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with Learning Difficulties in Mathematics

Abstract:

This thesis presents Nutikas, an Al-assisted tutor that automates Conceptual Model-
Based Problem Solving (COMPS) for early-grade additive word problems, designed
with learners with special educational needs (SEN) in mind. Nutikas uses a four-step
prompt pipeline: (i) super-category classification (Change / Combine / Compare), (i)
12-way subtype selection, (iii) schema slot filling (e.g., Start/Change/End), and (iv)
story-grammar questions to align large language model (LLM) outputs with instructional
scaffolds. Three current LLMs (GPT-4.1, Claude Sonnet 4, Gemini 2.5 Flash) are
evaluated on a 120-item corpus covering all COMPS additive subtypes and score four
dimensions: category, subtype, mapping (equation fidelity), and answer. Answers are
near ceiling (>99.2%), while residual errors concentrate in schema mapping especially
the polarity of Change-Separate problems where the COMPS convention requires a non-
negative change magnitude. Mapping accuracy ranges Gemini 98.3%, Claude 91.7%,
GPT-4.1 85.0%, suggesting that remaining variance reflects representation conventions
rather than arithmetic capability. A small usability pilot with two SEN students (SUS-
Kids mean 68.8) and one teacher indicates acceptable usability and highlights the need
for clearer analytics on the teacher dashboard. While Tier-2 findings are formative and
the scope is additive only, Nutikas already delivers accurate solutions with actionable
paths to close the remaining mapping gap.

Keywords:
special education, COMPS, word problems, large language models, schema mapping,
story-grammar, usability.
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Tehisintellektiga abistatava COMPS-juhendaja disain ja hindamine
matemaatika opiraskustega opilastele

Lithikokkuvote:

See 10putdo tutvustab Nutikast, tehisintellektil pdhinevat juhendajat, mis automa-
tiseerib kontseptuaalse mudelipShist probleemide lahendamist (COMPS) algklasside
aditiivsete tekstiiilesannete jaoks, pidades silmas erivajadustega oppijaid. Nutikas kasutab
neljaastmelist {ilesannete lahendamise protsessi: (i) iilemkategooriate klassifitseerimine
(Muuda / Kombineeri / Vordle), (ii) 12-suunaline alatiiiibi valik, (iii) skeemipesade tdit-
mine (nt Algus/Muuda/Lopp) ja (iv) jutu-grammatika kiisimused, et viia suurte keelemu-
delite (LLM) viljundid vastavusse dppestruktuuridega. Hindame kolme praegust LLM-i
(GPT-4.1, Claude Sonnet 4, Gemini 2.5 Flash) 120-punktilisel korpusel, mis hdlmab
koiki COMPS-i aditiivseid alatiiiipe, ja hindame nelja dimensiooni: kategooria, alatiiiip,
kaardistamine (vOrrandi tdpsus) ja vastus. Vastused on iilemmaééra ldhedal (>99,2%), sa-
mas kui jddkvead koonduvad skeemikaardistamisele, eriti muutmis-eraldamisiilesannete
polaarsusele, kus COMPS-i konventsioon nduab mittenegatiivset muutuse suurusjér-
ku. Kaardistamise tdpsus jddb vahemikku Gemini 98,3%, Claude 91,7% ja GPT-4.1
85,0%, mis viitab sellele, et jirelejadnud dispersioon peegeldab pigem esituskonvent-
sioone kui aritmeetilist voimekust. Viike kasutatavuse pilootprojekt kahe SEN-Opilase
(SUS-Kids keskmine 68,8) ja iihe dpetajaga néitab vastuvoetavat kasutatavust ja rohutab
vajadust selgema analiiiitika jédrele Opetaja armatuurlaual. Kuigi 2. taseme tulemused
on formatiivsed ja ulatus ainult aditiivne, pakub Nutikas juba tdpseid lahendusi koos
tegutsemisvoimalustega iilejddnud kaardistamisliinga tditmiseks.

Votmesonad:
eripedagoogika, COMPS, tekstiiilesanded, suured keelemudelid, skeemide kaardistamine,
loo grammatika, kasutatavus.

CERCS: P170 Arvutiteadus, arvutusmeetodid, siisteemid, juhtimine (automaatjuhtimis-
teooria)
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1 Introduction

For many students, solving mathematical word problems is like solving a riddle in two
languages at once. They must decode a short story and translate it into mathematics while
holding key information in memory. For students with special educational needs (SEN),
that is, learners who require additional support to access the mathematics curriculum,
including but not limited to those with formally diagnosed learning disabilities, this
challenge is magnified. For example, on the 2019 National Assessment of Educational
Progress (NAEP) mathematics assessment, about 40% of U.S. fourth graders scored
at or above NAEP Proficient [1]. Many questions on large-scale assessments require
reading and interpreting problem narratives, which effectively makes word-problem
competence a gatekeeper for measured performance [2]. These difficulties with word
problems often persist into later grades, restricting access to advanced mathematics and
to everyday quantitative problem solving. In Estonia, administrative statistics indicate a
high prevalence of students with SEN. In 2014 there were almost 26,000 learners with
SEN, and the share of learners with SEN had risen from 13.9% (2006) to 17.1-18.5%
(2014), suggesting that roughly one in five students requires additional support [3].

A substantial body of research converges on the same core issue: many students with
SEN struggle less with calculation than with modelling the quantitative relationships
in a problem’s story [4]. Learners may focus on isolated numbers or “trigger words”
(e.g., more, altogether), applying operations by guesswork rather than representing
the underlying structure [5]. One method shown to disrupt this cycle is COMPS [6].
COMPS teaches students to represent a situation with a small set of generalized model
equations and to map story details into those roles via story-grammar prompts [7]. These
scaffolds reduce cognitive load and support flexible reasoning across unknown positions
[6]. Studies report improved word-problem performance and representation quality for
struggling learners [8, 9].

At the same time, advances in large language models (LLMs) (e.g., GPT-4) have
made it feasible for artificial intelligence (Al) systems to parse natural language, extract
quantities, and generate step-by-step solution plans for word problems [10, 11, 12, 13].
Academic prototypes [12, 13] and commercial apps (e.g., Photomath; QANDA) [14, 15]
now produce worked solutions that appear instructional. However, independent assess-
ments suggest these explanations are predominantly procedural rather than conceptually
organized, and there was no public documentation found of widely used Al solvers that
implement COMPS’s generalized model equations and story-grammar prompts.

This thesis addresses that gap. It proposes Nutikas (Estonian for “smart”), an Al-
assisted tutor that aims to incorporate COMPS principles into word problem instruction.
It seeks to replicate the way expert teachers use COMPS while adding the scalability and
adaptability of modern Al.



1.1

Research Goals

The primary goal is to investigate whether an Al system can provide COMPS-aligned
support for early-grade additive word problems in a reliable and instructionally useful

way.

O1:

02:

03:

1.2

RQ1:

RQ2:

RQ3:

1.3

Design and prototype Nutikas to solve additive word problems (Part—Part—Whole
(PPW), Additive Compare (AC)) and to generate COMPS-aligned equations and
story-grammar prompts.

Evaluate accuracy and representation fidelity against expert annotations (type
classification, model—-equation fidelity including unknown positions, and answer
correctness).

Assess usability and instructional potential through student observations and
teacher feedback.

Research Questions

COMPS classification accuracy. How accurately does Nutikas classify additive
word problems into the COMPS-defined families and subtypes (e.g., PPW vs.
AC)?

Equation fidelity and answer accuracy. How faithful are Nutikas’s COMPS-
aligned equations, including unknown positions to expert annotations, and how
accurate are the resulting answers?

Usability and instructional value. What is the perceived usability of Nutikas for
students and the perceived instructional value for a teacher?

Significance of the Study

By integrating an evidence-based teaching framework (COMPS) with the generative
capabilities of contemporary Al, this project aims to move from "Al that answers"
toward "Al that teaches". If effective, Nutikas could provide high-quality, conceptual
problem-solving practice at scale for SEN learners and a practical differentiation aid
for teachers. In the context of Estonia’s ongoing investment in digital learning [16],
this work illustrates how principled pedagogy and state-of-the-art AI may contribute to
fairness and inclusion in mathematics education.



2 Background and Related Work

This chapter reviews research that guides the design and evaluation of Nutikas, an Al-
assisted tutoring system for students with SEN solving additive word problems. It first
outlines COMPS, the instructional framework underpinning Nutikas, summarizing its
pedagogy and evidence of effectiveness for SEN learners. It then surveys technology-
based interventions for word-problem instruction in special education, highlighting
their strengths and current limitations. The chapter concludes with recent advances in
LLMs, emphasizing their potential to automate COMPS-aligned strategies and mitigate
scalability challenges in personalized, research-driven mathematics instruction.

2.1 Conceptual Model-Based Problem Solving (COMPS)

COMPS is a specialized form of model-based problem solving related to, but distinct
from, schema-based instruction (SBI). Whereas SBI teaches students to classify prob-
lems into schemas and apply fixed rules or diagrams for each type [9], COMPS uses
generalized model equations that capture relationships common to multiple problem
types, reducing memory load and supporting transfer to new contexts [6]. A key design
element is the use of story-grammar prompts, guided comprehension questions that help
students map from narrative text to a quantitative model [7]. Typical prompts include:
Who/what is involved? What are the parts? What is the whole? How are the quantities
related?

Example. Consider:

There are 8 red apples and 5 green apples in a basket. How many apples are
there altogether?

Story-grammar prompt mapping: Who/what: red apples, green apples; Parts: 8 and 5;
Whole: unknown; Relation: Part + Part = Whole. The corresponding model equation is
8+5=W.

A distinctive advantage of COMPS is that the same generalized equation accommodates
various unknown positions. In the following sections, this study clarifies the unknown
positions for the additive families employed.

2.1.1 Additive Problem Families and Unknown Positions

COMPS organizes problems into three families [6]: Part-Part-Whole (PPW), Additive
Compare (AC), and Equal Groups (EG). This thesis focuses on the additive families
(PPW and AC) and excludes EG to keep scope manageable and because PPW/AC is core
in early curricula and remain challenging for many students with SEN [17]. For each
family, the generalized model equation admits three unknown positions.

10



PPW (Combine).

Whole = Part; + Part,,
(whole unknown) W = p; + po,
(part unknown) p; =W —po, po=W —py.

PPW (Change).

End = Start &+ Change,
(end unknown) FE =S+ C,
(start unknown) S = FE FC, (changeunknown) C = |E —S]|.

Note: C'is a non-negative magnitude by convention in COMPS.

AC (Compare).

Bigger = Smaller + Difference,
(difference unknown) D =B — S,
(bigger unknown) B =S+ D, (smaller unknown) S =B —D.

Table 1 summarizes the additive structures considered in this thesis, including repre-
sentative unknown positions.

