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Introduction: Many teachers consider real-life tasks problematic for students

because of their linguistic demands. However, it is unclear how the linguistic

demands of real-life tasks actually affect students’ solution rates for these tasks.

Method: Against this background, this experimental study systematically varied

the linguistic demands of real-life mathematical tasks. It examined (1) the extent

to which teachers (N = 72) estimate the influence of linguistic modifications on

students’ solution rates, (2) the extent to which linguistic modification influences

actual student test results (N = 1,346), and (3) whether students’ language skills

mitigate this effect.

Results: The results showed that the teachers expected linguisticmodification to

strongly influence the students’ problem-solving processes (effect sizes: 0.73 <

d < 1.67). However, the effect size for the actual student performance (d = 0.12)

was considerably lower than the teachers’ expectations.

Discussion: The findings indicate that in mathematics teachers’ education,

additional attention should be paid to the role of language in solving reality-based

tasks.

KEYWORDS

linguistic modification, mathematical word problems, reality-based tasks, teachers’

expectations, teachers’ beliefs

Introduction

Mathematical problem-solving tasks embedded in real-world contexts, commonly

known as reality-based tasks, are challenging for both educators and students. Unlike

traditional mathematical exercises, these require students to not only apply mathematical

concepts but also comprehend and interpret textual information within a contextual

scenario (Khoshaim, 2020). Consequently, they are often perceived as particularly

demanding and can pose significant hurdles for students, especially those with varying

language proficiency levels.

Within the educational landscape, recognition of the intricate interplay between

students’ language proficiency and their performance on mathematical text tasks is

growing (Prediger et al., 2018). However, the exact mechanisms underlying this interplay,

particularly in the context of reality-based tasks, remain elusive. Moreover, research

investigating teachers’ perceptions of students’ difficulties with reality-based tasks and the

accuracy of these perceptions is lacking.

Understanding how teachers perceive students’ difficulties is crucial for several

reasons. Misalignments between teachers’ perceptions and students’ actual performance
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may impede effective instructional planning and hinder

students’ academic progress. By identifying and addressing

these discrepancies, educators can optimize their support strategies

and create more inclusive learning environments that cater to all

students’ diverse needs.

However, existing studies’ methodological limitations pose

a notable challenge in addressing this research gap. Non-

experimental approaches often struggle to disentangle the dual

demands of mathematical content and linguistic comprehension

inherent in reality-based tasks (e.g., Walkington et al., 2018).

Non-experimental studies investigating how language demands

affect solution rates in mathematical text tasks frequently rely on

data from large-scale assessments with large data sets. However,

in these studies, mathematically demanding tasks are often

those with higher linguistic demands, making it difficult to

distinguish between the two aspects of tasks. These effects can

only be investigated separately through systematic experimental

variation of linguistic and mathematical demands. Thus, rigorous

experimental designs that systematically manipulate the language

demands of reality-based tasks while controlling for mathematical

complexity are necessary.

This study aims to address this research deficit by employing

a rigorous experimental design. By systematically varying the

language demands of reality-based tasks while keeping the

mathematical content constant, we investigate the impact on

teachers’ expectations and students’ actual performance, while

accounting for students’ varying levels of language proficiency.

Through this approach, we aim to provide valuable insights into the

nuanced relationship between linguistic demands, mathematical

content, and student outcomes in the context of reality-based tasks.

Theoretical background

This section describes the process of solving reality-based

mathematical tasks. Subsequently, we illustrate the language

process’s role in solving such tasks and elaborate on student

characteristics that affect their ability to respond to them.

Furthermore, we elaborate on teachers’ attitudes concerning

students’ language difficulties with mathematical tasks. Finally, we

review empirical studies that have rigorous experimental designs

with varying linguistic task attributes.

Solving reality-based mathematical tasks

Reality-based tasks (Blum and Leiss, 2007) involve authentic

problem situations in a realistic setting. They are usually presented

in a descriptive text (Verschaffel et al., 2020) and play a strongly

growing role in mathematics education [e.g., Boaler, 2001; National

Council of Teachers of Mathematics (NCTM), 2003]. How a

student approaches such a task—and, subsequently, its degree of

difficulty—is principally determined by the mathematic demands

it contains, such as the mathematical attributes and competencies

focused or the number and kind of mathematical operations

required (Blomhøj and Jensen, 2003; Maaß, 2010; OECD., 2003;

Schleicher et al., 2009).

All phases in a reality-based mathematical task’s solution

process contain potential difficulties for students (Galbraith and

Stillman, 2006; Newman, 1977; Stillman et al., 2010). However, the

first step is reading and comprehending the text prompt (Blum and

Leiss, 2007; Leiss et al., 2019), where the reader seeks to establish the

task situation’s mental model that sets the foundation for a precise

understanding (Heine et al., 2018). Following the established

models of reading, this comprehension process can be understood

as the construction of a situation model, an individual cognitive

representation, with a combination of the bottom-up and top-down

processes. The textual elements are decoded and provide situational

data; however, they are simultaneously interpreted based on prior

knowledge and integrated into the existing knowledge structures

(Kintsch and van Dijk, 1978; McNamara et al., 2010; Caccamise

et al., 2008). Comprehension can be considered successful when

the readers’ resulting situation model converges with the author’s

intended meaning (Reusser, 1989). In reality-based tasks, the

text comprehension processes form the basis for any appropriate

application of mathematical knowledge and skills, thus putting

particular weight on this element (Cummins et al., 1988), especially

since the presentation of an authentic problem situation from daily

life often requires an extensive text, compared to word problems

describing only a simple situation (“In a bowl, there are two apples

and three pears...”). Therefore, reality-based tasks often require

high language proficiency (Leiss et al., 2019). Several studies have

shown that comprehension problems in this phase cause errors

in the following solution steps (Leiss et al., 2010; Mayer and

Hegarty, 1996; Wijaya et al., 2014). Thus, language proficiency is an

essential student variable, comprising the ability to decode words

and sentences, as well as strategies such as analyzing text structure,

summarizing, or annotating texts (Artelt et al., 2009).

