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ABSTRACT
Achievement gaps between students with low and high language proficiency appear for word
problems, but is this due to their text format or their conceptual challenges? A test with percent
problems of different types and in pure, text and visual format was conducted with N=308 seventh
graders. Students’ scores were analyzed statistically by a cognitive diagnosis model. Unlike
expected, the probability for students with low language proficiency to solve items in text format is
not lower than in pure format. These results are interpreted as indication that conceptual
challenges might impact stronger than reading challenges.
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Introduction
Large-scale assessment studies have repeatedly documented achievement
gaps for language minority students (Martiniello, 2008; Abedi, 2006; Haag et al.,
2013) or socially disadvantaged students with low language proficiency, even if
speaking the majority language (Prediger et al., 2013; Walzebug, 2014).
Although it seems likely to trace these language gaps back to word problems and
their language demands (Duarte et al., 2011), little is known whether it is really
the text format of an item which disadvantages the language learners or its
inherent conceptual demands which is of cause higher than for a procedural
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innermathematical item. As most studies disentangling obstacles for language
learners investigate complete assessments with innermathematical procedural
as well as context items, there is a risk of confounding language demands and
conceptual demands (e.g. in Martiniello, 2008; Wolf & Leon, 2009).
That is why the study presented constructed a test with items of
comparable conceptual demands, but in different formats. If test items with
similar conceptual demands are posed in pure format, text format or visual
format, do students of low language proficiency really have more difficulties with
the text format?
In Section 1, the theoretical background of the study is outlined, on
demands for language learners and on the exemplary topic in view, percentages
in grade 7. Section 2 refines the re-search questions, and Section 3 presents the
research design and methods, Section 4 the empirical results, which are
discussed in Section 5.

Theoretical Background and State of Research
1.1

Language gaps and word problems

Various empirical studies show that secondary students’ academic
language proficiency is a crucial factor for their performance in mathematics
tests, this applies for students with minority home languages (Abedi, 2006;
OECD, 2007; Martiniello, 2008; Haag et al. 2013) as well as for socially
underprivileged students with the majority languages (Hirsch, 2003; Prediger et
al., 2013, Walzebug, 2014). Already in 1992, Secada resumed in his literature
review based on several Anglo-American studies that ‘these studies indicate a
relationship between how proficient someone is in a language and performance
of mathematics achievement’ (Secada, 1992, p. 638). In a German high stakes
test ZP10, proficiency in the language of assessment turned out to be even more
relevant for the mathematics achievement than other background factors like
home languages, socio-economic and immigrant status (Prediger et al., 2013).
Especially in the context of US high stakes testing, poor performances of
students with low language proficiency (in brief: low LP) are often explained
through difficulties in understanding the wording of mathematical problems:
‘Solving math word problems […] presents a double challenge for students
whose language proficiency is limited’ (Abedi, 2004, p. 31). Therefore,
researchers underline that students with low language proficiency have specific
reading comprehension difficulties with word problems (e.g. Duarte et al., 2011,
for an overview), whereas test items with short texts are often assumed to be
‘language fairer’. As a consequence several authors plead for reducing the
linguistic complexity of test items and investigate also the effects of other
accommodations for low language proficient students, including provision of
extra time or a glossary (Abedi, 2006).
The focus on word problems posing specific challenges has been fueled by
several studies which conducted differential item analysis for disentangling the
specific challenges for (monolingual or multilingual) students with low language
proficiency (Martiniello, 2008; Wolf & Leon, 2009; Walzebug, 2014; Prediger et
al. 2015; Haag, Heppt, Stanat, Kuhl, Pant, 2015). These studies identified that
linguistically complex test items tend to be disproportionally more difficult for
language learners than items without complex language. But as these studies
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analyzed complete assessments with innermathematical procedural as well as
context items, there is a risk of confounding language demands and conceptual
demands when considering word problems. Or they compared only word
problems and their linguistically simplified parallel items (Abedi & Lord, 2001;
Haag, Heppt, Roppelt, & Stanat, 2015), that means, they compared within the
text format, but not items in text format with visual format or nearly language
relieved by technical terms.
The doubt whether the difficulties must partly be traced back to
conceptual challenges is nurtured by a recent study on the German high stakes
test ZP10 NRW in which reading comprehension difficulties could only partially
explain the poorer performance of students with low language proficiency
(Prediger et al., 2015). Contrary to expectations, items, which posed high
difficulties to students with low LP could not be characterized by reading
challenges, but rather by conceptual or process-oriented challenges, which was
confirmed in interview studies. These findings suggest investigating the role of
the text format in comparison to other formats but the same conceptual
challenges.