11



Problem Type Generalized Model | Examples with Unknown Positions

PPW; Combine W =pi+po Whole unk.: “8 red and 5 green apples.
How many altogether?”
=8+5=W.

Part unk.: “There are 13 apples; 5 are
green. How many red?”
=p=13-5.

PPW; Change E=5+C End unk. (increase): “Sarah had 9
candies and got 4 more. How many
now?’ = 944 = L.

End unk. (decrease): “Leo had 12
stickers and gave away 5. How many
now?’ = 12 -5 =FE.

AC; Compare B=S5+D Difference unk.: “Tom has 12, Sam 7.
How many more does Tom have?”
=D=12-"717.

Smaller unk.: “Tom has 12, which is 5
more than Sam. How many does Sam
have?” = § =12 — 5.

Table 1. Additive COMPS types with models and example unknown positions.

2.1.2 Why COMPS for learners with SEN?

Multiple studies report that COMPS improves how well a student captures the structure
of a word problem, word problem solving accuracy, and readiness for algebraic reasoning
for students with mathematics learning difficulties [7, 6, 8]. Its design aligns with
evidence-based principles for SEN mathematics instruction [17]:

* Consistency. A compact set of generalized model equations applies across con-
texts, lowering memory demands.

* Multiple representations. Visual diagrams linked to symbolic equations support
conceptual understanding.

* Guided comprehension. story-grammar prompt prompts scaffold mapping from
narrative to model [7].

Meta-analyses of word problems intervention show that explicit instruction, visual
supports, and guided practice; features central to COMPS, yield significant learning
gains for students with learning difficulties [9, 18]. However, these reviews encompass a

12



range of models, so COMPS-specific results should be interpreted within that broader
evidence base.

2.2 Technology for Word-Problem Solving in Special Education

Over the past two decades, researchers have built a range of technology-based tools
to support students with SEN in solving arithmetic word problems. Early computer-
assisted instruction (CAI) provided stepwise instruction, targeted practice, and immediate
feedback [19]. Many systems used visual cueing (e.g., color highlighting) to direct
attention during problem reading. In one eye-tracking study, the clearest gains were
on attentional measures rather than accuracy per se [20]. Other designs integrated
structured supports (e.g., graphic organizers, diagrams) to help identify problem type,
extract essential information, and represent it in solvable form, useful for learners with
working-memory or executive-function needs. Multimedia environments combined text,
audio, and animation to model solution steps; virtual manipulatives helped connect
abstract quantities to concrete representations, particularly in elementary grades [19].

Within this landscape, some systems adopt COMPS (see §2.1) explicitly. For example,
a multiplicative COMPS tutor (often referred to as PGBM-COMPS) reported improve-
ments on both researcher-developed and standardized measures [21]. A web-based
COMPS tutor for additive problems combined interactive diagrams, generalized model
equations, and guided story-grammar prompts, improving performance for struggling
learners [8, 22].

Strengths. Controlled studies suggest that technology-based interventions can substan-
tially improve word-problem performance for SEN learners, especially when explicit
instruction, visual representations, and immediate feedback are combined [19]. COMPS
implementations, in particular, are linked to better problem classification, more accurate
equation formulation, and transfer to new problem types [21, 8, 22]. Digital delivery also
supports consistent presentation of instructional steps, extensive practice, and multimodal
supports that can enhance accessibility.

Limitations. Many SEN-focused word-problem tools, including COMPS systems,
have been evaluated in relatively small research settings and often rely on close adult
facilitation, which can limit scalability to typical classrooms [19, 21, 22]. Adaptivity
is frequently shallow: feedback is immediate but not consistently tailored to specific
misconceptions, reflecting CAl-style tutorials more than full intelligent tutoring systems
(ITS) with a detailed learner model [19, 23].
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2.3 Large Language Models for Word-Problem Solving

Recent LLMs (e.g., GPT—4) exhibit strong natural-language understanding and emergent
reasoning skills [10], making them attractive for education. They can interpret diverse
problem phrasings, identify underlying mathematical structure, and generate worked
solutions in natural language. Unlike fixed-script CAI, LLMs can generate novel prob-
lems, adapt difficulty, and evaluate student responses, explaining errors in accessible
language when prompted appropriately. These properties motivate using LLMs to build
more adaptive and scalable supports for word problems [24].

Current limitations. Out-of-the-box LLM solvers tend to emphasize procedural nar-
ratives and may omit the relational structure that COMPS teaches, which is critical for
SEN learners [25]. They can also produce plausible but incorrect outputs (hallucinations).
Commercial tools (e.g., Photomath; QANDA) demonstrate real-time solving but rarely
include graduated visual scaffolds, guided story-grammar prompts, or misconception-
specific feedback; their design is typically oriented toward independent study rather than
structured pedagogy [14, 15]. Moreover, there is limited research on LLM effectiveness
with SEN populations, so instructional impact remains largely untested.

2.4 Summary and Research Gap

Three strands of prior work shape this study. First, COMPS has demonstrated effective-
ness in helping students with mathematics learning difficulties represent and solve word
problems by making problem narative structure explicit [6, 7, 8]. Second, technology-
based implementations, including COMPS tutors improve accuracy, transfer, and engage-
ment when they combine visual representations, step-by-step guidance, and immediate
feedback [19, 21]. However, many systems require substantial teacher facilitation and
offer only modest adaptivity [23]. Third, recent LLMs offer a path to overcome some of
these limitations via scalable, natural-language interaction [10, 24]. Yet most LLM-based
solvers lack COMPS-style conceptual scaffolding and SEN-specific supports, and their
instructional effectiveness in SEN contexts is not yet established [25].

Gap addressed. To our knowledge, there is no evaluated system that explicitly imple-
ments COMPS (story-grammar + generalized equations) using an LLM toolchain for
SEN learners. This thesis addresses that gap by designing and evaluating an Al-powered
learning environment that uses LLMs to deliver COMPS-style instruction adaptively,
aiming to combine the scalability of modern AI with the evidence-based pedagogy
required for effective SEN support.

14



3 Methodology

This chapter details the design, development, and evaluation of Nutikas, an Al-assisted
platform for arithmetic word problems built on the COMPS framework. The methodology
combines an LLLM prompt pipeline, a web application, and a two-tier evaluation that
links model behaviour to learning-oriented outcomes.

1. Prompt pipeline (§3.1): automates COMPS via problem classification, model-
equation scaffolding, and story-grammar prompt generation.

2. Web application (§3.2): student quiz interface, teacher dashboard, and the infer-
ence service that supplies COMPS-aligned scaffolds.

3. Evaluation (§3.3): Tier I scores LLMs against expert ground truth (type classi-
fication and mapping/equation fidelity); Tier 2 examines usability and perceived
instructional value.

Together, these components address the study’s research questions (RQ RQ1-RQ3).
The sections that follow present, in order, (i) the prompt pipeline and its design rationale,
(i) the system architecture, and (iii) the evaluation procedures and rubrics. This mirrors
the overall flow of the thesis: prompts shape the outputs, the application delivers them,
and the evaluation interprets them.

3.1 Prompt-Design Overview

Prompting as a specification layer. Prompting was used as the specification layer
that turns problem narratives into structured COMPS representations, COMPS-aligned
equations, and brief story-grammar prompts. In this study, prompts constrained both the
form (labels, slots, JSON fields) and the language (reading level, slot phrasing) so that
outputs are consistent, scorable, and machine-parsable.

A four-prompt pipeline was implemented and executed identically across three LLMs
(GPT-4.1, Claude Sonnet 4, Gemini 2.5 Flash). The pipeline covered: (i) COMPS family
and subtype classification, (ii) slot mapping and model-equation scaffolding (including
unknown positions), (iii) generation of age-appropriate story-grammar prompts, and (iv)
strict JSON packaging.

This design underpinned the three research questions. For RQ1, a fixed COMPS
taxonomy and explicit decision rules (e.g., non-negative change; multi-step actions
are summed) were specified, and a strict JSON schema ensured reliable parsing of the
predicted family and subtype labels for classification accuracy calculations. For RQ2,
the slot-mapping and equation-scaffold prompts enforced COMPS-aligned structure
and enabled fidelity comparisons to expert annotations and answer accuracy. For RQ3,
concise templates and consistent wording were specified to support readability; their

15



effect on use was assessed in Tier 2 via SUS-Kids and think-aloud/teacher feedback. The
full prompt texts are reproduced in Appendix .1 and ??.

3.1.1 Super-category classification (Change, Combine, Compare)

The initial prompt (see Appendix .1) asks the model to identify the broad situation type
for each word problem so the UI can present the appropriate equation scaffold. Its design
draws on two strands:

* COMPS pedagogy. Teach the three additive schemas; Change, Combine, Com-
pare, with language that highlights temporal change, aggregation, or contrast so
students can align the text to the model [6, 7].

* Prompt-engineering practices. role priming, guided chain-of-thought, and strict
schema-constrained output (e.g., JavaScript Object Notation (JSON)) improve
stylistic consistency, reasoning quality, and parsing reliability [26].

The prompt has four parts:

* Role priming. Casts the model as “a math educator trained in COMPS,” anchoring
responses in instructional language rather than casual chat.

* Category reference cards. Three short definition cards for Change, Combine, and
Compare give (i) a one-line description and (ii) “common indicators.” Cue verbs
such as got, lost, and joined make clear the difference between temporal change,
aggregation, and contrast, distinctions early pilots showed LLMs often miss.

* Guided reasoning checklist (chain-of-thought). A “think step by step” checklist
that focuses attention on entities, quantities, and the underlying relation before
labeling.

* Fixed machine-readable output (JSON). A strict JSON schema with the chosen
category and a one-sentence rationale yields parsable output and a clear trace for
error analysis.

A recurring pilot error was tagging time-referenced problems as Combine merely because
they mention two time points (e.g., “on Monday. .., on Tuesday...”). The Change card
is refined to stress before—after transformation (e.g., received, lost, joined) and the
notion of a single quantity changing state (not two static parts). This reduced those
misclassifications. The next subsections show how the same role framing, reasoning
checklist, and output contract are adapted for the remaining prompts in the pipeline.
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3.1.2 Subtype classification

After labeling a word problem as Change, Combine, or Compare, a second prompt
assigns one of the twelve COMPS subtypes (see Appendix .5 in Appendix .5). The
prompt loads the rules for the chosen super-category, verifies the situation pattern, and
then identifies the missing quantity. The full template is in Appendices .1, .3

Change. The model first decides whether the quantity increases (Join) or decreases
(Separate) over time. It then maps story numbers to the Change schema (start, change,
end), marking any absent value as unknown. Given the labeled slots, the subtype is
determined by the role of the unknown (whole vs. part), not its textual position (see
the decision card in Appendix .6.1). This avoids a common pilot error where questions
placed at the end of a sentence led to misclassification. For example: “There were some
apples. John took 8, his sister took 5, and 7 remain—how many were there initially?” is
CSWU (unknown Start), not CTWU.