Role of the language process in solving
reality-based mathematical tasks

A general and extremely basic assumption in general linguistics

is that language provides various alternatives for expressing ideas.

Hence, the same content can be linguistically represented in diverse

ways (Cummins, 2000, 2008; Schleppegrell, 2007, 2010, 2012). One

can decide on the vocabulary level regarding how to present ideas

verbally. One can use highly frequent verbs and nouns with a

clear, straightforward meaning, with which even beginners will

be familiar. Alternatively, one can utilize infrequent vocabulary

poorly represented in everyday linguistic input. One can use short

sentences with an evident, canonical structure or compress large

amounts of information into one single, complex sentence. Most

conceptual contents and ideas always have several possibilities of

linguistic expression that can theoretically serve the same purpose.

However, they could differ in readability and be more difficult to

understand for students with low language competencies.

Accordingly, the same reality-based tasks can be presented

in linguistically different versions. Imagine two different variants,

A and B, of realistic tasks. Variant A presents a reality-based

situation regarding a mathematical task with highly familiar

vocabulary and simple sentence structures. Variant B denotes the

same situation through infrequent vocabulary and long, complex
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syntactic structures. The mathematical demands for solving both

tasks are the same; however, Variant B obviously requires higher

text comprehension demands than Variant A. Since the former

will put greater constraints on linguistic knowledge and processing,

students with identical mathematical skills will presumably score

lower on Variant B than A.

A comprehensive study on the influence of language factors

on solving mathematical tasks was conducted by Walkington et al.

(2018). Using data from 20 years of the National Assessment

of Educational Progress (NAEP) and Trends in International

Mathematics and Science Study (TIMSS), they examined the

effect of readability factors such as word length, polysemous and

technical vocabulary, vocabulary size, and syntactic complexity in

mathematics word problems on students’ solution rates. The results

of the analyses showed that these factors influenced the difficulty

of the mathematics word problems and that they also interacted

to some extent with students’ background characteristics, such as

race/ethnicity, math achievement, and socioeconomic status.

Student characteristics that affect solving
reality-based mathematical tasks

Students’ mathematical and language proficiency can be

considered one of the most important characteristics influencing

the likelihood of successfully solving a mathematical word problem

(Prediger, 2019).

The level of students’ mathematical knowledge and skills affects

the identification of mathematical relationships and concepts when

solving mathematical word problems, for instance, by identifying

mathematical operation patterns. In several studies, pre-knowledge

was the most significant predictor of achievement (Nguyen et al.,

2016; Hailikari et al., 2008). Furthermore, mathematical problem-

solving strategies (Schoenfeld, 2014; Polya, 1945) are also relevant.

Regarding reality-based math tasks, researchers have emphasized

the importance of problem-solving strategies as mental tools for

solving mathematical tasks (Capraro et al., 2012; Galbraith and

Stillman, 2006; Schukajlow and Leiss, 2011). Leiss et al. (2019) and

Wienecke et al. (2023) showed that strategies such as note-taking

are conducive to finding solutions to reality-based math problems.

A sufficient language proficiency level is essential to develop

a proper situation model for reality-based tasks. Specifically,

presenting an authentic situation from daily life is often provided

by a considerably longer text than “traditional” word problems.

Thus, such tasks often require high-level language proficiency

(Leiss et al., 2019). Studies on linguistic tasks’ attributes showed

that students belonging to sub-groups, such as low-achieving

(Wheeler and McNutt, 1983), bilingual (Moschkovich, 2002), and

English as an additional language (Barwell, 2005), encounter

specific challenges when solving mathematical word problems.

Moschkovich and Scott (2021) summarized language issues in

mathematics word problems, especially for English language

learners. They summarized that the most relevant language

features are on three levels: (a) the cultural background, (b)

syntactic (sentences and paragraphs), and (c) lexical levels (words

and phrases).

Teachers’ perceptions of students’
difficulties with solving reality-based
mathematical tasks

This section addresses mathematics teachers’ perceptions

of students’ language difficulties when solving reality-based

mathematical tasks. Given the limited research evidence in this

area, we draw upon findings examining the broader role of language

in educational processes. For example, Skinnari and Nikula (2017)

showed that (Finnish) teachers possess some awareness of the

subject-specific language within their discipline and the value

of multiliteracy practices. However, the role of multilingualism,

encompassing the diversity of students’ languages and its impact

on pedagogical practice, was only minor. Seah (2016) showed that

teachers perceive a wide range of student difficulties related to

language use, especially concerning the use of technical terms.

Contrastingly, few studies to date have addressed the perception of

difficulties in solving reality-based mathematical tasks.

Khoshaim’s (2020) study shed light on teachers’ reluctance

to incorporate word problems into their instruction, citing

perceived challenges faced by students. These include insufficient

mathematical skills and a negative disposition toward mathematics

when engaging with such tasks. Consequently, these difficulties

in task engagement can exacerbate classroom stress and

anxiety, potentially leading to math-related anxiety disorders

among students.

Pearce et al. (2013) contributed insights into teachers’

perceptions of their students’ primary hurdle in solving word

problems—namely, the ability to comprehend the text. Teachers

in the study predominantly recommended keyword searching as

a strategy for overcoming this perceived difficulty. Interestingly,

the study highlighted a gap in teachers’ pedagogical approaches,

as none reported explicitly teaching problem-solving strategies to

their students.

Basaraba et al.’s (2019) study analyzed teachers’ perceptions and

elucidated factors contributing to difficulty inmath word problems.

Particularly, teachers identified language presentation as a more

formidable challenge for English language learners (ELLs) than

for native English speakers. These findings underscore teachers’

awareness of the linguistic demands inherent in mathematical

tasks, especially for diverse learner populations.

Despite these valuable insights, the extent to which

mathematics teachers’ perceptions align with actual language-

related difficulties in reality-based tasks remains ambiguous.