1.2 Students’ performance with regard to different problem formats
Research results on comparing between text, visual and pure format are
much older than the current the research on language gaps. Already in the
1980ies, word problems were shown to be more difficult than pure items on the
same mathematical topic, and independent of students’ language proficiency
(e.g. Kouba et al., 1988). For example, Carpenter et al. (1980, p. 12f) reported on
performance levels of word problems for basic arithmetic operations and
fractions which were about 10% to 30% lower than those of corresponding
innermathematical procedural items. However, also they compared items with
different conceptual demands as the procedural items did not require any
mathematization process. Since then, the assumption that word problems are
more difficult for students is often repeated in literature, but rarely shown
empirically for items with equivalent conceptual demands which only differ in
their format. This also applies for the conducted differential analyses with
respect to language proficiency (see above).
Koedinger and Nathan (2004) draw a more differentiated picture: for
algebra word problems, they show that differences in external representations
(here called formats) “can affect performance when one representation is easier
to comprehend than another” (ibid, p. 129), and also text formats can be more
accessible. Also other studies show a possible positive effect of text formats: van
den Heuvel-Panhuizen (2005) emphasizes that using contexts in problems (with
texts or pictures) can also support students’ performance. For example, sixth
graders could subtract fractions in word problems with 30% more success than
for the same problem in pure format; subtraction word problems were solved
20% better than in pure format, and multiplications with decimal numbers 40%
better. She explains these differences by two sources: a context can enhance the
accessibility of a problem and the underlying mathematical concepts (van den
Heuvel-Panhuizen, 2005, p. 2) and a context problem ‘provides students with the
opportunity to solve problems by using informal strategies that are linked to
contexts’ (ibid., p. 7). Thus, the role of text and context is discussed incoherently
in mathematics education research as texts can pose linguistic demands and
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also increase the accessibility. The advantages and disadvantages of text
formats for students with low language proficiency is to be investigated more
systematically.
With respect to visual models (like diagrams or percent bars), empirical
indications exist on their potential to facilitate the accessibility of a test item.
For example, Walkington et al. (2013) show that for seventh graders, solving
percent word problems percent bars provide an important support. One could
even assume that students with low language proficiency do equally well as
their more language proficient peers in visually presented items if there were no
problems in conceptual understanding, only in text comprehension.
These different considerations motivated the research interest on
comparing difficulties in different problem formats, i.e. text format (offering the
main information and relations in written language), visual format (offering the
main information and relations in graphical representations), and the so-called
pure format (with mainly technical and symbolic language). This comparison
between formats is treated systematically for the exemplary mathematical topic
of percentages.

1.3 Conceptual demands posed by different problem types – The case
of percentages
The mathematical topic percentages is chosen due to its major role in
middle school mathematics and its importance in many everyday contexts.
Furthermore, several empirical studies have shown students’ difficulties with
percentages and that percent problems in assessments bear various difficulties
for students (e. g., Behr, et al., 1992; Kouba et al., 1988; Parker & Leinhardt,
1995). Nonetheless compared to other areas of arithmetic and proportions,
relatively few recent studies exist that explore students’ competencies and
difficulties, (historical exceptions are named in Parker & Leinhardt, 1995; recent
exceptions are Dole et al., 1997; Jitendra & Star, 2012 and Walkington et al.,
2013).
In their research survey, Parker and Leinhardt (1995, p. 472f) resume the
following four reasons for students’ difficulties that help to determine the topicspecific conceptual demands:
(1)
The complexity of the mathematical content (covering the
coordination of percent amount and base as core concepts).
(2)
The diversity of different relations which can be described by
percentages (parts of wholes, comparisons, changes, …).
(3)
The fact that the different relations (see the second aspect) are –
except for part of whole – often not explicitly treated in the curricula.
(4)
The use of ‘an extremely concise linguistic form’ (ibid. p. 473),
which result in the fact that the relevant mathematical relations are often
invisible in the language.
Whereas the first three reasons focus on conceptual understanding, the
fourth point includes the problem of challenges in cracking word problems with
percentages: The mathematizing process in the students’ mastery of percent
problems is typically characterized through one core step, the identification of
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the problem type (Dole et al., 1997). Usually, three elementary problem types
are distinguished (ibid., with different names): ‘find the amount (if rate and base
are given)’, ‘find the rate (if amount and base are given)’, and ‘find the base (if
amount and rate are given)’. Several empirical studies show different success
rates for different problem types (e.g. Kouba et al., 1988, p. 17). Some studies
found that ‘[n]ot surprisingly, students were more successful in calculating a
percent of a number than in solving other types of percent problems’ (ibid., p.
17). As for many students the problem type ‘find the amount’ is easier than the
two others, this type often being overgeneralized to ‘find the base’.
Beyond these three elementary problem types, more complex problem
types exist, for example ‘percentage growth’, ‘percentage comparison’ or ‘find the
base after reduction (if discount and reduced amount are given)’ (Parker &
Leinhardt, 1995, p. 439). These complex problem types pose even bigger
conceptual demands for students, and perhaps also reading challenges. Kouba et
al. (1988) assume that students have less experience with these more complex
problem types or they ‘are careless in their reading or are unable to comprehend
[such] a nonroutine situation” (p. 18). The problem type ‘find the base after
reduction’ is therefore suitable for systematically varying the conceptual
demands in the test design (cf. Section 3).
Existing empirical studies have compared students’ performances on
percent problems mainly with respect to problem types (e.g. Kouba et al., 1988;
Dole et al., 1997). In contrast, the comparison of problem formats have been less
considered (see above Walkington et al., 2013 as an exception). Furthermore,
little is known on difficulties with percent problems of students with varying
language proficiency. Especially the more complex problem types seem to pose
additional comprehension challenges that are worth being considered in more
detail.

Research Questions
The resumed state of research with the constructs of problem types and
problem formats provide the base for formulating the following refined research
questions for capturing the role of language proficiency for different formats and
types:
(Q1)
How do students perform in parallel test items on percentages
with text format, visual format and pure format?
(Q2)
How does students’ mastery of different problem formats differ
between the groups of students with high and low language proficiency?
(Q3)

How do the performance gaps depend on the problem types?