Combine. The model uses the Combine schema (part1 + part2 = whole), extracts
the two parts and the whole from the narrative, and marks the missing slot as unknown.
The subtype then follows directly from whether a part is missing (CPU) or the whole is
missing (CWU). See the decision card in Appendix .6.2.

Compare. The model analyzes the comparison language (e.g., “how many fewer/less
than” vs. “how many more than”) to select Compare—Less or Compare—More. It then
fills the Compare schema (bigger = smaller + difference), marking the missing slot
as unknown. Mapping must follow the original wording (e.g., “A is 5 fewer than B” =
bigger =B, smaller = A, difference =5). The prompt explicitly forbids paraphrasing
to prevent flips (fewer <+ more). The subtype is chosen solely by the missing role: _DU
(difference), _L.QU (larger quantity), or _SQU (smaller quantity). See the decision card
in Appendix .6.3.

3.1.3 Numerical model and answer extraction

Following subtype classification, the third prompt extracts the numerical values for the
relevant COMPS equation and computes the missing value. The model returns a single
JSON object with: (1) the category-specific slots (e.g., start, change, end for Change;
part1, part2, whole for Combine; bigger, smaller, difference for Compare), (ii) a
numeric answer, and (iii) a one-sentence reasoning. Slot values must be numbers or
null (no expressions), which allows the UI to render a canonical scaffold and enables
automatic checks of mapping fidelity and arithmetic against expert ground truth. See
Appendix .3 for the full prompt template.
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3.1.4 Story-grammar prompt generation

The fourth prompt generates story-grammar questions aligned to the chosen COMPS
subtype. Given the subtype and the filled model slots, the model must return a JSON
array only. Each element corresponds to one schema slot and must contain exactly
the keys text, boxTarget, and context (all plain strings; no additional fields). See
Appendix .4 for the full template and the allowed boxTarget values per subtype.

Guards and rationale. To ensure faithful, parsable, classroom-ready questions, the
following are enforced: (i) no leakage; the computed answer is provided to the prompt
for internal consistency but must not be revealed; outputs are checked for leakage during
evaluation; and (ii) age-appropriate language; avoid technical terms and prefer concrete
nouns from the story. These constraints support the pedagogical goal (mapping text spans
to schema slots with simple instructor language) and enable deterministic UI rendering
and automated validation.

3.2 System Design & Development

Nutikas was implemented as a modular web application comprising a student interface,
a teacher dashboard, and an offline Al evaluator. The student interface operationalises
COMPS scaffolds and provides the interaction flows used in the pilot. The teacher
dashboard organises quiz attempts, mappings, and outcomes into classroom-facing views.
The Al evaluator pre-computes and stores model outputs under a strict JSON schema so
that family/subtype labels, slot mappings, equations (including unknown positions), and
answers can be scored reproducibly.

3.2.1 Architecture Overview

Monorepo layout. The implementation is organized as a monorepo with three bounded
components:

* Client: Next.js app for the student quiz interface and teacher dashboard.

* Server: Express.js API for auth, class/student/quiz management, validating sub-
missions, and serving pre-evaluated problems with structured feedback.

* Al Evaluator: Offline utility (development phase) that batch-evaluates problems
with multiple LLMs via OpenRouter, persists schema-conformant outputs, and
avoids runtime model calls.

Data and deployment. All components share a PostgreSQL database via Prisma ORM.
The client is deployed on Vercel; the server runs on Render. Environment configuration
is injected per environment (dev/test/prod). A high-level diagram appears in Figure 1.
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Figure 1. High-level architecture: Next.js on Vercel — Express API on Render — PostgreSQL;
an offline evaluator uses OpenRouter and writes back results.

3.2.2 Student Interface

The student interface was developed to offer a clear, engaging, and accessible problem-
solving experience for early primary grade learners. The visual and interactive compo-
nents were designed to accommodate students with learning disabilities in mathematics,
emphasizing the reduction of cognitive overload and promoting independent exploration.
Key features include:

* Design suitable for children: The interface incorporates large, legible fonts, a
streamlined layout, and high-contrast color schemes. Interactive elements are ap-
propriately spaced and designed for drag-and-drop interaction, thereby minimizing
visual clutter and enhancing focus and comprehension.

* Structured presentation of the problem: Each session presents a single word
problem, positioned at the top of the screen. The problem is articulated in clear,
age-appropriate language designed for students in Grades 1 to 4.

* Interactive model development: Students are presented with a blank model
equation scaffold beneath the word problem (e.g., __ +__ = __). Users engage
with this model by dragging numerical values from the problem into designated
boxes, facilitating a visual and tactile construction of their comprehension of the

problem’s structure.

* Guided story-grammar prompt prompts: To assist in identifying relevant quan-
tities and relationships, the interface presents a set of Al-generated story-grammar
prompt prompts. These appear in a fixed sequence to guide attention and reinforce
conceptual understanding (e.g., “What is being added?” or “What is the total?”).

* Answer submission and feedback for retry: Upon completion of the model,
students input their final answer in a designated field and submit their response.
The system offers immediate feedback when the answer is incorrect by highlighting
the specific area of the model requiring revision, enabling the student to attempt
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the question again. Following several unsuccessful attempts, the appropriate model
and solution are disclosed for instructional assistance.

* Progress monitoring: A visual progress indicator displays the percentage of
problems left to complete the current session. This aids students in maintaining
motivation while completing the quiz.

(a) Enter session code (no login). (b) Problem with scaffold and first story-grammar
prompt.

(c) Incorrect attempt; targeted feedback and retry. (d) Correct completion; proceed to next item.

Figure 2. Student interaction flow for a Compare—More item: (a) access; (b) scaffold + story-
grammar; (c) feedback; (d) completion.

3.2.3 Teacher Dashboard

The dashboard supports class setup, creation of quiz sessions, and continuous monitoring,
with the goal of making COMPS-aligned practice easy to deploy and act on.

* Create & assign quizzes. Build sessions from a pre-classified bank, filterable
by COMPS family/subtype and unknown position; each session generates a four-
character access code (no logins).

* Class analytics. Accuracy, attempts, completion, and time-on-task summaries
highlight common misconceptions and outliers.
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* Student drill-down. Per-learner timelines show items attempted, retries, and final
status to inform follow-up instruction.

o— gt e J -]
(a) Class-wide analytics overview. (b) Individual student analytics.
o o
(¢) Quiz session management. (d) Student access codes (no logins).

Figure 3. Key teacher dashboard views used to run sessions and monitor learning.

3.2.4 Al Evaluator

The Al evaluator functions as an offline processing module used to pre-classify and
validate word problems prior to their integration into the Nutikas web application. Instead
of querying LLMs in real time, which incurs costs, the evaluator was utilized during
development to generate and evaluate model outputs across a curated set of arithmetic
problems. Key features include:

* Prompt construction: For each word problem, the evaluator generates a structured
prompt requesting the model to output a classification (e.g., Combine, Compare),
subcategory (e.g., Part—Part—Whole), conceptual model equation, story-grammar
prompts, step-by-step reasoning, and final numerical answer.

* Batch model evaluation: Prompts are sent in batches to selected LLMs via
the OpenRouter application programming interface (API). The system accommo-
dates various models (e.g., GPT-4.1, Claude Sonnet 4, Gemini 2.5) while logging
metadata such as token usage and response time.
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* Structured output parsing: Returned outputs are parsed into discrete fields (e.g.,
model type, story-grammar prompt, final answer) for comparison with ground
truths. This facilitates evaluation of mathematical accuracy and adherence to
COMPS-aligned representations.

» Storage and reuse: All assessed items, together with the generated outputs,
are recorded in the database. In live student sessions, only problems that have
undergone model validation are presented. This eliminates real-time model calls
while maintaining high-quality, Al-generated content.

3.3 Evaluation Criteria and Design

The evaluation adopts a two-tier design aligned with the research questions. Tier I quan-
titatively compares model outputs with expert annotations, covering COMPS family/sub-
type classification, slot-mapping and equation fidelity (including unknown positions),
and final answer correctness, addressing RQs RQ1 and RQ2. Tier 2 is a small-scale,
mixed-methods pilot with students and a teacher that examines usability and perceived
instructional value (RQ RQ3). The following subsections describe datasets, procedures,
and scoring for each tier.

3.3.1 Tier 1: AI-Output Performance Evaluation

Design. Tier 1 is a quantitative, reproducible evaluation on a fixed, annotated set of 120
additive word problems, balanced across the 12 COMPS subtypes (10 per subtype; drawn
from the PPW and AC families). Items were adapted from Estonian special-education
materials for Grades 1-3 [16]. Prompt development used a separate pool [27, 28, 29]
to avoid overfitting. The frozen dataset, annotations are archived at [30]; the project
repository is at [31]. A brief schema appears in Appendix .7.

Models and procedure. Three LLMs were evaluated to separate prompt quality from
model idiosyncrasies: GPT-4.1 (OpenAl), Claude Sonnet 4 (Anthropic), and Gemini 2.5
Flash (Google DeepMind), selected with reference to OpenRouter’s academic rankings
[32]. Models were called via OpenRouter with provider defaults; no hyperparameter tun-
ing or programmatic retries. Each item was generated once (single-pass). Outputs had to
match a strict JSON contract (category, subtype, slot mapping, answer); non-conforming
payloads were scored as errors for the relevant metric. No post-hoc normalization (e.g.,
sign fixing, recomputing) was applied.

Metrics. There are four accuracy components scored which are aligned to COMPS
reasoning steps: recognizing the situation, selecting the subtype, mapping numbers to
slots, and computing the answer.
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Metric Definition
Super-category accuracy | Correct Change / Combine / Compare label.
Sub-category accuracy Correct 12-way COMPS subtype.

Equation fidelity All numbers placed in the correct schema slots
(PPW/ACQ).
Answer correctness Final numeric answer matches ground truth.

Table 2. Tier 1 accuracy metrics.

Error categories. Disaggregating errors localizes failure modes and informs prompt
revision.

Category Definition

Conceptual misclassification | Wrong super-category or subtype.

Mapping errors Correct type but incorrect placement of numerals
in schema slots.

Computational errors Correct mapping but incorrect arithmetic out-
come.

Table 3. Error categorization used in Tier 1 analysis.

3.3.2 Tier 2: End-User Evaluation

Design. Given the brief pilot window, a rapid triangulation design was implemented,
integrating four small, complementary activities: (1) student think-aloud sessions; (2) an
adapted SUS-Kids questionnaire [33]; (3) an exploratory expert usability walkthrough of
the app’s quiz flow (using the ECA—SEN rubric [34, 35]); and (4) a teacher dashboard
review (short rubric plus semi-structured interview). The aim was to examine whether
independent strands pointed toward the same conclusions about usability and instructional
value. Instruments, full rubrics, and sample materials are provided in Appendices .8, .9,
.10, and .11.