Teachers should be aware that both linguistic and mathematical

demands influence the solving of reality-based mathematical

tasks. If linguistic demands are significantly overestimated or

underestimated, teachers may not select the appropriate difficulty

level for their students and thus overwhelm or underwhelm

them. Particularly for students with low language skills, this can

contribute to increasing the disadvantage of these students and

widening social disparities in the education system. Addressing

this discrepancy is therefore crucial for teacher training. By

understanding and anticipating potential linguistic challenges in

learning materials and assessments, teachers can better support

student learning and adapt teaching strategies to effectively meet

the needs of different learners.
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In summary, an in-depth exploration of teachers’ perceptions

of students’ difficulties with reality-based mathematical tasks

offers valuable insights into the intersection of language and

mathematics learning. By bridging the gap between perceived and

actual challenges, educators can enhance pedagogical practices and

promote equitable access to high-quality mathematics education

for all learners.

Literature review of empirical studies
employing rigorous experimental designs
to vary linguistic task attributes

A challenge in researching student characteristics’ impact

on reality-based tasks (or on mathematics word problems,

too) is that mathematical and language task attributes are

often confounded and, due to the methodological design,

cannot be analyzed independently. For example, mathematically

complex problems that require multiple solving steps often

have longer problem descriptions with more and possibly

longer sentences.

As mentioned, Walkington et al. (2018) showed that the

influence of linguistic factors such as length, word difficulty,

and pronouns makes processing mathematical word problems

more difficult. However, this study was based on a cross-sectional

design (observed data from large-scale assessments) and failed

to separate the confounding factors between a task’s linguistic

and mathematical demands. Additionally, students’ language

proficiency could not be controlled, so no differentiated analyses

for weak and strong students were possible. Therefore, although

this research provided strong evidence that language factors are

relevant, no causal relationships could be demonstrated.

Moreover, how the factors at the student and task levels work

together or interact remains unclear. Many researchers assume that

student characteristics moderate the influence of mathematical and

linguistic task attributes on the successful solving of mathematical

word problems (Abedi et al., 1997; Abedi and Lord, 2001; Haag

et al., 2013; Daroczy et al., 2015; Martiniello, 2008; Prins and Ulijn,

1998).

An experimental research design is required to analyse

the effects of the interaction of student characteristics and

mathematical and language task characteristics. This is the only

way to control or systematically vary linguistic and mathematical

factors in a targeted manner. However, experimental studies that

vary readability factors or the linguistic dimensions of test items in

experimental designs under tight control of other factors are rare.

Given these methodological challenges, we have summarized the

state of research in the following section, considering only studies

with a strict experimental design.

Abedi and Lord (2001) investigated the importance of language

on student test performance in mathematical word problems.

Overall, 1,174 students were given items released from the National

Assessment of Educational Progress mathematics assessment and

parallel ones modified to reduce their linguistic demands. The

linguistic modification (seven factors on syntactic and lexical levels)

of 20 test items caused significant differences in the mathematics

performance; the linguistically modified version’s scores were

slightly higher (effect size: d= 0.09). Some student groups benefited

more from the items’ linguistic modification, particularly those in

low-level and average mathematics classes, ELLs, and those with a

low socio-economic status.

Johnson and Monroe (2004) examined the impact of simplified

language on one state’s mathematics performance assessment

through 20 items. The simplified language was received by applying

seven recommendations designed to improve the accessibility of

text material from Kopriva (2000). Overall, 1,232 seventh-grade

students had participated. The variance analysis indicated no

benefit for those in general education (effect size: d = 0.05) and

ELLs. Only those receiving special education services (N = 138)

benefitted from the simplified language (effect size: d = 0.17);

nonetheless, their scores remained significantly below those of their

general education counterparts.

From a test accommodation perspective, Sato et al. (2010)

evaluated whether ELLs significantly benefitted from a linguistic

simplification (different modification strategies on syntactic and

lexical levels) of 25 multiple-choice mathematics items. Four

different item response theory-based (IRT) scoring approaches,

commonly used by the states in analyzing the performance

data from the United States state-wide testing, assessed their

mathematics performance. Differences across sub-groups

(ELLs, English language proficiency, and Non-English language

proficiency) in the effects of linguistic modification on the students’

mathematics performance depended on the scoring approach.

Only when the scores were constructed based on the 1-PL item

response model (Rasch model) a significant difference in the theta

scores on the two item sets (original and linguistically modified)

was detected across the student subgroups (effect size: d = 0.16).

An analysis based on the raw scores or other IRT models revealed

no significant effects of linguistic simplification.

Moreover, Haag et al. (2015) tested the impact of simplifying

mathematics word problems’ language (19 factors on syntactic

and lexical levels). Using a randomized experimental design,

they conducted a large-scale linguistic simplification study to test

whether the performance gap between those who use a heritage

language at home and monolinguals was smaller when assessed

with linguistically simplified items in the schooling language.

They utilized data from 17,738 fourth graders. Although the

differences between the multilingual and monolingual students

in mathematics achievement were related to those in their

language proficiency and socioeconomic status, they found no

significant primary effects of linguistic simplification. However,

the multilingual students’ differential effects emerged, indicating

that some might profit from linguistic simplification during

elementary school.

Pöhler et al. (2017) investigated whether students with low

and high language proficiency score differently on mathematical

word problems and whether this was due to the items’ text format

or conceptual mathematical challenges. A test with percentage

problems of different types, in a purely mathematical, text, or visual

format, was given to 308 seventh graders, with the scores analyzed

statistically using a cognitive diagnosis model. The probability for

those with a low language proficiency to solve the text format

items was not lower than that for the pure format, indicating
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that conceptual challenges might have a stronger impact than

language ones.

Walkington et al. (2019) systematically manipulated six

different language features (number of sentences, pronouns, word

concreteness, word hypernyms, consistency of sentences, and

problem topic) of algebra story problems and analyzed the

effects on student performance. They found limited evidence

suggesting individual language features considerably affect the

mathematics word problem-solving performance of the general

student population. Among other differential results, language

modifications were suggested to benefit or harm students

depending on their familiarity with the computer-based assessment

instrument employed.