The research design served especially to validate or refute the following
assertions from the literature:
(A1)
Problems in text format are more difficult than in pure format
due to comprehension difficulties for word problems (e.g. Kouba et al., 1988).
(A1*) Problems in text format are easier than in pure format since
contexts can enhance students’ accessibility of the problem (as resumed for
elementary arithmetic problems by van den Heuvel-Panhuizen, 2005).
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(A2)
Problems in visual format are easier than in text and pure
format since visual models can enhance the accessibility of the problem
(Walkington et al., 2013).
(A3)
Students with low language proficiency have difficulties with
other problem formats than students with high language proficiency; especially
they have specific difficulties with problems in text format (Duarte et al., 2011).
The results of a preliminary study with a similar design (Pöhler, Prediger,
& Weinert, 2016) could not completely confirm these assertions derived from the
literature review, as the performance gap between students with high and low
language proficiency are similar for all problem formats. These facts motivate us
to repeat the investigation of the research questions with a new sample and
another method for the data analysis.

Research Design and Method
The study presented in this paper was conducted with a paper and pencil
test on percent problems for N = 308 students in grade 7 (usually 12 to 13 years
old).

3.1 Measures
3.1.1 Construction of the main instrument: The Percent-Cross-Test
The Percent-Cross-Test is constructed as paper-and pencil test with 17
items, in which three problem types are systematically crossed with three
problem formats (cf. Table 1 for exemplary items, partly taken from Hafner,
2012, more items are shown in Pöhler et al., 2016). The items were coded
dichotomously, the maximum score was 17 points.
For covering differing conceptual demands, the following three problem
types are selected: ‘find the amount’, ‘find the base’ and ‘find the base after
reduction’. Based on the literature review in Section1.3, the problem type ‘find
the base after reduction’ is expected to have the highest conceptual demand,
whereas ‘find the amount’ is expected to have the lowest demand. The problem
type ‘find the rate’ is omitted as it is the easiest to distinguish from the others by
merely considering the involved units. Each problem type is presented in three
formats (cf. Table 1):
For the ‘pure format’, exercises were given together with the technical
terms (hence the decision of problem type is already explicit, it is of course not
pure in the sense of “no language”).
The items in the ‘visual format’ alsways used the bar model, an
established visual model for percentages (van den Heuvel-Panhuizen, 2003),
here contextualized in download bars which stem from a familiar everyday
context for teenagers. The vidual model was kept constant in order to keep
comparability.
Three or two items for each problem type are constructed in ‘text format’
with varying language challenges. Thus, the items in text format encompassed
different levels of linguistic complexity which were constructed to correspond to
the usual complexity of textbooks and exams in that age group.
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Although not all items can be shown here, it is important to mention that
the items across the three formats contained the same structural cores (same
number sets) in each format. Table 1 shows items from different number sets.
The limitation to 1-3 items per problem type and problem format results
from research pragmatic reasons of the field, namely restricted time of student’s
concentration. Although previous studies have shown the validity of the items
(Pöhler et al., 2016), in particular the results relating to the few items in visual
format may only be interpreted with caution.

3.1.2 Other measures
Questionnaire for background variables. A students’ questionnaire was
administered to ask for gender, age, immigrant status (operationalized by
students’ and parents’ countries of birth, at least one parent born abroad), and
multilingualism (operationalized by languages spoken in the family and with
friends).
The socio economic status was measured in students’ self-report by the
book scale with graphical illustrations that is widely used and has shown good
retest scores (mean r = 0.80, cf. Paulus, 2009; 5-ary scale with 1 being low
status, 5 being high).
Table 1. Item sets in three different formats for three problem types (translated)
Item set for problem type “Find amount”
Pure format

What is 75% of 1000 g? Find the amount.

(2 Items)
Visual format
(1 Item)

Text formats
(3 Items)

How many gigabyte (GB) have already been downloaded? Find the missing
value.

Potatoes consist of 75% water. How much water (in g) is contained in 1000 g
potatoes?

Item set for problem type “Find base”
Pure format

5% are 250 €. Find the base.

(2 Items)
Visual format
(1 Item)

What is unknown here? Find the missing value.
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When buying a new kitchen, Family Mays receives a discount of 250 €, that was
5% of the regular price. What is the normal price of the kitchen?

Item set for problem type “Find base after reduction”
Pure format
(2 Items)

Calculate the former price (base). New price: 30 € Discount: 40%

Visual format

What is unknown here? Find the missing values.

(1 Item)

Text formats
(2 Items)

Mrs. Schmidt pays 30 € for a dress in the summer
The dress was reduced by 40%. How much did the dress cost before?

sale.

Language proficiency. Students’ language proficiency was operationalized
by the BISPRA-test (Redder & Wagner, 2015 adapted from Uesseler et al., 2013)
which assesses receptive syntactical and semantical dimensions of composed
verbs from the school academic register in typical contexts of percentages. With
Cronbach’s
= 0.791, it shows a good internal consistency in the sample of N =
308 students and
= 0.813 for a larger sample in German schools (N = 1124).
The correlation of 0.18 between BISPRA scores and SES measure shows that
both constructs are not identical.