Participants and materials. Two primary-age students (7-11 years, bilingual, formally
identified as having special educational needs) participated in the student-facing activities.
Each completed an approximately 30-minute think-aloud session (three to four problems)
immediately followed by SUS-Kids [33]. A mathematics—language specialist conducted
the expert usability walkthrough of the learner-facing quiz flow. A primary teacher,
familiar with SEN learners, reviewed the teacher dashboard using a short rubric and a
semi-structured interview guide.
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Sampling and provenance (expert usability walkthrough). To link Tier 1 content
to Tier 2 observations, a 10% simple random sample (12 tasks) was drawn from the
120-item additive COMPS corpus used in Tier 1. During a single quiz session in the
deployed Nutikas app (Gemini 2.5 Flash back end), the expert worked through all 12
tasks as a learner would. To observe explanatory behaviour, some items were deliberately
answered incorrectly to trigger the guidance shown after errors; the remaining items
were completed correctly. Judgements focused strictly on learner-facing content: clarity
of wording, logical flow, scaffolding, and alignment with visual representations. Each
task received ECA—SEN ratings.

Procedures.

* Think-aloud (students). Pupils solved 3—4 Nutikas problems while verbalising
their thinking. If silence exceeded ~10 seconds, a neutral nudge (e.g., “Keep
talking”) was used; no hints or strategy prompts were given. Critical incidents
were time-stamped and described. Incidents were later grouped into three thematic
codes: Engagement, Navigation friction, and Reasoning & representation, each
tagged to a COMPS stage (read — map — compute). The SEN-friendly think-
aloud protocol is provided in Appendix .8.

» Adapted SUS-Kids (students). Immediately after the session, students completed
a 12-item smiley-Likert questionnaire. The first 10 items were converted to a SUS
usability score (0—100) using the standard procedure (subtract 1 from positively
worded items; subtract each negatively worded score from 5; sum the adjusted
values; multiply by 2.5). Items 11-12 were summarised separately as engagement
indicators. A worked scoring example is shown in Appendix .9.

* ECA-SEN rubric (expert; exploratory) [34, 35]. An expert usability walk-
through of the quiz flow was conducted on the sampled tasks. Where feasible,
both incorrect and correct completion paths were observed to capture variation
in feedback screens. After each task, the learner-facing text and guidance were
judged on four dimensions (Logical flow & coherence, Linguistic accessibility,
Cognitive load & scaffolds, Multi-modal alignment) using a 1-5 scale. Brief notes
explained any ratings below 4. As only one rater participated, inter-rater reliability
was not estimated (see Limitations). The rubric text appears in Appendix .10.

* Teacher dashboard review. A primary teacher completed short task scenarios
(e.g., create a class, start a quiz, view results), filled a brief rubric (navigation,
onboarding clarity, analytics clarity), and joined a semi-structured interview on
instructional use and desired features. Rubric ticks were converted to 1-5 subscores
and averaged per criterion; interview notes were open-coded, grouped, and named
into broader themes. The teacher rubric and interview prompts are in Appendix .11.
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4 Results

This section reports results across two tiers aligned with the research questions. Tier 1
quantitatively compares three LLMs: Gemini 2.5 Flash, Claude Sonnet 4, and GPT-4.1,
on a 120-item corpus spanning all 12 COMPS subtypes, with performance reported on
four COMPS-aligned components (category, subtype, equation/map fidelity, and numeric
answer) and a macro-average (‘“Total”). Tier 2 presents an equally weighted, mixed-
methods usability evaluation, combining student think-alouds, an expert walkthrough,
and teacher feedback to assess language clarity, cognitive load, multimodal alignment,
and dashboard usability.

4.1 Tier 1: Model Performance (RQ1, RQ2)

All three models achieved near-ceiling overall accuracy (>95%). Residual error was
driven by equation fidelity/mapping rather than classification or computation of final
answer, with Gemini strongest on mapping (98.3%), followed by Claude (91.7%) and
GPT-4.1 (85.0%). Greater token use did not coincide with higher mapping accuracy
(Claude used the most tokens yet mapped worse than Gemini), suggesting remaining
errors reflect slot—value conventions rather than generation length.

Model Overall Family (acc) Subtype (acc) Answer (acc) Equation fidelity Tokens/item
Gemini 2.5 Flash  99.58% 100.0% 100.0% 100.0% 98.3% 623.9
Claude Sonnet4  97.33% 99.2% 99.2% 99.2% 91.7% 697.7
GPT-4.1 95.63% 99.2% 98.3% 100.0% 85.0% 586.5

Table 4. Performance across 120 word problems. Family/Subtype report COMPS classification
accuracy (RQRQ1). Equation fidelity is the exact-match rate of COMPS-aligned mappings
(RQRQ?2). Tokens/item is the mean (prompt+completion). Overall is the macro-average of
Family, Subtype, Answer, and Equation fidelity.

Coverage. Every problem (120/120) received a correct numerical answer from at least
one model; no item was universally missed. For items with at least one model error, at
least one other model produced a schema-conformant mapping.

Subtype overview (i) Combine subtypes were uniformly perfect across all metrics; (ii)
Change-Join was near ceiling for all models with one minor mapping dip for Gemini;
(iii)) Change-Separate was the principal bottleneck, showing the largest divergence in
mapping accuracy across models; and (iv) Compare items were near perfect overall with
a few model-specific dips.
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4.1.1 Error analysis

Out of 120 problems, 21 outputs were assessed as incorrect. In nearly all instances,
the numerical responses were correct; inaccuracies were primarily found in the schema
mapping that associates story quantities with COMPS roles. This analysis examines
three recurring failure modes, their origins, and their impact on scores.

1. Negative Change in Change—Separate Problems In Change-Separate problems
(CSWU/CSPU), the schema represents change as a non-negative magnitude. In
cases where narratives are articulated as decreases (e.g., "spent/gave/lost k ... has
n left"), models frequently produced a signed delta, represented as change = -k.
This internal representation of "net change" is reasonable; however, it violates the
schema contract, resulting in a mapping error, even if the computed start or end
is accurate.

Example (CSWU). “Joonas spent 5 euros and has 7 left; how many originally?”
Ground truth: end = 7, change = 5, start = 12. GPT-4.1 and Claude output
change = -5 (mapping error). Gemini output change = 5 (fully correct).

Design Implications. (i) Clarify the contract in the instruction: “change is a
non-negative magnitude; never include a sign.” (ii) Add a validator that
normalizes signed outputs, e.g., change := |change].

2. Missing field values in multi-step Change (CJ/CSPU). A small number of
Change-Join and Change-Separate (part-unknown) items returned change : null
despite explicit quantities in the text, typically when the story mentions two actions
that must be aggregated (e.g., “used 10 and 37, “added 2 and 2”). The correct
schema requires a single net change.

Examples. CSPU (eggs): “Bought 20; used 10 and 3.” Expected: start =
20, change = 13, end = null. Observed: change = null.

CJWU (pies): “There were 4; added 2 and 2.” Expected: start = 4, change
= 4, end = null. Observed: change = null.

Design Implications. (i) In the instruction, require aggregation: If multiple
changes are described, aggregate them and assign change to the non-negative
total. (i1) If detailed per-step information is beneficial, introduce an auxiliary
field changes: [10@, 3], while maintaining the requirement for change to be
mandatory.

3. Misclassification and non-conforming outputs (case studies) In addition to
signed and aggregation issues, three examples demonstrate how accurate arithmetic
can be associated with an erroneous COMPS label or a non-conforming output.
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Case 1: Compare vs. Change (misclassified by GPT-4.1). Prompt: "The
teacher put 17 pictures on the wall. Last week there were 10 pictures on the wall.
How many more pictures are on the wall now?"

Ground truth: Compare—More, Difference Unknown (CMDU); roles: bigger=17,
smaller=10, difference=7.

Model reasoning (summarized): GPT-4.1 presented the narrative as a transforma-
tion from a previous state to a current state (“last week — now”), concluded with
the phrase “Join (increase),” and identified Change—1Join, Part Unknown (CJPU)
with the structure start (10) + change (?) = end (17). The computation of
17 — 10 = 7 was executed accurately.

Contributing cue conflict: Lexical cues such as last week, and now activate a
Change template, whereas the query “how many more” necessitates a Compare
template. The model favored the temporal cue in the absence of a defined decision
rule, overshadowing the interrogative cue.

Case 2: Subtype code slip within Compare (GPT-4.1). Prompt: "Mom has 12
flowers. She has 5 more flowers than Grandma. How many flowers does Grandma
have?"

Ground truth: Compare—More, Smaller Quantity Unknown (CMSQU); roles:
bigger=12, difference=5, smaller=2?.

Model reasoning (summarized): GPT-4.1 accurately identified a Compare—More
problem and indicated that the unknown quantity (Grandma’s) is the smaller value,
calculating 12 — 5 = 7. It encoded the subtype label as CMLQU (“Larger Quantity
Unknown”).

This constitutes an error because: The verbal rationale aligns with CMSQU;
however, the emitted subtype code is inconsistent. This constitutes a labeling or
serialization error, not a reasoning error; the answer and role values were accurate,
but the subtype received an incorrect score.

Case 3: Non-conforming / “Unknown’ output with high tokens (Claude
Sonnet 4). Prompt: "Kersti’s blue pencil is 14 cm long. The green one is 4 cm
shorter. How long is the green pencil?"

Observed behavior: The model returned category=Unknown, subcategory=Unknown
and no usable mapping or answer, while consuming an unusually large number of
tokens (~2308 total; ~938 prompt, ~1370 completion).

Likely cause: Loss of adherence to the required JSON-only schema (format drift),
leading to output rejection and fallback to an “Unknown” placeholder.
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Takeaway. The dominant errors reflect slot-value correctness. Nutikas selects the
correct COMPS roles, but the numbers written into those roles sometimes violate the
schema (e.g., treating change as a signed value instead of a required nonnegative magni-
tude, failing to aggregate multiple actions into a single change, or emitting a mismatched
subtype label). Strengthening the output contract and adding lightweight validation/nor-
malization (normalize sign for change, enforce non-null change, and sum multi-step
changes) should address these issues without altering the underlying reasoning.

4.2 Tier 2: End-User Evaluation (RQ3)

Students (think-aloud and SUS-Kids). The two SEN pupils (ages 7-11, bilingual)
each completed ~30-minute think-aloud sessions (three to four problems) followed
immediately by the adapted SUS-Kids questionnaire [33]. SUS scores were 62.5 and 75.0
(mean 68.8), placing the group average at the ~68-point “average usability” benchmark
[36] and indicating acceptable-to-good usability despite the small V.

Both pupils required a single neutral prompt during the first item (“Keep talking”)
but navigated independently thereafter. Across all tasks, 14 critical incidents were logged
and coded to Engagement (n = 5), Navigation friction (n = 5), and Reasoning &
representation (n = 4), with tags to COMPS stages: read (n = 3), map (n = 7),
compute (n = 4).