Experimental studies so far have provided crucial empirical

evidence regarding linguistic task characteristics’ influence on task

difficulty. Despite this research progress, a significant gap persists

concerning the generalizability of the studies’ findings across

diverse student populations. While some studies have identified

substantial effects of linguistic task characteristics, particularly

for multilingual students or those with special educational needs

(Haag et al., 2015), none have consistently demonstrated a

larger effect across the entire student sample. This discrepancy

highlights a critical gap in the literature, suggesting that the impact

of language demands on task difficulty may vary significantly

depending on individual student characteristics, particularly their

language proficiency levels. Furthermore, existing research has

often failed to adequately consider students’ language proficiency

levels in a nuanced manner, leading to potential confounding

effects in the analyses. Consequently, the true relationship between

linguistic task characteristics, student language proficiency, and

task difficulty remains inadequately understood. This study aims

to address these research gaps by adopting a comprehensive

approach that considers students’ language proficiency levels as

a crucial factor influencing task difficulty. By measuring and

controlling for students’ language proficiency levels, we aim to

provide a more nuanced understanding of the interplay between

linguistic task characteristics and task difficulty across diverse

student populations. We believe that elucidating the differential

effects of language demands on task difficulty and considering the

moderating role of students’ language proficiency levels will help

bridge the existing research gap and advance knowledge in this area.

Through rigorous empirical investigation, we aim to elucidate the

nuanced dynamics of task difficulty in reality-based mathematical

tasks and inform more effective instructional practices considering

students’ diverse linguistic needs.

Research questions and hypotheses

This study aims to address three research questions. Each

question investigates the linguistic demands of the impact

of reality-based tasks on teachers’ perceptions. Two questions

also analyse student performance (one without controlling for

and the other controlling for background characteristics). The

three questions are designed to address existing research gaps

and provide insights into the discrepancies between teachers’

estimations and students’ actual performance, as well as the

interplay between language demands and task difficulty.

1. Teacher perceptions and task difficulty

Research Question 1: How do mathematics teachers assess

the likelihood of students solving reality-based tasks with

systematically varied linguistic difficulties?

Hypothesis 1: We hypothesize that the linguistic demands of

reality-based tasks will influence teachers’ perceptions of task

difficulty. Specifically, tasks with higher linguistic demands will

be perceived as having lower solution probabilities than content-

equivalent tasks with lower linguistic demands.

2. Student performance and task difficulty

Research Question 2: How do the linguistic demands of reality-

based tasks influence the solution rate of these tasks when solved

by students?

Hypothesis 2: Drawing from the literature (e.g., Walkington

et al., 2019), we hypothesize that reality-based tasks with higher

linguistic demands will pose greater complexity for students

than tasks with lower linguistic demands. Additionally, we

aim to compare teachers’ estimations of solution probabilities

with students’ actual solution rates to explore any discrepancies

between them. Such discrepancies can provide valuable

insights into the effectiveness of instructional practices. If

teachers consistently overestimate or underestimate certain

tasks’ difficulty, it may indicate the need to adjust teaching

methods or task designs to better align with students’ abilities

and learning needs.

3. Moderating effect of language proficiency

Research Question 3: To what extent is the influence of linguistic

demands on the solution rate of a task moderated by students’

language proficiency in the schooling language?

Hypothesis 3: Building on previous findings (e.g., Haag

et al., 2015), we hypothesize that the effect of linguistic

demands on task difficulty will vary depending on students’

language proficiency. Specifically, students with lower general

language proficiency will experience a stronger impact of

linguistic demands on task difficulty than those with higher

language proficiency.

Materials and methods

Modifying the reality-based tasks’ linguistic
demands

We constructed three linguistically different versions each

(low, medium, and high linguistic demands) of five reality-based

tasks. All items’ mathematical content addressed reality-based

problems in the linear functions’ content area. In constructing

these tasks, we accounted for various design criteria, which were

intended to ensure that they were reality-based tasks in the

sense of Depaepe et al. (2015). This means that the processing

phases of Understanding, Structuring, Mathematizing, Working

mathematically, Interpreting, and Validating had to be completed.

Besides that, the students should not be deterred from seriously

starting the solution process by elements that are too unfamiliar,

such as an unusually long description of a real-life situation or the

still unfamiliar making of assumptions of required quantities. In

this respect, the tasks used in our study can be characterized by the

following content-related features:
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TABLE 1 Example of a reality-based task (filling up) with a low and a high linguistic demand.

Item steps Low linguistic demand, LL1 High linguistic demand, LL3

Task stimulus

German

(original formulation)

Herr Stein wohnt in Trier. Das ist eine große Stadt in Deutschland.

Hier wohnen 105,000 Leute. Trier liegt an der Grenze zu Luxemburg.

Herr Stein fährt mit seinem Auto viele Kilometer im Jahr. Sein Auto

braucht bald wieder Benzin. Er überlegt: Er kann in Deutschland oder

in Luxemburg tanken. In Trier kostet ein Liter Benzin 1.50 Euro. In

Luxemburg kostet ein Liter Benzin nur 1.20 Euro. Aber Luxemburg ist

30 km weit weg. Die Fahrt mit dem Auto kostet deshalb 6 Euro extra

Herr Stein ist in der 105,000 Einwohner zählenden Großstadt Trier, die

dicht an der luxemburgischen Grenze liegt, beheimatet. Er besitzt ein

Auto mit einer hohen jährlichen Fahrleistung. Aufgrund der Tatsache,

dass die Kraftstofffüllung seines Tanks bald zur Neige geht, wägt er ab,

ob er sein Fahrzeug in Deutschland oder in Luxemburg befüllt.

