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Abstract

The purpose of this study was to assess whether understanding relational terminology (i.e., more,
less, and fewer) mediates the effects of intervention on compare word problems. Second-grade
classrooms (n = 31) were randomly assigned to 3 conditions: researcher-designed word-problem
intervention, researcher-designed calculation intervention, or business-as-usual (teacher-designed)
control. Students in word-problem intervention classrooms received instruction on the compare
problem type, which included a focus on understanding relational terminology within compare
word problems. Analyses, which accounted for variance associated with classroom clustering,
indicated that (a) compared to the calculation intervention and business-as-usual conditions, word-
problem intervention significantly increased performance on all three subtypes of compare
problems and on understanding relational terminology; and (b) the intervention effect was fully
mediated by students’ understanding of relational terminology for 1 subtype of compare problems
and partially mediated by students’ understanding of relational terminology for the other 2
subtypes.
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Word problems are challenging for children and adults alike (\VVerschaffel, 1994), and
children struggle to solve word problems even when they perform competently on the
calculations required to solve those problems. In fact, incorrect answers on word problems
are often the result of correct calculations performed on incorrect problem representations
(Lewis & Mayer, 1987). This suggests a failure to understand the language of word
problems (Briars & Larkin, 1984; Cummins, Kintsch, Reusser, & Weimer, 1988; Hegarty,
Mayer, & Green, 1992; Lewis & Mayer; Riley & Greeno 1988). Mathematics word-problem
solving is transparently different from calculations because word problems are presented
linguistically, challenging students to read and interpret the problem, represent the semantic
structure of the problem, and choose a solution strategy. Understanding the language of
word problems (the first step in the process) may facilitate primary-grade students’ ability to
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represent the word-problem structure and therefore choose and complete the solution
strategy successfully (Stern, 1993).

The purpose of the present study was to assess whether the effects of intervention designed
to enhance second graders’ performance on compare problems are mediated by their
understanding of relational terminology (e.g., which in this study refers to the terms more,
less, and fewer). In this introduction, we briefly describe three types of simple arithmetic
word problems, turning our attention quickly to the defining features of the most difficult of
these problem types, compare problems, to clarify how relational terminology makes this
problem type most challenging and how linguistic features of compare problems form three
subtypes of compare problems. Then, we summarize prior work on the approach to word-
problem intervention we adopted in the present study, which incorporates a strong focus on
building student capacity to represent the problem situation. The focus of the present study
was the instructional unit addressing the compare problem type, which incorporates
instruction designed to promote understanding of relational terminology within compare
problems. Finally, we explain the purpose of the present study and state our hypotheses.

Compare Problems and Relational Terminology

Simple word problems, which are solved using one-step addition or subtraction, are key
components of the primary-grade mathematics curriculum. Based on their semantic structure
and the situation described in the story, a variety of researchers classify these problems into
three types: combine, change, and compare problems (e.g., Cummins, Kintsch, Reusser, &
Weimer, 1988; De Corte, Vershaffel, & De Win, 1985; Morales, Shute, & Pellegrino, 1985;
Powell, Fuchs, Fuchs, Cirino, & Fletcher, 2009; Riley, Greeno, & Heller, 1983; Verschaffel,
1994), although sometimes different labels are used. This classification structure
distinguishes among problems in which sets are combined (e.g., Rose has 3 dogs. Maury has
2 cats. How many animals do the children have?), in which a change in one set occurs over
time (e.g., Rose had 3 dogs. Then she found 2 cats. How many animals does Rose have?),
and in which sets are compared (e.g., Rose has 3 dogs. Maury has 2 cats. How many more
animals does Rose have than Maury?). Compare problems are more difficult than combine
or change problems for primary-grade students, even though the calculations required for all
three problem types is similar (e.g., Briars & Larkin, 1984; Carpenter, & Moser, 1984;
Cummins et al., 1988; De Corte, Verschaffel, & Verschueren, 1982; Garcia, Jimenez, &
Hess, 2006; Morales et al., 1985; Powell et al., 2009; Riley & Greeno, 1988; Verschaffel,
1994). Compare problems are the most difficult problem type for two reasons. First,
compare problems describe a static relationship (which can also be true for combine
problems, but not for change problems). Second, only compare problems incorporate
relational terminology.