Navigation frictions included: (i) interpreting comparison vocabulary (fewer vs. less)
at the map stage; (ii) placing the question mark in the intended slot during grammar-
story questions; (iii) initially attempting to fype rather than drag numbers; and (iv)
pressing Next to seek help rather than advance. Reasoning & representation issues
included occasional “guessing” of numbers without resolving the schema, especially in
combine-type problems.

Engagement indicators were consistently positive: pupils showed no signs of bore-
dom, commented on ease of arithmetic, and one requested celebratory feedback (“Where
are the balloons and music?”’). On SUS-Kids engagement-only items (not part of SUS
score), ratings were high (Pupil A: 4,5; Pupil B: 5,4), matching the positive think-aloud
affect.

Teacher (dashboard rubric and interview). The teacher dashboard was scored 4/5
for Navigation, 3/5 for Analytics, and N/A for Language Accessibility (teacher-facing
interface). Navigation comments noted that once set up, the interface was straightforward,
but onboarding could be improved, particularly for class creation via CSV import.

Analytics clarity was the lowest-rated dimension: the “accuracy” score lacked an
inline definition, and there was no breakdown between conceptual (schema-level) and
computational (calculation) errors. In interview, the teacher stressed that this distinction
is essential for targeted instructional responses. Suggested improvements included:
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* Adding tooltips or help icons explaining metrics in plain language;
* Providing printable, low-scaffold task sets for differentiated use;

* Including a quick-start guide within the dashboard.

Expert (ECA-SEN walkthrough). The expert review of 12 sampled tasks (10% of
Tier 1 corpus) yielded median ratings of 5/5 for Linguistic Accessibility, 5/5 for Multi-
modal Alignment, and 4/5 for Cognitive Load & Scaffolds, and 3/5 for Logical Flow &
Coherence.

Strengths included short, concrete language, deliberate disambiguation of fewer vs.
less, and exact correspondence between numbers, visuals, and text. Lower Logical
Flow scores reflected small breaks in the reasoning chain (e.g., jumps between COMPS
roles without explicit connectors), and a reliance on repeated Next presses rather than
embedded causal links (“because. .. therefore...”).

While scaffolding was generally effective, uniform repetition of certain symbols (e.g.,
question mark) occasionally encouraged procedural clicking over reflective reasoning.

Converging evidence. Table 5 synthesises the evidence across pupils, teacher, and
expert review. Across all strands, language accessibility and interface navigation
emerged as clear strengths. Priority improvement areas include:

* Enhancing Logical Flow in learner-facing explanations;
* Introducing variation in scaffold design to reduce procedural clicking;

* Adding inline explanations for teacher-facing metrics, with a clear separation of
conceptual vs. computational errors.
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Theme Pupils (Think- Teacher (Dash- Expert (ECA-SEN)
aloud + SUS-Kids) board)

Engagement High affect; cele- Positive observation N/A
bratory feedback re- of pupil motivation
quest; SUS-Kids en-
gagement 4-5

Navigation Independent  after Navigation 4/5; CSV  Clear quiz-flow
first item; SUS mean onboarding gap structure
68.8 (avg usability)

Language Accessibility No reading issues; Supports SEN clarity 5/5; consistent termi-

Conceptual vs. Compu-
tational Clarity

Analytics Transparency

Scaffolding

Multi-modal Alignment

comparison terms oc-
casionally tricky

Guessing in
combine-type
problems; schema
mapping errors

N/A (pupil side)
Some  procedural
clicking; symbol
overuse
Text/number/visuals
aligned

Metric does not dis-
tinguish types of er-
ror

Accuracy metric un-
clear; no tooltip
Suggests printable,
low-scaffold tasks

N/A

nology

Logical flow breaks
(3-5/5)

N/A

5/5 Cognitive Load;
over-reliance on re-
peated elements

5/5; strong match be-
tween modalities

Table 5. Summary of Tier 2 usability and instructional value evidence
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5 Discussion and Conclusion

RQ1 (technical accuracy). The near-perfect classification accuracy across all models
signals that the COMPS taxonomy is learnable and consistently applied by LLMs in
early-grade additive contexts. The remaining classification slips; largely triggered by
competing temporal and comparative cues, suggest that accuracy is not limited by
capacity but by decision rule prioritization. This is encouraging: with refined cue-
handling prompts or post-processing rules, those last percentage points are recoverable.

RQ2 (equation fidelity and answer accuracy). The ceiling-level arithmetic accuracy
confirms that basic computation is not where improvement is needed. Instead, fidelity
in representation i.e., slotting the right values into the right schema roles, is the true
bottleneck. The Change—Separate polarity issue and the treatment of multi-action changes
reveal that models still encode quantities in ways that make sense internally but violate
the external pedagogical contract. This is a subtle but crucial distinction: in a teaching
tool, how a solution is represented can matter as much as whether the final number
is right. Simple guardrails (sign normalization, aggregation rules, no-null constraints)
would likely fix most of these cases.

RQ3 (usability). The pilot data show that Nutikas is already accessible and motivating
for SEN learners, with no major navigation barriers after minimal exposure. Engagement
was genuine, not just procedural compliance, which bodes well for sustained classroom
use. However, subtle usability gaps, like occasional guessing on combine problems and
the lack of explicit conceptual bridges in explanations, could weaken the instructional
value over time. On the teacher side, analytics clarity is the main concern. Without a clear
split between conceptual and computational errors, teachers cannot target interventions
effectively, limiting the practical impact of otherwise accurate Al output. Addressing
this is as much a pedagogical requirement as a UX one.

Efficiency note. More tokens did not correspond to better mapping (e.g., the chattiest
model was not the most faithful), reinforcing that the bottleneck is representational rather
than about raw capacity.

5.1 Limitations and Threats to Validity

Dataset and scope. This evaluation covered only early-grade additive word problems
(Part—Part—Whole and Additive Compare). Multiplicative structures, multi-step problems,
and more linguistically complex items were not included, so generalisability beyond this
domain is unknown. The dataset combined locally adapted special-education materials
with ChatGPT-authored items to ensure subtype coverage; results were not stratified by
source, so potential differences in difficulty or linguistic style remain unexamined.
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Annotation and scoring. The Tier 2 usability and instructional quality findings relied
on ratings (e.g., ECA-SEN rubric), which were gathered from a single expert without
inter-rater reliability checks; this limits the generalisability of qualitative judgements
about linguistic accessibility, cognitive load, and explanation flow.

Usability pilot. Usability and instructional value findings are based on a very small
sample (two students with SEN, one expert reviewer, one teacher) and should be inter-
preted as formative signals rather than definitive evidence. The live pilot used a single
model backend, so pedagogical comparisons across LLMs were not attempted. Observed
behaviours (e.g., navigation ease, engagement, guessing) may not generalise to broader
or more diverse learner populations.

5.2 Future Work

1. Representation guardrails. Implement automated checks and corrections for
COMPS schema fidelity, sign normalisation (change := |A|), aggregation of
multi-action changes, and a no-null constraint for required fields, then re-score to
measure the proportion of mapping errors eliminated.

2. Analytics redesign. Enhance teacher-facing reporting by separating concep-
tual (schema-level) and computational (calculation) errors, adding plain-language
tooltips for metrics, and providing printable low-scaffold task sets for differentia-
tion.

3. Explanation flow improvements. Make the link between narrative cues and
COMPS slots more explicit in learner-facing explanations, and vary scaffold
presentation to reduce procedural clicking while maintaining cognitive support.

4. Extended coverage and robustness. Broaden scope to multiplicative COMPS
families (equal groups, rate, array) and two-step problems.

5. Classroom-scale evaluation. Run a semester-long, multi-class trial to validate
real-world effectiveness and scalability.

5.3 Concluding Statement

This study shows that LLMs, when constrained by COMPS principles, can achieve
near-ceiling classification and computational accuracy on early-grade additive word
problems for SEN learners. The remaining technical gap lies in ensuring COMPS-
conformant representation of problem structure. The usability pilot suggests that Nutikas
is accessible and motivating for students, but that teacher-facing analytics require clearer
conceptual/computational distinctions. Addressing these narrow, well-defined issues,
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through representation guardrails, refined cue-handling, analytics redesign, and more
explicit explanation flows, offers a realistic path from research prototype to scalable,
classroom-ready Al tutor capable of delivering not just correct answers, but transparent,
teachable reasoning at scale.
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Appendix

.1 Super-Category Classification Prompt

You are a math educator trained in the **COMPS (Conceptual Model-Based Problem
Solving)** framework.

Your task is to classify each arithmetic word problem into one of the following
conceptual categories:

## Change

Describes a situation where a **quantity increases or decreases over timexx due to
some event (e.g., gaining, losing, spending, receiving).

It involves a *xtransformation** - a quantity starts at one amount and becomes a
different amount.

These problems typically follow a **before-and-after structurexx or unfold across
*xmultiple time points**.

### Common Indicators

- Actions like: _gave_, _lost_, _got_, _added received left_, _joined_

- Tense or language indicates **sequencex** or **time passing**

_y - —_y -

## Combine

Describes a situation where **two or more distinct quantities** are *xgrouped
together into a totalxx.

There is **no transformation** - nothing changes over time. The parts are simply
added to find a total.

Even if events happened at different times (e.g., two races), if there is no *x
change in state*x, it's **Combinexx.

### Common Indicators

- Parts are distinct but **independentxx*

- No item is being gained/lost/transferred

- Words like: _in total_, _altogether_, _sum_

## Compare

Describes a situation where **two quantities are contrastedx* to find the *x*
differencex* between them

(or determine which is more, less, or how much more or less).

### Common Indicators

- Questions asking: _how many more..._, _how many fewer..._

- Focus is on *xdifference**, **not change*x or xxcombiningx*

### Classification Guide

Think step-by-step:

1. *xDoes the problem describe a quantity that changes over timex*
due to an action like gaining or losing?
-> **Changex*
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2. **Does the problem group together multiple distinct quantitiesx**
without affecting each other?
-> *xxCombinex*
3. xxDoes the problem contrast two amounts** to find a difference or comparison?
-> xxCompare**
> Focus on what the story is #**doingx*: changing something, grouping parts, or
contrasting values.

### Output Format
Return your answer in the following JSON array format:

L
18
"problem": "<problem text>",
"category"”: "Change|Combine|Compare”,
"reasoning"”: "<explanation of your reasoning in full sentences and connected
thoughts>"
13
]

Here are the problems:
<one problem per line...>
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.2 Sub-Category Classification Prompt
Change..

You are classifying this word problem using the COMPS (Conceptual Model-Based
Problem Solving) framework.