3.2 Sampling and subsampling
The sample consisted of students of 25 classes in seven urban schools, in
sum N = 308 students who were taught percentages in the recent months. The
sample is representative for schools medium and low privileged milieus. For
investigating differences in students’ achievements with varied language
proficiency, the sample of students was split into two subsamples according to
their scores in the BISPRA-test: Students with a BISPRA score lower than the
median in the whole sample were assigned to a low language proficient group,
those with a higher BISPRA score into a high language proficient group. Table 2
gives an overview on descriptive characteristics of the whole sample and the two
subsamples.
Table 2. Characteristics of the whole sample and the subsamples
Whole
Sample

Subsample students Subsample students
with
with high language
low language
proficiency
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proficiency

Number of students

308

174

134

Gender: Share of Boys / Girls

49% / 51%

52% / 48%

45% / 55%

Immigrant Status: Share yes / no

53% / 47%

64% / 36%

39% / 61%

Multilingual: Share yes / no

46% / 54%

66% / 33%

37% / 63%

Age M (SD)

12.69 (0.68)

12.76 (0.69)

12.60 (0.66)

SES M (SD)

3.07 (1.19)

2.94 (1.16)

3.24 (1.21)

Language Proficiency: BISPRA Score M 20.03 (4.95)
(SD)

16.59 (3.64)

24.49 (2.00)

Percent-Cross-Test Total Raw Score M
(SD)

4.30 ( 3.64)

7.99 (5.22)

5.91 (4.76)

3.3 Data Analysis
For the statistical data analysis, a probabilistic model is applied which
accounts for the specific multidimensional structure of the Percent-Cross-Test, a
member of the family of so-called Cognitive Diagnosis Models (CDMs). As this
statistical method cannot be assumed to be known by all readers, the following
sections account for its statistical background. However, the results can also be
understood intuitively without these details.
Pursuing the research questions Q1 to Q3 in a methodologically sound and
deep way puts some specific requirements on the statistical analysis and its
empirical model to be applied: (1) A multi-dimensional approach is required for
allowing a differentiated analysis of the test results based on the diverse
problem types and problem formats. It should be possible to evaluate the
students’ ability for each problem type and each problem format individually as
well as for combination of format and type. (2) The model should support a preassignment of the test items to the problem types and problem format. The test
design yields a well-grounded theory of items belonging to specific problem types
and formats. Thus this assignment should not be deduced empirically. (3) It is
assumed that students’ have to master both, the assigned problem type and the
problem format, for effectively solving the respective item, i.e., a lack in either of
the two parts cannot be compensated by a surplus in the other one. In terms of
empirical models, that demand accounts for a non-compensatory model. (4)
Because of the fine-grained definition of the skills, i.e. the three problem types
and the three formats, it may be useful to characterize these skills as either
present or absent from the students. Note that ‘skill’ is a technical term in the
language of CDMs, we relate it here to abilities to cope with different types or
formats, all referring toc conceptual demands.
The family of cognitive diagnosis models (CDMs; DiBello et al., 2007)
allows for a realization of these targets. Specifically, the so called Deterministic
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Input Noisy “And” Gate model (DINA; Haertel, 1989) was chosen because of its
simplicity and non-compensatory assumption.

3.3.1 Background of Cognitive Diagnosis Models
The Deterministic Input Noisy “And” Gate model (DINA; Haertel, 1989) is
a parsimonious and thus easily interpretable non-compensatory variant of a
cognitive diagnosis model (CDM). Roughly spoken, CDMs yield a classification of
the students with respect to a set of predefined skills or attributes (i.e. basic subcompetencies underlying a more coarse competence). More precisely the
students’ classifications can be split into three main outcomes:
(1)
The skill distribution evaluates the percentages 𝑃(𝛼𝑘 ) of students
mastering each of the K individual skills. Skill is used here as technical term for
sub-competency, not in the reduced sense of procedural routine skills.
(2)
Because students can either master or not master each of the K
skills, L=2K possible combinations of skill possession, the so-called skill classes,
arise. The percentage of students 𝑃(𝜶𝑙 ) belonging to these classes is the second
main outcome of a CDM, named the skill class distribution.
(3)
A CDM model allows estimating each individual student’s
possession of the K skills, the student’s dichotomous skill profile 𝜶𝑖 .
For a more detailed introduction to CDMs and especially the DINA model,
see for example George & Robitzsch (2015). For a discussion about the need of
CDMs (compared to traditional educational assessments rooted in item response
theory or classical test theory), their goals and the considerations involved in the
development process, see de la Torre and Minchen (2014).
For applying a CDM, two components are to be prepared: Firstly, each
substantial skill is to be assigned to a so-called latent categorical skill variable,
termed αk (cf. Table 3: e.g. αA corresponds to the first skill ‘find the amount’).
It is assumed that each student possesses a subset out of a total of K skills
αA,…,αVF. In the case of the Percent-Cross-Test, there exist K=6 skills, i.e. the
three problem types ‘find the amount’ αA, ‘find the base’ αB and ‘find the base
after reduction’ αBR and the three problem formats ‘pure format’ αPF, ‘text format’
αTF and ‘visual format’ αVF. The problem types (cf. Section 1.3) can be considered
as skills, since they require different mathematizations by the students. Even
though the students are able to solve one of the elementary problem types ‘find
the amount’ or ‘find the base’, it is not obvious that they could deal successfully
with the other one since one may not assume ‘that if students are able to do task
in one direction they can automatically do it in the logically opposite manner’
(Carpenter et al. 1980, p. 10). The problem type ‘find the base after reduction’ is
more complex as it requires a further step (Parker & Leinhardt, 1995, p. 439).
Even for solving items in different formats, students need specific skills. This
shows especially the debate (cf. Section 1.2) about specific difficulties with word
problems (e.g. Duarte et al., 2011, for an overview). The students’ mastery of six
skills is measured in a dichotomous format, i.e. for example αA = 1 corresponds
to mastery of the skill ‘find the amount’ and αA = 0 to non-possession.
Table 3. Latent skill variables for the CDM model and substantial skills
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Latent skill variable