Während ein Liter Benzin in Trier mit 1.50 Euro zu Buche schlägt,

müssen in Luxemburg lediglich 1.20 Euro pro Liter veranschlagt

werden, wobei im zweiten Falle jedoch aufgrund der 30 km langen

Wegstrecke 6 Euro zusätzliche Fahrtkosten anfallen

Item stimulus in an

approximate English

translation (focus on

the structural

similarity to the

German original;

idiomaticity for

English unintended)

Mr. Stein lives in Trier. This is a big city in Germany. 105,000 people

live here. Trier is on the border with Luxembourg. Mr. Stein drives his

car many kilometers a year. His car will need gasoline soon. He thinks

he can fill up in Germany or Luxembourg. In Trier, a liter of gasoline

costs 1.50 euros. In Luxembourg, a liter of gasoline costs only 1.20

euros. However, Luxembourg is 30 km away. Therefore, the journey by

car costs 6 euros more

Mr. Stein is domiciled in the city of Trier, which has 105,000

inhabitants and is located close to the Luxembourg border. He owns a

car with a high annual mileage. Because of the fact that the level of fuel

in his tank is running low, he is considering whether to refill his car in

Germany or in Luxembourg. While a liter of gasoline creates costs of

1.50 euros in Trier, he has to expect to pay 1.20 euros per liter in

Luxembourg, although in the second case, the 30 km distance creates 6

euros in additional travel costs

Item question

(identical for both

versions)

How many liters does Mr. Stein have to buy so that refueling in Luxembourg is cheaper? Write down comprehensively how did you find the

solution

Solution (identical for

both versions)

Required data from the stimulus: 1.50 euros per liter in Trier

1.20 euros per liter in Luxembourg + 6 euros travel costs

Mathematical model: 1.50 · x > 1.20 ·x + 6 [x–liter of petrol]

Mathematical result : x > 20

Answer: It is cheaper to drive to Luxembourg if Mr. Stein buys over 20 L of petrol

- A written task stimulus that describes a daily-life context

relatively briefly (M = 121 words and SD = 14 words) should

be familiar to most students from their own experience.

- There are no illustrating or motivating figures, so the text is

the central basis for forming the situation model.

- An item prompt (question) aims to recognize a connection

between the described parameters of everyday life.

- Three to four numbers are required to solve a problem. In

addition, the task contains two superfluous numbers.

- All the data necessary to solve the task are given in the text.

- Accordingly, one solution can be marked as unambiguously

correct for each task.

- Our test comprises three tasks designed in a single-choice

format and two in an open-task format.

- The titles of the items are as follows: “Oven,” “Car wash,”

“Bicycle courier,” “Thermal insulation,” and “Filling up”

(example in Table 1).

Considering the numerous aspects different researchers apply

to “real” mathematical modeling tasks (Wess et al., 2021), our

tasks are deliberately placed in a middle range on this continuum

of normative specifications. They are neither clothed tasks whose

context does not play a role nor authentic modeling tasks that leave

a lot of freedom for the individual processing and answering of the

central question. Rather, our reality-based tasks have the particular

element that linear functions imply a fixed mathematical model

for dealing with the real-life context. However, the students must

translate worldly objects into mathematics, including the linguistic

identification of constant starting elements (ordinate intercept) and

changing quantities (variables and slope). Our preliminary studies

have shown that many students have problems comprehending and

translating functional relations even in these well-structured tasks

(Leiss et al., 2019). Accordingly, the goal was for the students to

process many tasks, the analysis of which yields findings whose

transfer to more complex modeling tasks seems obvious but

requires further studies.

Our study was conducted in Germany; therefore, the reality-

based tasks were offered in German. Our approach to modifying

these tasks’ linguistic demands was described comprehensively by

Heine et al. (2018).1 Their model integrated several difficulties,

inducing linguistic surface features.

Regarding the linguistic elements’ frequency, the less frequent

it is, presumably the less it is part of the language users’ knowledge

base and the less automated it is, thus creating gaps or vagueness

in comprehension. These gaps must be filled from the linguistic

co-text or world knowledge (Heine et al., 2018). However, on the

syntax level, the frequency dimensions play an important role

(Chen and Meurers, 2018). Thus far, the most frequent sentence

structures were short main clauses with canonical word order in

an active voice (Heine et al., 2018), while more complex sentences

were generally rare and more typical for specific contexts (e.g.,

1 Since the task texts described real-life situations, mathematical

terminology did not play a role. Accordingly, the modifications addressed

only the students’ language proficiency.
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academic language use) and, thus, less familiar to the language users

in general.

In our study, linguistic demand refers to the varying linguistic

features present in reality-based mathematical tasks, which may

influence task difficulty and student performance. We employed

a systematic approach to vary the tasks’ linguistic demands,

as elaborately outlined in Heine et al. (2018). The specific

linguistic features encompassed syntactic structures, verb forms,

semantic transparency, stylistic elements, deixis, and impersonal

expressions. These variations were meticulously designed and

implemented by a team of linguists, ensuring consistency in

mathematical demands in each version while systematically

manipulating linguistic complexity. The aim was to ensure

consistency in the mathematical requirements in each version

while systematically varying the linguistic complexity. Starting

from a task at the intermediate language level, simpler and

more complex variants were then designed. Particular care was

taken to ensure that the mathematical content and requirements

remained consistent.

Heine et al.’s (2018) model serves as a basis for systematically

manipulating texts into linguistically different versions on the

word and sentence levels while keeping the mathematical task

constant. A research team of linguists and mathematicians applied

this approach to the five mathematical word problems and

modified each text prompt systematically into linguistically simple,

medium, and advanced language levels (LL1–LL3). The linguistic

modifications only affected the task stimuli. The item questions

and single-choice response options remained constant for all

three versions of the five tasks. They were carefully formulated

on a linguistically low demand level. The mathematics experts

reviewed the linguistic modification process to ensure that all

versions of the mathematically relevant information needed to

solve the reality-based tasks remained constant. Table 1 illustrates

an example task stimulus with low (LL1) and high (LL3) levels of

linguistic demands.

