combine quantitative evaluation
with qualitative analysis. Quantitative measures will include
problem-solving accuracy, consistency across repeated tri-
als, and performance differences across representation con-
ditions. Qualitative analyses will examine which visual bot-
tlenecks persist, which are reduced, and what kinds of down-



stream outputs become more educationally useful under al-
ternative representations. For generative tasks such as hints
or related-problem creation, expert review may also be used
to assess mathematical fidelity, pedagogical usefulness, and
alignment with the intended concept.

6. EXPECTED CONTRIBUTIONS AND REL-

EVANCE TO EDM

This dissertation aims to contribute at three levels. First,
it will provide an empirical characterization of the visual
bottlenecks that make some image-dependent mathematics
problems especially difficult for MLLMs. Second, it will con-
tribute a methodological framework for studying alternative
representations of visual mathematical content and their ef-
fects on downstream reasoning. Third, it will offer practi-
cal guidance for educational applications, including tutor-
ing, accessibility support, grounded explanation, and con-
tent generation.

The work is relevant to EDM in several ways. It studies how
representational choices shape model behavior on authentic
educational tasks; it addresses human factors and explain-
ability by examining why models fail on visually grounded
items; and it connects to the broader EDM interest in com-
paring human and artificial intelligence on learning-relevant
tasks. More broadly, the dissertation is intended to speak
to both learning sciences and computer science perspectives
by combining attention to representational meaning, learner
accessibility, and instructional usefulness with rigorous eval-
uation of model performance.

7. FEEDBACK SOUGHT

I would especially value feedback in three areas. First, I seek
guidance on how best to position the dissertation’s central
contribution: as a study of multimodal failure, a study of
alternative representation, or a broader effort to support
educational uses of visual mathematical content. Second, I
seek feedback on the design of the representation compar-
isons, including which representation conditions and evalu-
ation tasks should be prioritized for the dissertation. Third,
I would value advice on how to strengthen the link between
EDM, AIED, and learning sciences perspectives when eval-
uating educational usefulness beyond answer accuracy.

Overall, this dissertation aims to understand why “seeing”
is often not enough for current MLLMs on image-dependent
mathematics, and how alternative representations may help
bridge that gap in ways that are meaningful for learners,
educators, and educational Al systems.
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