In the present study, we focused on compare problems because of the challenge they pose
for primary-grade students. In compare problems, two sets or quantities are compared and
through this comparison, the difference between them emerges as a third set (i.e., the
difference set). In compare problems, any of these three sets can be the unknown quantity
students are asked to find. Three subtypes of compare problems are formed based on which
quantity is unknown. The most common subtype is the difference set unknown in which both
static sets are given, and the difference set is found (see sample problems 1 and 4 in Table
1). When the difference set is given, either the compared set is unknown (see sample
problems 2 and 5 in Table 1) or the referent set is unknown (see sample problems 3 and 6 in
Table 1). As the unknown quantity changes, the language and story structure change, which
impacts the problem difficulty. When the compared set is unknown, that set is the subject of
the relational statement (see problem 2 in Table 1: Tom, whose quantity is unknown, has 5
more marbles than Jill); when the referent set is unknown, that set is the object of the
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relational statement, with a pronoun used in the subject (see problem 3 in Table 1: She,
whose quantity is unknown, has 5 more marbles than Tom).

Although all three of these subtypes of compare problems describe a comparative
relationship, problems with unknown referent sets are the most difficult, followed by
problems with unknown compared sets, and problems with unknown difference sets are
generally easiest to solve (Riley & Greeno, 1988; Morales et al., 1985). One potential reason
for the differential difficulty among the subtypes is the way in which the relational
terminology is presented. For problems with the difference set unknown, the relational
terminology is presented in the question. For problems with the compared or referent sets
unknown, the relational terminology is incorporated in a relational statement, from which
students may have greater difficulty determining the comparative relationship.

One way to evaluate the connection between relational terminology and performance on
compare problems is to remove these terms and replace them with alternative wording. Two
variations of compare problems, using equalize and won’t get statements, are common ways
to rephrase compare problems without changing the underlying problem structure. Take the
standard form of a compare problem, “Jill has 5 marbles. Tom has 8 marbles. How many
marbles does Tom have more than Jill?” The equalize phrasing is, “Jill has 3 marbles. Tom
has 8 marbles. How many marbles does Jill need to have as many as Tom?” The won’t get
phrasing is, “There are 10 kids at the birthday party. There are 8 cupcakes. How many kids
won’t get a cupcake?” Fuson, Carroll, and Landis (1996) assessed first and second graders
on the standard form versus equalize phrasing for all three subtypes and found that students
consistently scored higher with equalize than standard phrasing. Hudson (1983) found that
younger children were more successful with won’t get phrasing than the standard form. Fan,
Mueller, and Marini (1994) documented similar results when they assessed performance on
compare, equalize, and won’t get problems. These studies, in which eliminating relational
terminology from compare problems reduces difficulty, suggest that relational terminology
may be central to students’ relatively low performance on the compare problem type.

A related body of work looks at the relational statements specifically within problems with
unknown compared or referent sets. These studies test the viability of Lewis and Mayer’s
(1987) consistency hypothesis as an explanation for the increased difficulty of unknown
referent set problems. In unknown compared set problems, the relational term (more or less/
fewer) is consistent with the calculation required for solution: When more is used, addition
is required; when less/fewer is used, subtraction is required. This is illustrated in the two
problems involving the unknown compared set in Table 1. For problem 2, in which additive
relational terminology is used, adding is required to find the unknown compared set; for
problem 5, in which subtractive relational terminology is used, subtracting is required to find
the unknown compared set. By contrast, in unknown referent set problems, the relational
term (more or less/fewer) is inconsistent with the calculation required for solution. This is
illustrated for the two problems involving the unknown referent set in Table 1. For problem
3, in which additive relational terminology is used, subtracting is required to find the
unknown referent set; for problem 6, in which subtractive relational terminology is used,
adding is required to find the unknown referent set. Such inconsistency creates greater
cognitive complexity that is the case for a consistent relationship, requiring students to
ignore the well-established association between more with increases and addition and less
with decreases and subtraction. Also, the relational statement in problems with the compared
set unknown defines the relationship in terms of the newly introduced set; by contrast,
problems with an unknown referent set define the relationship in relation to the already
given set, with a pronoun used to refer to that already given set. For these reasons, Lewis
and Mayer proposed that problems with unknown referent sets require problem solvers to
rearrange the relational statement. For example, in this problem with an unknown referent
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set, “Jon has 4 apples. He has 3 fewer apples than Eric. How many apples does Eric have?,”
the problem solver rearranges the second sentence to “Eric had 3 more apples than Jon”
before determining the solution procedures. Within the consistency hypothesis, a
prerequisite for successfully rearranging the relational statement is that problem solvers
understand the symmetry of relational terminology (to change fewer to more) and can
effectively reverse the position of the object and subject of the sentence to generate a
relational statement that describes an equivalent relationship. Verschaffel, De Corte, and
Pauwels (1992) documented that students were more successful when solving unknown
compared set problems. Yet, even though students spent more time solving problems with
unknown referent sets, which suggests rearrangement, this extra time did not lead to greater
accuracy, providing only mixed support for Lewis and Mayer’s consistency hypothesis.

