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Automatic Prediction of Elementary Mathematics
Item Difficulty Using Large Language Models:
Focusing on Grade 5 Mathematics Items
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ABSTRACT

This study proposes a method for automatically predicting the difficulty of grade
5 elementary mathematics items using large language models (LLMs). To this end,
encoder-based, encoder-decoder-based, and decoder-based LLMs were fine-tuned
on a public dataset and compared with machine learning-based models and non-
fine-tuned LLMs. The results show that fine-tuned decoder-based LLMs achieved
the best performance on both seen and unseen items across semesters and
domains. Furthermore, attention-based analysis indicates that higher-performing
models attend more to item words that are closely related to curriculum-based
concepts.
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Table 1. Statistics of Dataset

Level of Number Proportion (%)
Schooll | Sfade ) ot : :
Cioe Oif ligenn High Middle Low
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Table 3. Statistics of Preprocessed Data (N=8,565)
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Table 4. Example of Concatenated Item Text

Item Text Example

@ Topic (question_topic_name):
Understanding Multiples

@ Problem (question_text):
A number from 1 to 60 is placed in [J so that the result of the calculation
becomes a multiple of 6. How many numbers can be correctly placed in [1?

312+

@ Sample Answer (answer_text):

Since 312 + 6 = 52, 312 is a multiple of 6, and thus [J must also be a
multiple of 6. Among the numbers from 1 to 60, the multiples of 6 are 6 X 1
=6,6 X 2=12,+-,6 X 10 = 60. Therefore, there are 10 such numbers.
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addition, subtraction, multiplication, division, factor, multiple, round up,
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Figure 1. Model-wise Mean Performance over 5-Fold Cross—
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Table 7. Mean Performance of Math Item Difficulty Prediction in a
Different Semester in Terms of Quadratic Weighted Kappa (QWK)
and F1 Score over 5-Fold Cross—Validation with Standard Deviations
in Parentheses
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Figure 3. Mean Performance of Math Item Difficulty Prediction on
Different Topics in Terms of Quadratic Weighted Kappa (QWK) and
F1 Score over 5-Fold Cross—Validation.
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Table 8. Case Study 1 of Top—20 Attention Words of LLMs (Topic:
Number and Operations)

Category Case
@ Topic:
Understanding Multiples
@ Problem:

A number from 1 to 60 is placed in [ so that the
result of the calculation becomes a multiple of 6.
How many numbers can be correctly placed in [1?
312+ 0

@ Sample Answer:

Since 312 + 6 = 52, 312 is a multiple of 6, and
thus [J must also be a multiple of 6. Among the
numbers from 1 to 60, the multiples of 6 are 6 X
1=6,6X2=12, , 6 X 10 = 60. Therefore,
there are 10 numbers in total.

Item Text

LLaMA=3B (w/o multiples of, therefore, 6, sample answer, be, 312,
and, numbers, how many, multiple, of 6, thus [,
also, ++++-+ , 312 is, so, among, 1 to, problem, topic

10, total, 312 + [, «+--- , 10 = 60, topic, 6 = 52,
to 60, multiple, how many, correctly, [J, thus [J,
among, multiples of, 312 is, and, +,1=6, 1 to

10, are, also, 10 = 60, [, 312 + [, 312, and, 312
is, multiples of, therefore, 6, correctly, sample
answer, how many, to 60, 1 to, topic, problem,

thus [J

6=152 312+ I:l 10, total, 10 = 60, X, thus [J,
312 s, =oee , 1 to, 312, multiple, 1—6 2=
12, multlple of to 60, how many, multlples of,
calculation

fine—tuning)

LLaMA-3B
(w/ fine—tuning)

LLaMA-3B
(w/ fine—tuning)

LLaMA-8B
(w/ fine—tuning)

number, natural number, fraction, numerator,
denominator, decimal, addition, subtraction,

Key Curriculum T - .
¥ multiplication, division, factor, multiple, round

Table 9. Case Study 2 of Top—20 Attention Words of LLMs (Topic:
Number and Operations)

Category Case
@ Topic:
Making Equivalent Fractions Using Multiplication
@ Problem:

Read the dialogue and write the name of the
person who made an incorrect statement.
Seonwoo: 2/6 and 1/3 have the same value.
Yejin: If you multiply both the numerator and
the denominator of 3/5 by 7, you can make an
equivalent fraction, 21/35 .

Sangsu® You can make an equivalent fraction
by multiplying both the numerator and the
denominator by the any one and the same
number.

@ Sample Answer:

To make equivalent fractions, both the numerator
and the denominator must be multiplied by the
same non—zero number.

Item Text

dialogue, multiplication, value, can, 2/6, Sangsu,
Yejin, same, incorrect, name, using, topic, making,
21/35, any, read, Seonwoo, make, write, problem

LLaMA-3B (w/o
fine—tuning)

to, make, write, can, dialogue, Seonwoo, 2/6,
multiplication, incorrect, 21/35, non-zero,
multiply, read, denominator, 1/3, 3/5, person,
Sangsu, fraction, Yejin

LLaMA-3B
(w/ fine—tuning)

B any, value, 3/5, multiply, 2/6, fraction, can,
LLaMA-8B (w/o read, 3/5, Sangsu, dialogue, incorrect, Seonwoo,

fine-tuning) problem, Yejin, person, 7, make, same, topic
2/6, 21/35, 3/5, non-zero, any, multiply,
LLaMA-8B person, to, can, denominator, 1/3, numerator,

value, fraction, number, Sangsu, fractions, write,
multiplying, Yejin

(w/ fine—tuning)

number, natural number, fraction, numerator,
denominator, decimal, addition, subtraction,
multiplication, division, factor, multiple, round
up, round down, round, number range, mixed
operations, calculation, +, =, X, +, =), <

Key Curriculum
Terms

-l
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