Classify it into one of the following types:
- CJPU: Change-Join, Part Unknown

- CJWU: Change-Join, Whole Unknown

- CSPU: Change-Separate, Part Unknown

- CSWU: Change-Separate, Whole Unknown

### Step-by-Step Instructions

#### Step 1: Determine the Situation Type

Is the quantity increasing or decreasing over time?
- If it **increases*x -> it's a **Join*x problem

- If it **decreases*x -> it's a **Separate** problem

### Step 2: Identify the Quantities in the Model
Use this structure:
Start +/- Change = Result

Now fill in each of the three quantities from the problem:

- x*%Start*x: the initial amount before anything is added or removed

- *xChange**: the amounts that are added (Join) or removed (Separate)
- x*%Resultxx: the final amount after the change has happened

Label whichever value is unknown as "unknown".

### Step 3: Identify the Unknown and Its Role

#### For **Join**:

- Start and Change are #**Parts**, Result is the *xWholexx*

- If xxStartx* or **Changex* is unknown -> it's a **Part Unknownxx -> x*CJPUxx
- If xxResult** is unknown -> it's a **Whole Unknownxx -> xxCJWUx*

#### For **xSeparatexx:

- Start is the x*Whole**, Change and Result are #*xParts**

- If *xStart*x is unknown -> it's a **Whole Unknown*x -> *xCSWU**

If *xChangex* or **Result** is unknown -> it's a **Part Unknownx*x -> **CSPU*x

\4

Don't just label based on what is missing.
Classify based on what that missing value **represents*x in the model.

\4
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Do not rephrase or restate the problem in a different form.
Always classify based on the original sentence structure and comparison direction.

Problem:
<one problem per line...>

Respond strictly in the following JSON format with no extra commentary:

{

"reasoning”: "<explanation of your reasoning in full sentences and connected
thoughts>",
"subcategory”: "CJPU | CJWU | CSPU | CSW"
3
Combine..

You are classifying this word problem using the COMPS (Conceptual Model-Based
Problem Solving) framework.

Classify it into one of the following types:
- xxCPUx*x: Combine, Part Unknown
- xxCWUx*: Combine, Whole Unknown

### Step-by-Step Instructions
#### Step 2: Identify the Quantities in the Combine Model

Use this structure:
> Part 1 + Part 2 = Whole

Now fill in from the problem:

- *%*Part 1%%: a known amount in the group

- x%Part 2xx: another known amount in the group
- x*Whole*x: the total combined amount

Mark whichever one is *xunknownxx.

#### Step 3: Determine the Type of Unknown
- If one of the *xParts** is unknown it's a **Part Unknownxx *xxCPUx*

- If the **Wholexx is unknown it's a **Whole Unknown** *xCWUxx*

Do not rephrase or restate the problem in a different form.
Always classify based on the original sentence structure and comparison direction.

Problem:
<one problem per line...>

Respond strictly in the following JSON format with no extra commentary:
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{

"reasoning”: "<explanation of your reasoning in full sentences and connected
thoughts>", ‘
"subcategory”: "CPU | CWU" \
} |
|

Compare..

You are classifying this word problem using the COMPS (Conceptual Model-Based
Problem Solving) framework.

Choose one of:
- CLDU, CLLQU, CLSQU (Compare-Less)
- CMDU, CMLQU, CMSQU (Compare-More)

Classify it into one of the following types:

## Compare-Less

- x*CLDU** - Compare-Less, Difference Unknown

- **CLLQU*x - Compare-Less, Larger Quantity Unknown
- **CLSQU*x - Compare-Less, Smaller Quantity Unknown

## Compare-More

- **CMDU** - Compare-More, Difference Unknown

- *xCMLQUx* - Compare-More, Larger Quantity Unknown
- **CMSQU*x - Compare-More, Smaller Quantity Unknown

## Step-by-Step Instructions

1. *xDetermine the Comparison Directionx*
- Is the problem asking *xhow many morexx, *xhow many fewerxx, or comparing one
group to another?
- If the focus is on **"less than"*x, it's a **Compare-Less** problem.
- If the focus is on **"more than”"xx, it's a **Compare-Morexx problem.

2. **Use the Compare Modelx*
According to the COMPS framework:
> Bigger = Smaller + Difference

Now fill in from the problem:

- x*Biggerxx: larger quantity

- x*Smaller**: smaller quantity

- *xDifferencexx: how much more or less
Mark whichever one is unknown.

3. **xIdentify the Unknownxx*
Which of the three quantities is missing?
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- xxDifference Unknownxx -> %_DU
- *xLarger Quantity Unknownx* -> x_LQU
- *xSmaller Quantity Unknown** -> %_SQU

Do not rephrase or restate the problem in a different form.
Always classify based on the original sentence structure and comparison direction.

Problem:
<one problem per line...>

Respond strictly in the following JSON format with no extra commentary:
{
"reasoning”: "<explanation of your reasoning in full sentences and connected
thoughts>",
"subcategory”: "CLDU | CLLQU | CLSQU | CMDU | CMLQU | CMSQu”
}
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.3 Schema Mapping Prompt
Change..

You are solving a **xChange*x word problem using the COMPS model:
> Start +/- Change = End

## Step-by-Step Guide
1. Determine if the problem describes an *xincrease*x (Join) or **decrease** (
Separate) in quantity.
2. Identify the three model parts:
- x*%Start*x: the amount before anything happened
- *xChange**: the amount added or taken away
- x*End**: the result after the change

## Your Task

1. Extract the values from the story.

2. Assign each number to the correct model label: start, change, end.
3. If a value is unknown, write null.

4. Calculate the missing value, and assign it to answer.

5. Explain your steps clearly.

Example Output:
{{
"modelAnswers”: {{
"start": 12,
"change”: null,
"end": 18
13,
"answer”: 6,
"reasoning”: "12 + ? =18 -> 18 - 12 = 6, so the change is 6."
13
IMPORTANT: All values in modelAnswers must be numbers or null. Do not include
mathematical expressions like "2 + 2" - calculate the result and write "4"

instead.

Problem:
<one problem per line...>

Only return the JSON object.

Combine..

\You are solving a **Combine** word problem using the COMPS model:
> Part 1 + Part 2 = Whole
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## Step-by-Step Guide

1. Identify the three values:
- *x%Part 1xx: the first part of the group
- x%Part 2xx: the second part of the group
- x*Whole*x: the total after combining

## Your Task

1. Assign values to partl, part2, and whole.
2. Use "null” for the missing part.

3. Calculate the answer.

4. Explain your math clearly.

Example Output:

{{
"modelAnswers”: {{
"part1”: 4,
"part2": 6,
"whole"”: null
1,
"answer”: 10,
"reasoning”: "4 + 6 = 10, so the total is 10."
13
IMPORTANT: All values in modelAnswers must be numbers or null. Do not include
mathematical expressions like "2 + 2" - calculate the result and write "4"
instead.
Problem:

<one problem per line...>

Respond strictly in the following JSON format with no extra commentary:

{

"reasoning”: "<explanation of your reasoning in full sentences and connected
thoughts>",
"subcategory”: "CPU | CwWU"
}
Compare..

[
\You are solving a **Compare*x* word problem using the COMPS model:
\> Bigger = Smaller + Difference
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## Step-by-Step Guide

1. Identify the quantities:
- x*Biggerxx: the larger amount
- x*Smaller*x*: the lesser amount
- **Difference*x: how much more or fewer

## Your Task

1. Assign values to bigger, smaller, and difference.
2. Use "null” for the unknown one.
3. Solve for the answer and explain how.

Example Output:

i

"modelAnswers”: {{
"bigger"”: null,
"smaller”: 4,
"difference”: 2

13,
"answer": 6,
"reasoning”: "Bigger = 4 + 2 = 6, so the bigger amount is 6."
33
IMPORTANT: All values in modelAnswers must be numbers or null. Do not include
mathematical expressions like "2 + 2" - calculate the result and write "4"
instead.
Problem:

<one problem per line...>

Respond strictly in the following JSON format with no extra commentary:
{
"reasoning”: "<explanation of your reasoning in full sentences and connected
thoughts>",
"subcategory”: "CLDU | CLLQU | CLSQU | CMDU | CMLQU | CMsSQu”
3
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4 Story Grammar Generation Prompt

Schema Information.

{
CJPU:

CIWU:
CSPU:
CSWU:

e e N )

CMDU: {
model: "Bigger = Smaller + Difference”,
boxes: ["bigger", "smaller", "difference"],
1,
CMLQU: {
model: "Bigger = Smaller + Difference”,
boxes: ["bigger", "smaller", "difference"],
1,
CMSQU: {
model: "Bigger = Smaller + Difference”,
boxes: ["bigger", "smaller", "difference"],
1,
CLDU: {
model: "Bigger = Smaller + Difference”,
boxes: ["bigger", "smaller", "difference"],
1,
CLLQU: {
model: "Bigger = Smaller + Difference”,
boxes: ["bigger", "smaller", "difference"],
1,
CLSQU: {
model: "Bigger = Smaller + Difference”,
boxes: ["bigger", "smaller", "difference"],

+,
1

model: "Start + Change = End", boxes:
model: "Start + Change = End", boxes:
model: "Start - Change = End”, boxes:
model: "Start - Change = End", boxes:
CPU: { model: "Partl + Part2
CWU: { model: "Partl + Part2

= Whole"”, boxes:
= Whole"”, boxes:

["start”,
["start”,
["start”,
["start”,
["part1”,
["part1”,

"change”, "end"] 3},
"change”, "end"] 3},
"change”, "end"] 3},
"change”, "end"] 3},
"part2”, "whole"] 1},
"part2”, "whole"] 3},

Prompt with data from Schema Information.

You are an expert elementary math teacher helping a student solve a word problem

using the COMPS (Conceptual Model-Based Problem Solving) framework.

The student is in Grades 1-4 and needs clear, supportive help understanding what

to do at each step.

Problem:

<one problem per line...>
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Subtype: ${subtype}

Model Type: ${modelInfo.model}

Equation Parts: ${modelInfo.boxes.join(", ")}
Model Answers: ${modelAnswers}

Final Answer: ${answer}

Your Task

Generate a list of ${modelInfo.boxes.length} questions - one for each model part -
that will help the child fill in the model equation.

For each part, generate:

- x*text**: a simple story grammar question in the student's language

- x*%boxTarget**: the model box it refers to (e.g., "start”, "whole")

- x*context**: a friendly explanation of what the story grammar question asks,

using warm, simple language for young readers in grades 1-4.

Keep the tone warm and supportive, as if you're sitting next to the child.
Do **not** rephrase the problem. Do x*notx* give away the answer.

Qutput Format:

L
{«
"text": "Story grammar question for the student”,
"boxTarget"”: "start”,
"context”: "a friendly explanation of what the story grammar question asks,
using warm, simple language for young readers in grades 1-4."
13,
]

Use clear and natural language. Do not use math words like "variable” or "term”.
Use the actual items from the story where it helps.