Description

Domain

αA

Find the amount

Problem type

αB

Find the base

Problem type

αBR

Find the base after reduction

Problem type

αPF

Pure format

Problem format

αTF

Text format

Problem format

αVF

Visual format

Problem format

The second component to be prepared for an application of a CDM is the
combination of skills that students should require for mastering a specific item 𝑗,
𝑗 = 1, … , 𝐽. Educational experts define this assignment in a K-length dichotomous
vector 𝑞𝑗 . If the kth skill is required to solve item j, qjk = 1, or otherwise qjk = 0.
Collecting all vectors 𝑞𝑗 for a test of length J results in a 𝐽 × 𝐾 weight matrix 𝑸,
the so called Q-matrix (Fischer & Molenaar, 1995; Tatsuoka, 1984). In the case
of the Percent-Cross-test, the information which skills are required to solve the
items is already given through the item construction process, in which each item
was meant to cover exactly one problem type and one problem format (cf. Table
1). Thus, the Q-matrix inherits a substantial theory about basic attributes (i.e.
the skills) which are needed to effectively solve the test (cf. Section 3.3.3). Based
on the Q-matrix and the dichotomous I × J response matrix X (containing the
empirical responses of I students to J items), the CDM classifies the students
with respect to the K skills.
One simple approach for estimating the percentages of students mastering
a skill could be first calculating the percentage of students solving each item
belonging to the respective skill and then building the average of these
percentages. This approach differs from the main idea of the models’ procedure,
in that the model does not evaluate the responses to each item separately, but
instead coherently estimates the classification based on the responses of a
student to all J items.

3.3.2 The CDM DINA Model
This section introduces some basic notation to represent the mathematical
form of the CDM DINA model, discuss its characteristics and introduce its
application in the present study. As already mentioned above, the DINA model
is non-compensatory, as a lack in one skill cannot be compensated by a surplus
in another skill. For reasons of simplicity, let us assume for a moment that the
skills possessed by an individual student i are known, i.e. the students’ skill
profile 𝜶𝑖 = [𝛼𝑖𝐴 , … , 𝛼𝑖𝑉𝐹 ] is given. As 𝜶𝑖 is defined to be dichotomous, student i
possesses skill k, k=A,…,VF, in case of 𝛼𝑖𝑘 = 1 and lacks skill k in case of 𝛼𝑖𝑘 =
0. Given the individual student's dichotomous skill profile 𝜶𝑖 the noncompensatory assumption of the DINA model is reflected in the construction of
the student's expected latent response
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𝐾

ξ𝑖𝑗 = ∏ α𝑖𝑘 𝑞𝑗𝑘 .
𝑘=1

If ξij = 1, the student is expected to master item j, otherwise not (i.e.
ξij = 0). Actually, a student may master an item with probability gj (the so-called
guessing parameter) in spite of not being expected to. In the same line, a student
may slip an item with probability sj (the so-called slipping parameter) even
though being expected to master it. If the DINA model holds, we can express the
response probability of a student i with skill profile αi as
𝑃 (𝑋𝑖𝑗 = 1 | 𝜶𝑖 ) = 𝑃(𝑋𝑖𝑗 = 1 | ξ𝑖𝑗 , 𝑔𝑗 , 𝑠𝑗 ) = (1 − 𝑠𝑗 )ξ𝑖𝑗 𝑔𝑗 1−ξ𝑖𝑗 .
Note that in real life applications, the students’ skill profiles 𝜶𝑖 are
unknown. It is one of the model’s goals to estimate them. To achieve that
marginal maximum likelihood estimation and expectation maximization
algorithm are deployed (de la Torre, 2009).
After estimating, the DINA model yields values for the following
parameters: the item parameters gj (guessing) and sj (slipping); the skill
possession parameters 𝑃(𝛼𝑘 ) (i.e. the percentage of students possessing each
skill) and skill class parameters 𝑃(𝜶𝑙 ) (i.e. the percentage of students possessing
a specific combination of skills). Based on the item parameters we may interpret
𝜔1𝑗 = 1 − 𝑔𝑗 − 𝑠𝑗 as item discrimination, where values close to or greater than 1
indicate a good separation of examinees with low abilities from examinees with
high abilities (George & Robitzsch, 2015). For statistical inference of the
parameters (standard errors and test statistics) the analysis were recalculated
50 times with randomized jackknife zones. A criterion for evaluating the
absolute model fit is the standardized root mean square residual (SRMSR;
Maydeu-Olivares, 2013). Maydeu-Olivares suggests that SRMSR values smaller
than 0.05 indicate well-fitting models.
To compare the extent to which groups (i.e. students with high versus low
language proficiency) differ in their skill possession 𝑃(𝛼𝑘 ) a multiple group
DINA model is established (e.g. Johnson et al., 2013). For avoiding a biased
estimation of the group differences, invariant item parameters are chosen as
identification condition (cf. de la Torre & Lee, 2010; Johnson et al., 2013; Xu &
von Davier, 2008).