In addition to the theoretically based model’s systematic

application, we conducted a simple modification examination and

quantified the difference between LL1 and LL3 of the two German

versions in Table 1 using the Flesch Reading Ease Readability

Formula (Flesch, 1948; Schöll, 2021). After applying the index, the

results revealed 86 (“easy”) and 57 (“fairly difficult”) score points

for the low and high complex variants, respectively, validating that

the texts should be relatively easily understood by students aged

13–15 years.

Study design and sample

This study employed an experimental design with the within-

factor items’ linguistic demand level (low vs. high), controlling for

language proficiency as a metric moderator variable. The sample

comprised 1,346 students from 17 schools in northern Germany

(female: 49.4%, male: 50.6%). The average age was 14.0 years.

Approximately 34% of the students had an immigrant background

(=parents were not born in Germany).

This research is part of a larger study that, besides mathematics,

comprises other subject domains (physics, music, physical

education, andGerman).2 The elicitation duration was 90min, with

60 and 30min for the test and background variables, respectively

(c-test and questionnaire).

It was decided post-hoc to exclude items with a medium

language level and use only those with low and high linguistic

demands for further analysis. Due to time constraints, only the

two extreme variants could be employed within the teacher survey;

nevertheless, no significant differences between the medium and

low or high variants were found regarding the empirical item

difficulty. Thus, we focused on the contrast between the low and

high demand levels that could be more sensitive in detecting

the effects of linguistic demands on the students’ performance.

The sample size remained unchanged by this decision because

each student solved only one or two items with a medium

linguistic demand.

Teachers ratings

The first research question’s sample comprised 72 mathematics

teachers from secondary schools in northern Germany (82.1%

male, 17.9% female). It included a convenience sample drawn from

the teacher professional development courses and was independent

of the student sample. On average, the teachers had 13 years of

teaching experience (SD= 10.1 years).

We requested the sample to review the reality-based tasks and

estimate if they expected difficulties for the students. To establish

a common reference base, we advised them to imagine a fictitious

class characterized by information about the number of female and

male students (14 and 10, respectively), the percentage of migration

background students (33%), and the distribution of school grades

within the class in mathematics and German (given by two tables).

We instructed them regarding three different ratings: (1) “Guess

what percentage of the students can solve the reality-based tasks

correctly.” The response format was a percentage value between

0 and 100%. (2) “Evaluate the following statement regarding the

class described at the beginning: the students will have linguistic

difficulties solving the problem.” (3) “Judge the following statement

regarding the class described at the beginning: the students will

have mathematical difficulties solving the problem.” The response

format of ratings (2) and (3) was as follows: 1 = “disagree,” 2

= “somewhat disagree,” 3 = “partly disagree/partly agree,” 4 =

“somewhat agree,” and 5= “fully agree.”

Language proficiency

A condensed version of a c-test, which is a specific format of

the cloze test, was administered to assess the students’ language

proficiency over a 10-min duration. This test is widely recognized

for its reliability and validity in measuring language proficiency,

offering insights into both receptive and productive language skills

(Grotjahn, 2010; Grotjahn et al., 2002; Grotjahn and Drackert,

2020). Previous research has demonstrated the discriminative

2 The domain-specific results for physics are published by Höttecke et al.

(2017), Leiss et al. (2019) and those for music and sports by Leiss et al. (2019).
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TABLE 2 Teacher ratings concerning the students’ expected language

difficulties in solving reality-based tasks with low and high linguistic

demands.

Task
no.

Low
linguistic

demands LL1

High
linguistic

demands LL3

T p d

M SD M SD

1 2.71 1.07 4.25 0.80 10.43 <0.001 1.65

2 2.42 1.05 4.13 0.93 9.94 <0.001 1.73

3 2.68 1.01 3.95 0.97 9.08 <0.001 1.28

4 2.91 1.04 4.20 0.82 8.50 <0.001 1.39

5 2.98 0.85 3.83 1.02 5.84 <0.001 0.91

Total 2.70 0.79 4.03 0.78 10.89 <0.001 1.68

validity (DCLL+3) of texts utilized in this assessment. Each c-

test comprised two texts, with 30 gaps in each test for students

to complete. The total of 60 gaps were treated as individual

items (Harsch and Hartig, 2010), resulting in a high internal

consistency, as indicated by a Cronbach’s alpha coefficient of 0.96.

Item responses were calibrated using the Rasch model, and the

resulting scale scores were standardized to a mean of 0 and a

standard deviation of 1.

Statistical modeling procedure

We calculated the descriptive statistics for research questions 1

and 2 and assessed significant group differences between the LL1

and LL3 task versions by conducting t-tests. For all analyses, we

chose a significance level of α = 0.05.

Sato et al.’s (2010) study suggested that applying the IRTmodels

for estimating students’ achievement scores, compared to using the

sum scores or the percentage correct, is more suitable for detecting

the effects of the linguistic task attributes. Moreover, for analyzing

the moderator effects between the personal characteristics (e.g.,

reading proficiency) and item attributes (e.g., language demands),

explanatory item response models (EIRMs) seemed (Meulders and

Xie, 2004) adequate and sensitive (De Boeck and Wilson, 2004).

The EIRM is an approach to cognitive assessment that employs

explanatory measurements utilizing item and person covariates to

explain what is being measured, thus adding an explanatory value

to the measurements (De Boeck et al., 2016).

Thus, for the third research question, we employed the EIRMs

that provide a framework for modeling the item responses directly

as a function of the item, as personal predictors, or as a combination

of both (De Boeck and Wilson, 2004). This makes them especially

suitable for the present analysis, as we expected the item responses

to depend on an interaction between the item’s linguistic level and

the students’ language proficiency. In our case, the item responses

were binary, and we modeled the students’ propensity to answer

the items correctly, which were the logarithmised odds of a correct

answer (e.g., Wilson and De Boeck, 2004). The models were

specified as hierarchical generalized linear mixed models, with item

responses nested within students and items (e.g., De Boeck et al.,

2011).

TABLE 3 Teacher ratings concerning the students’ expected

mathematical difficulties in solving the reality-based tasks with low and

high linguistic demands.

Task
no.