Now write the JSON array.
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.5 COMPS Additive Subtype Groups

Super-category Subtype codes

Change Change—Join, Part Unknown (CJPU)
Change—Join, Whole Unknown (CIWU)
Change—Separate, Part Unknown (CSPU)
Change—Separate, Whole Unknown (CSWU)

Combine Combine, Part Unknown (CPU)
Combine, Whole Unknown (CWU)
Compare Compare—Less, Difference Unknown (CLDU)

Compare-Less, Larger Quantity Unknown (CLLQU)
Compare-Less, Smaller Quantity Unknown (CLSQU)
Compare—More, Difference Unknown (CMDU)
Compare—More, Larger Quantity Unknown (CMLQU)
Compare—More, Smaller Quantity Unknown (CMSQU)

Table 6. COMPS additive subtypes grouped by super-category.
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.6  COMPS Subtype Decision Cards
.6.1 Change Decision Card

Schema: Start + Change = End.

Change case Subtype rule (by unknown role)
Join (increase) Start and Change are parts; End is the whole.
Unknown Start or Change = CJPU; Unknown End = CIJWU.
Separate Start is the whole; Change and End are parts.
(decrease)

Unknown Start = CSWU; Unknown Change or End = CSPU.

Table 7. COMPS Change case and decision rule.

.6.2 Combine Decision Card

Schema: Part; + Part, = Whole.

Combine case Subtype rule (by unknown role)

Combine (no Part; and Part, are parts; Whole is the total.
temporal change)
Unknown Whole = CWU; Unknown Part; or Part; = CPU.

Table 8. COMPS Combine case and decision rule.

.6.3 Compare Decision Card

Schema: Bigger = Smaller + Difference.
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Compare case

Subtype rule (by unknown role)

Compare-More

Compare-Less

Use original wording to set direction (“‘more than); map with
Bigger = Smaller + Difference.

Unknown Difference = CMDU; Unknown Bigger = CMLQU;

Unknown Smaller = CMSQU.

Use original wording to set direction (“less/fewer than); map
with Bigger = Smaller + Difference.

Unknown Difference = CLDU; Unknown Bigger = CLLQU;

Unknown Smaller = CLSQU.

Table 9. COMPS Compare cases and decision rules.
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.7 Dataset Brief

Locations (frozen at commit).. All files used for Tier 1 evaluation are pinned at commit
35133f459d58cf31celd2d3fb447cale15067bad of the project repository.

* Evaluation Input Dataset ai_evaluator/data/

— Balanced set of 120 additive word problems (10 per COMPS subtype across
PPW/AC)

* Evaluation Output Dataset server/seed/

— Per-item LLM predictions (category, subtype, modelAnswers, answer, ratio-
nale)

— Ground-truth echo for each item and pass/fail flags (mapping/answer)

* Not used in scoring (for provenance only): old/testing_data, old/training_
data (prompt-development pools; excluded from Tier 1)

Model-output record schema (evaluation output). Each scored record in server/
seed/ follows:

{
"modelName”: "Anthropic: Claude Sonnet 4",
"problem”: "5 tables were brought ... How many tables were there before?”,
"output”: "free-text rationale for super-category”,
"category"”: "Change", // predicted super-category
"subcategory”: "CJPU", // predicted subtype (12-way)
"subReasoning”: "free-text rationale for subtype”,
"tokenUsage": { "prompt"”: 452, "completion"”: 227, "total": 679 },

// category-specific mapping (numbers or null only)
"modelAnswers”: { "start”: null, "change": 5, "end”: 15 },
"answer”: 10, // predicted numeric answer
"reasoning”: "one-sentence computation explanation”,

// ground truth + checks used for scoring

"groundTruthCategory”: "Change",

"groundTruthSubcategory”: "CJPU",

"groundTruthAnswer”: 10,

"groundTruthModelAnswers”: { "start”: null, "change"”: 5, "end": 15 3},
"isModelMappingCorrect”: true,

"isAnswerCorrect”: true
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.8 SEN-friendly think-aloud protocol

.8.1 Preparation (10 minutes)

8.2

8.3

Conduct the session in a quiet, familiar space (preferably the pupil’s regular
learning area).

Provide a simple instruction sheet or read aloud:

“I want you to talk out loud about what you’re thinking as you use
the app to solve each math problem. Say whatever comes into your
head—there are no right or wrong words.”

Demonstrate with a non-math example (e.g., finding a toy on a screen) and model
self-talk: “I’m clicking here because...” so the pupil understands the idea of
verbalising thought processes.

Visual supports for SEN accessibility
Green cue-card ( Talk) — pupil holds when speaking.

Red cue-card ( Stop) — pupil holds if they need a break or are stuck.

Timer icon — shown after ~2 minutes of thinking aloud to remind them they can
pause or request a “wiggle break”.

Session script (per pupil, ~20 minutes)

. Warm-up (2 minutes) Ask the pupil to describe out loud something trivial (e.g.,

“Tell me what you’re thinking as you brush your teeth.”) to practise continuous
talking.

. Task rounds (3 problems x 4 minutes each = 12 minutes)

(a) Present the word problem in the Nutikas app.
(b) Prompt: “Let me hear everything you’re thinking as you read and solve it.”

(c) Sit slightly to the side; do not point or suggest answers. If silent for >10 s:
“Keep talking!”

. Short debrief after each problem (1 minute each = 3 minutes)

“What did you find easy? What was hard?”

General wrap-up (3 minutes)
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“If you could change one thing about the app to make it better, what
would it be?”

Note any body-language cues (frustration, delight, hesitation).

8.4 SEN adaptations

* Breaks on demand: pupil may hold the card at any time to pause for up to 30
seconds.

* Pre-written prompt scripts in simple language, e.g.: “Can you tell me why you
tapped that blue button?” “What are you thinking now?”

* Chunk timing: sessions chunked to avoid overload, with planned pauses between
problems.

8.5 Critical incident observation sheet template

Time- Task ID Incident description Code (Engage- COMPS stage Severity (1—-
stamp ment / Navigation (Read / Map / 3)
/ Reasoning) Compute)
00:03 Q1 Hesitated on “fewer” Reasoning Map 2
00:05 Ql Clicked “Next” for help Navigation Compute 1

Table 10. Template for logging think-aloud critical incidents.
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9 Adapted SUS-Kids instrument and scoring

Two SEN pupils (Pupil A and Pupil B) completed the 12-item adapted SUS-Kids ques-
tionnaire using a 5-point smiley-face Likert scale (1 = strongly disagree; 5 = strongly
agree). Items included both positively and negatively worded statements about the
usability and enjoyment of the Nutikas app. Table 11 shows the raw scores for each item.

#  Item Pupil A Pupil B
1 Iwould like to play Nutikas a lot more. 4 5
2 Nutikas was hard to play. 3 4
3 Ithought Nutikas was easy to use. 4 5
4 I would need help to play Nutikas more. 2 1
5  Iknew what to do next when I played Nutikas. 5 5
6  Some things in Nutikas made no sense. 3 3
7 Nutikas would be easy for my friends to learn. 1 5
8  To play Nutikas I had to do some weird things. 2 3
9 I was proud of how I played Nutikas. 5 3
10 There was a lot to learn to play Nutikas. 4 2
11 Playing Nutikas was fun. 4 5
12 Iplan on telling my friends about Nutikas. 5 4

Table 11. Raw SUS-Kids scores for two SEN pupils (1 = strongly disagree, 5 = strongly agree).

Scoring procedure.. For SUS-style scoring, only items 1-10 are used. Positively
worded items (odd-numbered) are scored as (raw — 1), negatively worded items (even-
numbered) as (5 — raw). The adjusted scores are summed (range 0-40) and multiplied
by 2.5 to produce a score out of 100.

Results..

* Pupil A: SUS = 62.5 — slightly below the conventional “average usability” thresh-
old of 68.

e Pupil B: SUS = 75.0 — above average, indicating strong perceived usability.

Both pupils reported that they knew what to do next, could use the app largely without
help, and enjoyed the experience (Items 11-12). Engagement scores were high (Pupil A:
4, 5; Pupil B: 5, 4), aligning with think-aloud observations that both pupils were more
engaged than with traditional materials.

The lowest score for Pupil A was “My friends could learn it easily” (score 1),
suggesting that while the app felt usable personally, it may feel more challenging for
peers with different needs.
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Overall, these results are encouraging given the small sample size and SEN context,
with Pupil B consistently more positive across items.
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.10 Explanation Coherence and Accessibility Rubric (ECA-SEN)

The ECA—SEN rubric evaluates model-generated explanations across four dimensions:

1. Logical Flow & Coherence — clarity, order, and thematic unity of ideas.

2. Linguistic Accessibility — plain language, sentence length, and vocabulary suit-
ability for SEN learners.

3. Cognitive Load & Scaffold — use of chunking, icons, and step-by-step support
to minimise cognitive demands.

4. Multi-modal Alignment — consistency between text, visuals, and other modes.

Each dimension is scored on a 1-5 scale (1 = very poor, 5 = excellent), with detailed
descriptors for each score level (Table 12).

Dimension

5 — Excellent

4 — Good

3 — Adequate

2—Poor/1— Very
Poor

Logical Flow &
Coherence

Linguistic Acces-
sibility

Cognitive Load
& Scaffold

Multi-modal
Alignment

Clear begin-
ning—middle—end,
explicit transitions,
no digressions.

All sentences < 15
words, everyday vo-
cabulary, zero jar-
gon.

Fully chunked steps,
headings, bullets,
supportive visuals/i-
cons.

Perfect match be-
tween text and vi-
suals (labels, colour
coding).

Minor lapses (e.g.,
one weak transition)
but overall easy to
follow.

1-2 sentences over
20 words; one mild
abstract term.

Mostly chunked; one
information-dense
segment.

Minor mismatch,
meaning still clear.

Occasional missing
links; reader must in-
fer once or twice.

Several long sen-
tences or  unex-
plained Tier-2
words.

Long paragraph or
missing icon may tax
working memory.

Partial misalignment
(e.g., unlabeled ar-
row).

Disordered or illogi-
cal steps; reader can-
not construct mental
model.

Frequent complex
sentences or unfa-
miliar  vocabulary
throughout.

Dense block text, no
visuals, high risk of
overload.

Contradictory or
missing visuals.

Table 12. ECA-SEN rubric scoring criteria (1-5 scale).

.10.1 Teacher Ratings and Observations

Based on teacher evaluation of the Nutikas app explanations for SEN pupils:

* Logical Flow & Coherence: 3 — The connection between conceptual and arith-
metic steps was sometimes unclear. For example, the grammar story section could
display “Great! You’ve completed all the story grammar prompts” even when the
model equation was incomplete or incorrect. A corrective prompt earlier in the
process would prevent pupils from continuing with an invalid equation.
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* Linguistic Accessibility: 5 — Clear, age-appropriate, and accessible to SEN
pupils; vocabulary is simple and instructions are easy to follow.