3.3.3 Q-matrix of present model and derived parameters
Directly implementing the skill to item assignment in a Q-matrix would
end in a matrix having for each item exactly one 1 in the first three columns (i.e.
the assignment of one of the three problem types) and one 1 in the last three
columns (i.e. the assignment of one of the three problem formats). As George and
Robitzsch (2014) showed such matrices would leave the skills unidentified, all
combinations are established between one problem type and one problem format
as skills in the CDM model for the Percent-Cross-Test. This leads to a model
with K*= 9 skills as outlined in Table 4. As this matrix only includes
assignments of items to one single skill, the non-compensatory model of the
DINA corresponds to any other compensatory model.
Table 4.
Q-matrix for assignment of nine combinations between problem
type and problem format skills to test items
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αA;PF

αA;TF

αA;VF

αB;PF

αB;TF

αB;VF

αBR;PF

αBR;TF

αBR;VF

Item 1

1

0

0

0

0

0

0

0

0

Item 2

0

0

0

1

0

0

0

0

0

⋮

⋮

⋮

⋮

⋮

⋮

⋮

⋮

⋮

⋮

Item 10

0

0

0

0

0

0

0

1

0

Item 11

0

0

0

0

1

0

0

0

0

⋮

⋮

⋮

⋮

⋮

⋮

⋮

⋮

⋮

⋮

Item 16

0

0

0

0

0

0

0

0

1

αA;PF find the amount / pure format, αA;TF find the amount / text format, αA;VF find the amount / visual
format, αB;PF find the base / pure format, αB;TF find the base / text format, αB;VF find the base / visual
format, αBR;PF find the base after reduction / pure format, αBR;TF find the base after reduction / text
format, αBR;VF find the base after reduction / visual format.

The CDM allows for determining the percentages P(αA;PF),…,P(αBR;VF) of
students possessing these nine skills. Based on percentages of students
possessing the K* = 9 combinations of one problem type and one problem format,
the percentages P(αk) of students possessing the original K = 6 sub-competencies
can be derived. Therefore, P(αk) is defined as mean values of the three
percentages including skill αk at a time. For example, the percentage of students
possessing αA (find the amount) by 𝑃(𝛼𝐴 ) = [𝑃(𝛼𝐴;𝑃𝐹 ) + 𝑃(𝛼𝐴;𝑇𝐹 ) + 𝑃(𝛼𝐴;𝑉𝐹 )]/3.
As the CDM model provides a ratio scale of measurement, the differences
between the subsamples of students with high and low language proficiency are
meaningful, e.g.
𝛥𝑃(𝛼𝐴;𝑃𝐹 ) = 𝑃(𝛼𝐴;𝑃𝐹 | high language) − 𝑃(𝛼𝐴;𝑃𝐹 | low language)
and analogically the differences of possessing the (six) original skills.
Positive values in both measures indicate advantages for students with high
language proficiency. This allows to evaluate if the students’ mastery of nine
skill combinations and six skills differs significantly between both subsamples.
The calculations were conducted with the statistical programming
software R (R Core Team, 2015) and especially the R package CDM (George,
Robitzsch, Kiefer, Gross, Ünlü, 2016; Robitzsch; Kiefer, George, Ünlü, 2016). All
significance tests referred to the significance level of .05 unless specified
differently.

3.3.4 Model fit and item related parameters
The fitted DINA model with the nine skills described in Section 3.3.3 has
an overall model fit of SRMSR=0.074 and thus the model is accurate.
Table 5 shows a summary of the item related parameters. The item pvalues describe the percentage of students solving the items: 9% of the students
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solved the most difficult item, whereas 62% solved the easiest item. On average
29% of the students solved the items, which makes the test relatively hard. The
item guessing parameters range from .01 to 0.46 (SD=.11) and the item slipping
parameters range from .01 to 0.65 (SD=.21). The item discriminations 𝜔1𝑗 range
from .34 to .91 with a mean value of .67 (SD=.21). These values indicate that the
items separate well between students possessing the relevant skills and those
who do not, and thus the items can separate between students who rule the
skills from those who do not. The difficulty of the items based on the empirical
solution frequency is satisfying.
Table 5.

Model summary - Item related parameters
Minimum

Maximum

Mean

Standard
Deviation

Item p-values

.09

.63

.31

.17

Guessing parameter gj

.01

.47

.06

.11

Slipping parameter sj

.01

.62

.25

.20

Item discrimination 𝜔1𝑗

.37

.90

.68

.20

Correlations between
nine skills

.39

.96

.67

.17

Furthermore, the correlations between the nine skills were inspected.
They have a mean of .67 and range between .39 and .96 (SD=.17). The
correlations indicate relations between the mastery of the problem types and
formats. This is what we expect since students mastering e.g. find the base after
reduction in pure format might also master find the base in pure format.
However, it is no perfect correlation, meaning that students mastering one
problem type and format (i.e. one skill) do not automatically master all the other
skills, too.