Low
linguistic

demands LL1

High
linguistic

demands LL3

T p d

M SD M SD

1 3.09 0.87 3.38 0.91 3.06 <0.01 0.33

2 2.81 0.79 3.14 0.63 3.64 <0.01 0.46

3 2.76 0.94 3.11 0.83 4.10 <0.001 0.40

4 3.00 0.80 3.33 0.87 3.73 <0.001 0.39

5 3.24 0.70 3.38 0.74 2.22 <0.05 0.18

Total 3.00 0.54 3.27 0.53 4.60 <0.001 0.51

The modification status of the reality-based tasks and the

student characteristics (general language proficiency) and their

interactions were defined as fixed effects. A possible primary effect

of general language proficiency indicated an overall effect when

solving reality-based tasks. The interaction effects of the general

language proficiency (student characteristic) with the linguistic task

level (item characteristic) demonstrated differences in the effect

of linguistic demands related to the students’ general language

proficiency (Beretvas et al., 2012; Meulders and Xie, 2004). The

models were estimated using the lmer function of the lme4 package

in R (Bates et al., 2012).

Results

Results concerning RQ1: how do
mathematics teachers assess the likelihood
of students solving reality-based tasks with
systematically varied linguistic difficulties?

Table 2 provides the results of how our sample’s mathematics

teachers rated the expected difficulties regarding the language and

mathematical demands on a Likert scale. On average, the teachers

expected exceedingly large differences (all five items’ effect size: d

= 1.68, p < 0.001) between the reality-based tasks with low and

high linguistic demand levels (Table 2). This indicated that they

anticipated a considerable effect of linguistic modification on the

students, suggesting that they expected high linguistic demands

to result in serious language difficulties. Table 2 demonstrates an

example task of this language modification.

Furthermore, the teachers expected mathematical difficulties

between the tasks with low linguistic demands (LL1) and high

linguistic demands (LL3; Table 3). The mean values between them

were statistically significantly different; the total scale’s effect size

was d = 0.51. Sullivan and Feinn (2012) rated an effect size of 0.2,

0.5, 0.8, and 1.3 as small, medium, large, and very large, respectively.

Finally, we requested the mathematics teachers to estimate how

many students in a fictitious class would find each task version’s

correct solution (Table 4). On average, they expected that the LL1

and LL3 task versions would be solved by ∼53% and only 36%

of the students, respectively. The mean difference was statistically

significant (p < 0.001). The effect size of the mean difference was
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TABLE 4 Teacher estimates of the percentage of students who could

correctly solve the reality-based tasks with low and high linguistic

demands.

Task
no.

Low
linguistic

demands LL1

High
linguistic

demands LL3

T p d

M
(%)

SD M
(%)

SD

1 53.1 23.3 35.7 20.1 4.21 <0.001 0.75

2 54.2 21.1 35.5 19.2 4.76 <0.001 0.84

3 57.9 18.9 40.6 18.1 5.20 <0.001 0.85

4 50.7 23.4 35.6 20.9 3.19 <0.01 0.65

5 45.9 21.8 33.7 22.8 2.52 <0.05 0.53

Total 52.9 21.8 36.4 21.8 8.88 <0.001 0.73

approximately d= 0.73, which was a practically relevant effect. The

results showed that the teachers anticipated a task’s linguistic shape

to strongly affect the students’ success. As a manipulation check’s

form, the linguistic demand model’s application (Heine et al., 2018)

could be considered successful regarding face validity.

Results concerning RQ2: how do the
linguistic demands of reality-based tasks
influence the solution rate of these tasks
when solved by students?

Regarding the second research question, 29 and 24% of the

students successfully solved the mathematics tasks for the LL1 and

LL3 versions, respectively (Table 5). The effect size of this mean

difference was 0.12.

Noticeably, four out of five mean differences were not

statistically significant. However, the LL1 versions were easier than

the LL3 ones in all five tasks. Comparing the results (effect sizes)

between the teachers’ assessments (d = 0.73) and the students’

performance (d = 0.12), the results show that teachers significantly

overestimated the influence of linguistic requirements in real-

life math problems. Their expected language difficulties were

much higher than the students’ empirical difficulties. This effect’s

overestimation was also accompanied by underestimating the tasks’

absolute difficulty.

Results concerning RQ3: to what extent is
the influence of linguistic demands on the
solution rate of a task moderated by
students’ language proficiency in the
schooling language?

Regarding the third research question, we divided the student

sample into four quartiles based on their language proficiency test

results. Comparing the difficulties between the LL1 and LL3 task

versions, we found the following effect sizes for the four quartiles:

TABLE 5 Percentage of the students that could correctly solve the

reality-based tasks with low and high linguistic demands.

Task
no.

Low
linguistic

demands LL1

High
linguistic

demands LL3

T p d

M SD M SD

1 24.6 43.1 22.0 41.5 0.64 ns 0.06

2 26.8 44.4 23.9 42.7 0.70 ns 0.07

3 33.8 47.4 19.7 39.9 3.36 <0.01 0.32

4 29.9 45.9 25.3 43.6 1.08 ns 0.10

5 32.6 47.0 29.1 45.5 0.80 ns 0.08

Total 29.5 45.6 24.0 45.6 2.92 <0.001 0.12

first (=25% of the students with the lowest language proficiency):

d = 0.20 (p < 0.05); second quartile: d = 0.17 (p < 0.05); third

quartile: d = 0.15 (ns); and fourth quartile (highest language

proficiency): d = 0.03 (ns). These descriptive results indicated that

the students’ language proficiency influences the effect of a task’s

linguistic demands on its overall difficulty. Therefore, the language

requirements of reality-based tasks are essential for students with

low language proficiency.

To establish the moderation effect in a more advanced model,

we applied an EIRM that allowed direct modeling of the interaction

effect between personal abilities (language proficiency) and item

characteristics (low vs. high linguistic demands) (De Boeck and

Wilson, 2004). We investigated whether the effect of a task’s

linguistic demands was higher for the students with a low language

proficiency than those with a high language proficiency.