* Cognitive Load & Scaffold: 4 — Scaffolded well overall, but repeated “Next”
clicks may lead to distraction or fatigue. The question mark symbol for the
unknown could be replaced with a direct prompt such as “Find the missing number”
to further reduce ambiguity.

* Multi-modal Alignment: S — Strong alignment between text, visuals, and inter-
actions. Additional modes (e.g., audio) could be explored, but the current setup is
coherent and effective for the intended audience.
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.11 Teacher dashboard analytic rubric and interview results
.11.1 Materials

Teachers evaluated the Nutikas dashboard using the Teachers Analytic Rubric (Ap-
pendix .11.3), which rates five key dimensions on a 5-point scale, with assigned weights
for scoring. Each dimension contains descriptors for Very Poor (1) through Excellent (5)
performance.

In addition, teachers participated in a Semi-Structured Interview (Appendix .11.4)
designed to elicit qualitative feedback linked to their rubric ratings. The interview
explored navigation, assignment control, analytics clarity, actionable feedback, and
pedagogical alignment.

1. Analytic rubric (quantitative scores by dimension, weighted means).
2. Semi-structured interview prompts with targeted follow-ups.

3. Observations on feature usability and alignment with COMPS pedagogy.

11.2 Results

Dimension Meanscore SD % >4 n Representative comments

Navigation & Efficiency 4.0 —  100% 1 Navigating from the class view to an individ-
ual pupil’s work is straightforward. Would be
useful to show a full list of completed tests
per student rather than only general scores.
Sorting and date-filter features exist but are
underdeveloped.

100% 1 Creating a new quiz is easy. Suggestion: add
an option to print problems (with model equa-
tions, without grammar stories) for in-class
or homework use, to assess performance with
less scaffolding.

Analytics Clarity & Accuracy 3.0 - 0% 1 The “accuracy” score is unclear; no immedi-
ate explanation of what it represents. Teach-
ers want a clear description of its pedagogical
meaning and calculation method.

Actionable Feedback 4.0 — 100% 1 Helps identify problem types the class strug-
gles with, but more insight into whether er-
rors are conceptual or arithmetical is desired.

100% 1 Excellent alignment with COMPS pedagogy,
offering clear advantages over traditional
keyword-based instruction.

Assignment Control 4.5

Pedagogical Alignment 5.0

Table 13. Teacher analytic rubric results with representative qualitative comments (n = 1 teacher).
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Overall, teachers rated the dashboard highly for assignment control, pedagogical
alignment, and ease of navigation. Key suggestions included clearer analytics definitions,
expanded error-type breakdowns, and minor improvements to navigation features.

.11.3 Teachers Analytic Rubric

Dimension Weight — Very 2 — Poor 3 — Adequate 4 — Good 5 — Excellent
Poor
Navigation & Ef- x1  Frequent dead Path discover- Main tasks in Most tasks in Core tasks in
ficiency ends; >5 clicks able but takes 3 clicks; layout 2 clicks; clear 1-2 clicks; log-
to reach core 4-5 clicks; predictable but labels, back- ical grouping,
data; no bread- trial-and-error. cluttered. trail; minor breadcrumb,
crumb. redundancy. no wasted
steps.
Assignment x1  Cannot assign Can create Choose Fine-grain Full  control,
Control tasks or adjust set but no schema or control over save templates,
due dates; only schema/diffi-  difficulty; schema, dif- preview pupil
default set. culty control; due date & ficulty, due view, schedule
due date ed- hints toggle date, hints; release.
itable. available. bulk-assign.
Analytics Clarity x2  Percent- Percent- Definition Drill-down to Transparent
& Accuracy correct un- correct visible tooltip; correct item level; er- formulae,
clear; graphs but undefined; item counts; ror bars; reli- colour-blind-
misleading or confusing limited drill- able live sync. safe  graphs,
wrong totals. scales. down. exportable
CSV; anomaly
flags.
Actionable Feed- x1  No reteaching Generic Text hints; Schema- Adaptive sug-
back guidance; raw ‘“Needs help” printable work- specific gestions keyed
scores only. labels; no sheet link. misconception to each error;
schema hints. tags; reteach exemplar
tips; regroup explanations.
pupils.
Pedagogical x1  Conflicts with Neutral terms Correct Full COMPS Adds COMPS
Alignment COMPS terms; but inconsis- COMPS la- language, theory notes,
incorrect/miss- tent with pupil bels; visuals colour coding, sample gram-
ing models. view. match  pupil consistent mar  stories,

app.

model icons.

pacing cues.

Table 14. Teachers Analytic Rubric for Nutikas dashboard evaluation.

.11.4 Semi-Structured Interview Guide

1. Navigation & Efficiency “You rated Navigation # /5. Can you describe the
moment you felt slowed down?”” Follow-up: “Where would you expect that button

to live?”
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. Assignment Control “You rated Assignment # /5. Tell me about creating a new
set. What controls were missing for you?” Follow-up: “If we added just one more
option, which would help most?”

. Analytics Clarity & Accuracy “You rated Analytics Clarity # /5. Looking at
Pupil A’s accuracy graph, do you trust the number? Why or why not?”” Follow-up:
“What extra context would give you full confidence?”

. Actionable Feedback “You rated Feedback # /5. How useful were the error
explanations for planning tomorrow’s lesson?”” Follow-up: “Can you recall a time
feedback actually changed your teaching decision?”

. Pedagogical Alignment “You rated Pedagogical Alignment # /5. Does the dash-
board’s language match how you teach COMPS in class?” Follow-up: “Any
terminology you would rephrase to fit your practice?”

. Closing “If we could improve one thing before September, what would move the
needle the most?” Follow-up: “Anything else you’d like to add that we haven’t
covered?”
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.12 Critical incident log (Tier~2 think-aloud sessions)

Time Pupil Task ID Incident type COMPS stage  Severity Notes
ID
00:02 P03 Q5 Navigation er- Read 2 Opened unrelated menu before starting
ror to read; recovered without assistance.
00:05 P03 Q5 Reasoning hes- Map 3 Stopped mid-sentence, unsure how
itation “more than” related to numbers given.
00:08 P03 Q5 Engagement  Compute 2 Looked away from screen; resumed af-
drop ter prompt “Keep talking”.
00:04 P07 Q2 Misinterpretation Read 3 Read question incorrectly, reversed
roles of quantities; required re-reading.
00:06 P07 Q2 Accessibility  Map 1 Confused by term “fewer”; guessed in-
barrier stead of clarifying meaning.
00:03 P11 Q8 Calculation Compute 2 Performed subtraction correctly but en-
slip tered wrong answer due to keypress er-
ror.
00:07 P11 Q8 Engagement Map 1 Smiled and commented positively on
cue problem theme; maintained task focus.

Table 15. Example critical incidents logged during Tier 2 think-aloud sessions. Severity: 1 = low
impact, 3 = high impact.
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Acronyms

AC
Al
API

CAI
COMPS

ECA-SEN
EG

IQR
ITS

JSON
LLM
NAEP
ORM
PPW
REST
SBI
SEN

SUS

Ul

Additive Compare.
artificial intelligence.
application programming interface.

computer-assisted instruction.
Conceptual Model-Based Problem Solving.

Expert Conceptual Accessibility rubric for SEN.
Equal Groups.

interquartile range.
intelligent tutoring system.

JavaScript Object Notation.

large language model.

National Assessment of Educational Progress.
object-relational mapper.

Part—Part—Whole.

representational state transfer.

schema-based instruction.

special educational needs.

System Usability Scale.

user interface.
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Glossary

Bigger
chain-of-thought
Change

Change

Combine

Compare
computational error

conceptual misclassification

Difference

End
equation fidelity

error taxonomy

format-compliance rate

The larger of two compared quantities (Compare).

A prompting technique that elicits step-by-step
intermediate reasoning before the final answer.
The nonnegative magnitude that is added to or
removed from the start amount (Change).
Situations with a before/after state where a quan-
tity increases (join) or decreases (separate).
Part—Part—Whole situations where two or more
parts compose a whole.

Situations that contrast two quantities via a differ-
ence.

Arithmetic mistake given a correct schema and
correct numeral-to-slot mapping.

Assigning the wrong super-category (Change/-
Combine/Compare) or wrong COMPS subtype.

How much larger one quantity is than the other
(Compare).

The amount after the change occurs (Change).
Exactness of placing all numerals from the prob-
lem into the correct COMPS schema slots (e.g.,
Start, Change, End; Bigger, Smaller, Difference).
For Combine, part order is not penalized; for
Compare, bigger/smaller must follow the origi-
nal wording.

Three-way categorization used in analysis: con-
ceptual misclassification (wrong schema/sub-
type), mapping error (wrong numeral-to-slot as-
signment), and computational error (arithmetic
mistake given a correct mapping).

Proportion of model outputs that conform to the
required JSON schema (correct keys, types, and
structure). Used to separate formatting failures
from reasoning errors, though non-compliance
still counts against accuracy.

64



generalized model equation
graphic organizer

ground truth

hallucination

learner model

Likert scale

mapping error

monorepo

Part

role priming

scaffold

schema mapping
Smaller

Start
story-grammar prompt

SUS-Kids

A template equation that captures a situation’s
quantitative structure (e.g., Part + Part = Whole).
A visual layout (e.g., schema/diagram) used to
structure problem information.

reference answers or labels used to evaluate pre-
dictions.

In LLMs, a fluent but incorrect or unsupported
statement produced with unwarranted confidence.

An internal representation of a student’s knowl-
edge, skills, and misconceptions used by a tutor-
ing system.

Ordered response scale used for attitudinal ques-
tionnaires.

Correct type identified, but numerals are assigned
to incorrect COMPS schema slots.

a single repository containing multiple related
services/components.

A component that combines with another part to
form a whole (PPW).

Framing a prompt by assigning the model a role
(e.g., teacher, grader) to guide style and behavior.

An instructional support that guides learners step
by step and is gradually faded as competence in-
creases.

The assignment of story quantities to the roles in
a generalized model.

The smaller of two compared quantities (Com-
pare).

The amount before a change occurs (Change).

A guided comprehension question that helps map
story details to model roles.

Child-friendly adaptation of the System Usability
Scale for ages 7—-11.
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think-aloud

time-on-task

unknown position

virtual manipulative

visual cueing

Whole
word problem

Protocol in which participants verbalize their
thoughts while performing a task.

the time a learner spends actively working on an
item or session.

Which role in the model is the unknown (e.g., part
vs. whole; start vs. change vs. end).

Interactive digital objects that help students model
quantities and operations.

Use of highlights, color, or emphasis to direct
attention to relevant information.

The total amount composed of parts (PPW).

A mathematics problem stated as a short story
that must be interpreted and modeled to solve.
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