Results
4.1 Students’ performances in different problem formats and problem
types
The overall average performance of students on the Percent-Cross-Test
clearly indicates that students, both with high and low language proficiency,
lack conceptual understanding to solve items involving percentages, but of
course with differences. With regard to the first research question Q1 on
students’ performances in different problem formats, the empirical results in
Table 6 document nearly equivalent mastery probabilities in the three problem
formats, with slightly positive trends for the text and especially the visual
format. Students have a general probability of 33.7% to solve items in pure
format, 35.0% for items in text format and 38.1% for items in visual format. This
means that problems in text format are not potentially significant more difficult
than items in pure or visual format.
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Thus, the assertion (A1) that problems in text format are more difficult
than in pure format due to comprehension difficulties for word problems (Kouba
et al., 1988) couldn’t be confirmed by these results. Otherwise, tasks in pure
format seem to be slightly more difficult than in the other two formats. Hence
the claim (A1*) that problems in text format are easier than in pure format
slightly tend to apply, since their contexts can enhance students’ accessibility of
the problem (van den Heuvel-Panhuizen, 2005).
Table 6. Mastery probabilities of nine combinations of problem types and
problem formats (with standard errors) and mastery probabilities of problem
types and problem formats
Problem format
Problem type

Pure format αPF

Text format

αTF

Visual αVF

Mastery
probability of
problem types

Find the amount αA

.353 (.066)

.425 (.054)

.617 (.030)

.461 (.038)

Find the base αB

.498 (.052)

.434 (.055)

.305 (.029)

.413 (.034)

Find the base after reduction αBR

.161 (.029)

.202 (.042)

.221 (.023)

.195 (.025)

Mastery probability of problem
formats

.337 (.036)

.350 (.045)

.381 (.023)

However, these results on general probabilities must be differentiated
with respect to the different problem types, as the other lines in Table 6 show:
 For the problem type ‘find the amount’, the probabilities for each format
vary substantially: students have a 35.3% probability to solve items in pure
format, 42.5% for items in text format and 61.7% for items in visual format. For
this problem type, assertion (A1*) that text formats can enhance accessibility, is
more powerful.
 In contrast, for the problem type ‘find the base’, the assertion (A1) that
problems in text format are more difficult than in pure format (Kouba et al.,
1988) tends at least not to contradict the results (49.8% for items in pure format,
43.4% for items in text format).
 For the more complex problem type ‘find the base after reduction’ the
picture changes again, the probability for the pure format is with 16.1% little
lower than for the text format with 20.2%.
The assertion (A2) was that visual formats are easier than other formats
since they can enhance the accessibility of a problem (Walkington et al. 2013).
According to the results in Table 6, this mainly applies for ‘find the amount’, but
also but to a lesser extent for the more unknown problem type ‘find the base
after reduction’ where the visual format received a probability of 22.1%,
compared to 16.1% for the pure and 20.2% for the text format.

4.2 Differences between the subsamples with high and low language
proficiency
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The second research question Q2 asked for group differences in students’
mastery of problem formats. For this purpose, Table 7 provides the separated
data for mastery probabilities in both subsamples, in the upper part for students
with high language proficiency, in the middle part for students with low
language proficiency and in the lower part the differences between both
subsamples.
Table 7 shows that for students with low language proficiency the format
of an item seems to have a greater influence than for students with high
language proficiency. For the second group there are only minimal differences
between the mastery probabilities of the problem formats, ranging from 46.0%
for items in pure format, 48.0% for items in visual format to 49.2% for items in
text format. The students with low language proficiency have lower mastery
probabilities for all problem types and all problem formats as their more
language proficient peers. Furthermore, they show a preference for items in
visual format (mastery probability of 30.5%) and have slightly higher mastery
probabilities for tasks in text format (mastery probability of 24.5%) than for
items in pure format (mastery probability of 22.1%). However, the performance
gaps between the groups are similar for the pure and the text format ( = 23.9%
for pure format,  = 24.7% for text format) and smaller for the visual format ( =
16.6%). Thus, the students with low language proficiency don’t have a
considerable bigger disadvantage with the text format.
Research questions Q3 asks for differences in the performance gaps
between students of high and low language proficiency within the problem types.
The general pattern of difficulties between problem types seem to be parallel for
both subsamples. The problem type ‘find the amount’ is solved with the highest
probabilities, i.e. in the subgroup with high language proficiency with 60.2% and
with 33.3% significantly worse in the group with low language proficiency.
Table 7. Skill mastery probabilities of nine combinations of problem types and
problem formats (with standard errors)
for students with high and low language proficiency and their differences
(with differences being significant at the level of .05 printed in bold numbers).
Students with high
language proficiency

Pure format αPF

Text format αTF Visual αVF

Skill mastery
of problem types

Find the amount αA

.485 (.044)

.582 (.044)

.739 (.047)

.602 (.034)

Find the base αB

.643 (.044)

.592 (.052)

.388 (.044)

.541 (.037)

Find the base after
reduction αBR

.254 (.040)

.303 (.042)

.313 (.036)

.290 (.033)

Skill mastery of problem
.460 (.035)
formats

.492 (.039)

.480 (.035)

Students with low language
Pure format αPF
proficiency

Text format αTF Visual αVF

Skill mastery
of problem types
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Find the amount αA

.197 (0.027)

.281 (0.033)

.523 (0.03)

.333 (0.024)

Find the base αB

.384 (0.045)

.314 (0.036)

.241 (0.034)

.313 (0.031)

Find the base after
reduction αBR

.083 (0.021)

.140 (0.028)

.149 (0.027)

.124 (0.022)

Skill mastery of problem
.221 (0.022)
formats

.245 (0.025)

.305 (0.027)

Differences between groups
of low and high language
Pure format αPF
proficiency

Text format αTF Visual αVF

Find the amount αA

Skill mastery
of problem types

 = .288 (.048)