Table 6 provides the three analyses’ results. In Model 1, we

found a statistically significant primary effect for a task’s linguistic

demands (β = −0.338, p < 0.01). This replicated the descriptive

finding in Table 5: the students’ performance is lower if the tasks’

linguistic demands are high.

Model 2 additionally accounted for the students’ language

proficiency. The results showed that both student-level predictors,

namely the students’ language proficiency (β = 0.672, p < 0.001)

and item-level predictors such as the task’s linguistic demands (β =

−0.345, p < 0.001), are predictive of students’ performance on the

reality-based tasks. This indicated that those with a high language

proficiency have a higher propensity for solving a task than those

with a low proficiency. Furthermore, the probability of correctly

solving a task decreases as the task’s linguistic demands increase.

Finally, in Model 3 (Model 2 plus the interaction effect),

the students’ language proficiency, along with the task’s linguistic

demands, was included in the analyses. The results demonstrated a

significant interaction effect (β = 0.263, p < 0.05), indicating that

the students’ language proficiency moderates the effect of a task’s

linguistic demands regarding successfully solving an item.

Discussion

Our study investigated the role of language difficulty in solving

reality-based mathematical tasks, aiming to contribute to the

current understanding of this complex relationship. By employing
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TABLE 6 Effects of the task’s linguistic demands and the students’

language proficiency on the students’ performance in the reality-based

mathematical tasks.

Measure Model 1 Model 2 Model 3

β SE β SE β SE

Fixed effects

Intercept −1.066∗∗∗ 0.092 −1.081∗∗∗ 0.092 −1.065∗∗∗ 0.092

Item variables

Linguistic

demands (0=

low, 1= high)

−0.338∗∗ 0.107 −0.345∗∗ 0.110 −0.409∗∗∗ 0.113

Person variables

Language

proficiency

0.672∗∗∗ 0.067 0.554∗∗∗ 0.084

Person-by-item interaction effects

Linguistic

demands×

language

proficiency

0.263∗ 0.117

Random effects

Person variance 0.968 0.690 0.718

Model statistics

Deviance 2,557 2,432 2,427

AIC 2,565 2,442 2,439

BIC 2,588 2,471 2,473

∗∗∗p < 0.001.
∗∗p < 0.01.
∗p < 0.05.

a rigorous experimental design, we systematically manipulated

language demands while controlling for mathematical content,

providing unbiased evidence of the impact of language demands

on task difficulty.

Firstly, our findings highlighted the importance of

disentangling mathematical and linguistic demands in reality-

based tasks. Previous correlational studies often failed to address

this confounding factor, making it challenging to attribute task

difficulty solely to language demands. By isolating the effect

of language demands through experimental manipulation, we

extended the empirical state of research and provided clear

evidence of their influence on task difficulty.

Additionally, our study shed light on mathematics teachers’

perceptions toward language demands in reality-based tasks, an

area that has been relatively underexplored in previous research.

While teachers anticipated significant linguistic demands, the

observed discrepancy between their expectations and students’

actual performance underscored the need for further investigation

into the factors shaping teachers’ perceptions.

Moreover, our findings regarding the effects of language

modification on student solution rates revealed a small but

statistically significant impact, contrasting with previous studies

that failed to demonstrate a verifiable effect. The comparison

between teachers’ expectations and students’ actual performance

showed that teachers may overestimate the influence of linguistic

requirements. The result points to the relevance of teaching. If

teachers overestimate the requirements of tasks, they may only

select tasks for their lessons that have low linguistic requirements.

Furthermore, our study elucidated the moderating role

of students’ language proficiency, with students with lower

language proficiency beingmore negatively influenced by language-

demanding tasks. This novel pattern of results extends the current

state of research by demonstrating the nuanced interplay between

students’ language proficiency and task demands in reality-based

tasks. The promotion of language skills is therefore also central to

mathematics education.

In summary, our study offers valuable insights into

the multifaceted relationship between language demands,

mathematical task difficulty, and students’ performance. However,

this study’s limitation was that our scale for the reality-based

mathematical tasks only comprised five items. We focused on

the linear functions’ content area for those five items to keep it

as a constant influence factor. However, whether similar effects

would be obtained in other content areas remains unclear. The

same holds for the mathematical competencies [National Council

of Teachers of Mathematics (NCTM), 2003]. All five items

required mathematical modeling competence. It can be assumed

that the linguistic effects were relatively lower for mathematical

items requiring primarily technical skills. We focused the items’

mathematical demands on specific aspects to keep them constant.

However, further research should address different mathematical

item attributes and assess if this study’s effects can be replicated.

In our tasks, a high linguistic requirement occasionally includes

less frequent words that are less common in everyday language. In

retrospect, our study cannot distinguish which linguistic factors are

particularly relevant and which are less relevant. Further in-depth

studies would be necessary to do so.

Recommendations for further research

We see implications for further research in the following areas

in particular:

(1) Concerning the characteristics of reality-based tasks, the

role played by the mathematical demands of the tasks to

be solved should be further investigated. Linguistic demands

may be negligible when it comes to simple mathematical

reproduction tasks. However, as the mathematical demands

of tasks increase, high linguistic demands could pose an

additional hurdle and result in students exceeding their

cognitive capacity and being unable to construct an adequate

mental model of the task.

(2) Our study has shown that modeling the interaction of person

and task traits using linear mixed models such as the EIRM

approach is reasonable. Therefore, we recommend using this

method for future research in this area.

(3) To allow a more differentiated analysis, recording the

students’ situational motivation when solving such tasks seems

promising. For example, whether tasks with high linguistic

demands negatively affect the willingness to make an effort

or the students’ situational motivation could be analyzed.
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The subjective interest of the task context could also play a

moderating role.

(4) Finally, what effective interventions are available to teachers

to support students with language difficulties in solving

reality-related tasks could be examined. There are many

suggestions for language support (Sharma and Sharma, 2022),

but to what extent these are also effective for solving reality-

based tasks is still unclear.
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