 = .301 (.051)

 = .216
(.054)

 = .268 (.037)

 = .259 (.056)

 = .278 (.060)

 = .164
(.042)

 = .228 (.047)

Find the base after
reduction αBR

 = .171 (.046)

 = .163 (.049)

 = .171
(.046)

 = .166 (.038)

Skill mastery of problem
formats

 = .239 (.039)

 = .247 (.042)

 = .166
(.036)

Find the base αB

Slightly lower probabilities can be found for ‘find the base’, 54.1% for the
high language proficiency group and a significant lower probability of 31.3% for
their less language proficient peers. For both groups the probabilities for solving
the more complex problem type ‘find the base after reduction’ are far lower than
for the other problem types: For students with high language proficiency the
probability to solve such an item is with 29.0% only half and in the subgroup of
low language proficiency with 12.4% only about a third of the respective size.
The differences between the groups are significant and greater for the basic
problem types ‘find the amount’ and ‘find the base’ ( = 26.8% and  = 22.8%)
than for the more complex problem type which reaches  = 16.6% more for the
group of high language proficiency.
The performance gap between the groups with respect to the problem
formats vary with the problem types. The differences vary between  = 16.4% for
‘find the base’ in visual format and  = 30.1% for ‘find the amount’ in text
format. However, the text format does reach with only small differences to the
pure format the highest performance gap for the problem types-‘find the base’ (
= 27.8% and  = 25.9%) and ‘find the amount’ ( = 30.1% and  = 28.8%).
In total, the assertion A3 must be differentiated in many ways, and the
text format does not turn out to considerably disadvantage students with low
language proficiency the most.
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Discussion
Are word problems really more difficult for students with low language
proficiency? Although this assertion is often stated in literature, there exist only
very old empirical evidences (Carpenter et al. 1980, Kouba et al., 1988) which
seem to have not been replicated since then, whenever the problem format is
thoroughly disentangled from the cognitive demand (conceptual or procedural
demands?). Although a lot of evidence exists that within the text format,
students’ success depend on the language proficiency (Walzebug 2014; Haag et
al. 2013 and many others), there was a need to construct a test with contestant
cognitive demands and numbers sets for comparing really only the difficulty of
problem formats.
In our study, the often claimed assertion that the performance in cracking
percent problems depends to a great extent on the problem format is not
confirmed by the presented test with N = 308 students. Thus there rarely are
differences between the probabilities for solving problems in pure, visual and
text format for the whole sample. For the group of students with low language
proficiency, the probabilities of all considered abilities and ability combinations
are lower than for the more language proficient learners, which was expectable.
Thereby, the disparities between the two groups are much lower for problems in
visual format than in the other two formats. According to that, the problem
format has a slightly greater influence on the probability to solve an item for
students with low than for high language proficiency. With respect to the fact
that the percent bar is not commonly seen in conventional German textbooks,
this result is interpreted as an indicator for its intuitive accessibility. This could
serve as an argument for its use as visual representation to introduce
percentages (see approaches of van den Heuvel-Panhuizen, 2003; Pöhler &
Prediger, 2015). As a restriction, it must be noted repeatedly that only a limited
number of items in the visual format are considered.
With regard to the three considered problem types, the mastery
probabilities follow the same general pattern: As expected, they are considerably
higher in each case for the basic problem types ‘find the amount’ and ‘find the
base’ than for the more complex problem type ‘find the base after reduction’. For
students with high language proficiency, the text format seems to enhance the
accessibility for the more unknown problem types a bit more than the visual
models, whereas their low language proficient peers seem to be a bit more
supported by the visual format.
In this way, the here presented study conducted by means of a DINAmodel confirmed the central result of a similar study with another sample
(Pöhler et al., 2016). Accordingly, the students with high language proficiency
outperformed the low language proficient students in all items and not only with
regard to a particular problem format. Based on the results from the
investigation of percent items in different problem formats and problem types,
the question in the title “Are word problems really more difficult for students
with low language proficiency” has to be denied. This suggests that not the
restricted language proficiency alone is responsible for the disadvantages,
especially for word problems, of the low language proficient group. Other studies
which combine the tests with qualitative investigations (e.g. Prediger et al.,
2015) provide empirical indications that the main issue for students with low
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language proficiency is their lacking conceptual understanding, not only reading
word problems.
As a practical consequence for classrooms, the findings provide
quantitative evidence for the relevance of Moschkovich’s (2013) practical
recommendation not to restrict support for low language proficient learners in
mathematics to word problems alone. Instead of that, a consequent
intertwinement of language learning with the development of conceptual
understanding is required (Moschkovich, 2013). A developed learning
arrangement for percentages which consequently integrate lexical and
conceptual learning, attempt to meet these demands (Pöhler & Prediger, 2015)
and has shown significant efficacy for students’ learning (Pöhler, Prediger, &
Neugebauer, 2017).
The claim of validity is content-related. It is limited by focusing only the
exemplary mathematical content area percentages and furthermore considering
merely three of at least five possible problem types within the design of the test.
This selection can be pragmatically justified, such as the small number of items
per problem format and type, which act as limitation on the methodological
level, with the time-effective conduction of the test in the educationally context.
For future research, an extension of the findings should be planned with
deeper qualitative insights into students’ processes while solving the items in an
interview study, as well as a transfer of the study to other content areas.
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