To further explore the consistency hypothesis, Stern (1993) conducted two studies assessing
students’ understanding of the symmetrical relationship of more to less/fewer in relation to
solving compare problems with unknown referent sets. In line with the consistency
hypothesis, Stern hypothesized that understanding this symmetrical relationship was most
pertinent to solving compare problems with unknown referent sets. First graders were
presented with pictures of two quantities and asked to match relational statements with each
picture. For example, students had to decide whether one, both, or neither statement (e.g.,
“There are 2 more cows than pigs” and “There are 2 fewer pigs than cows”) matched a
picture. Although students understood the meanings of the sentences, some students failed to
understand that more and fewer could be interchanged to describe the same relationship, and
low performance on this task was related to students’ ability to solve problems with
unknown referent sets. As revealed in these studies, difficulty in interpreting relational
terminology is one plausible explanation for poor performance on compare problems.
Problems with unknown referent sets stand out as most difficult among the compare word-
problem subtypes, potentially requiring an understanding of the symmetrical relationship
between more and less/fewer.

Word-Problem Interventions

In most classrooms, word-problem instruction focuses predominantly on the calculation
strategies required for solution, with little emphasis on strategies for building student
capacity to represent the problem situation (cf. Willis & Fuson, 1988). To address this
problem, Willis and Fuson (1988) and Fuson and Willis (1989) taught students to use
schematic drawings to represent the structure of compare, combine, and change word-
problem types. Using a pre-post design, they showed that this approach promoted “good-to-
excellent” (Willis & Fuson, p. 192) posttest performance among high and average second-
grade students. This approach to instruction is connected to schema theory (Cooper &
Sweller, 1987; Gick & Holyoak, 1983), by which students develop schemas for problem
types (e.g., combine, change, and compare) and learn to recognize the defining features of
each problem type, categorize a problem as belonging to a problem type, and apply the
corresponding solution procedures for that problem type.

Two programs of randomized control studies have extended the Fuson and Willis studies,
and efficacy has been demonstrated. Jitendra and colleagues have enjoyed success teaching
students to recognize distinctions among combine, change, and compare word problems
while representing these problem types with conceptual diagrams (e.g., Jitendra, Griffin,
Deatline-Buchman, & Sczesniak, 2007; Jitendra, Griffin, Haria, Leh, Adams & Kaduvettoor,
2007). As with Fuson and Willis, each diagram is unique to the underlying structure of the
problem type. Students are encouraged to represent problem structures with the diagrams
before solving problems. For compare problems, the conceptual diagram depicts the
mathematical structure of the comparison between a bigger and smaller quantity. Students
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first learn to use the diagram when all numerical information (i.e., compared, referent, and
difference sets) is provided; then, problems are presented with unknown quantities,
mirroring each of the three compare word-problem subtypes. Students put the two given
quantities into the diagram and put a question mark (?) in place of the unknown. In these
studies, schema-based instruction has been causally linked to improvement in overall word-
problem performance, but effects specifically for compare problems have not been reported.

A second program of research has also assessed the efficacy of an approach to word-
problem instruction based on schema theory, in which students are taught the defining
features of combine, change, and compare problem types to scaffold problem representation
and solution strategies. This second approach to schema theory differs from that of Jitendra
and colleagues in two ways. The first distinction between the two lines of randomized
control trials, which is not central to the present study, concerns an explicit focus on transfer
in the instructional design. This led the researchers to call the instructional approach
schema-broadening instruction (SBI). For information on the nature of that transfer
instruction and for research showing that SBI promotes transfer to problems with
unexpected features within the taught problem types (e.g., irrelevant information, relevant
information presented outside the narrative in figures or tables, presentation of problems in
real-life contexts), see Fuchs, Fuchs, Prentice, Burch, Hamlett, Owen, et al., 2003.

The second distinction, which is pertinent to the present study, is that students are taught to
represent problem structures in terms of mathematical expressions. For example, in the first
compare problem-type lesson, two representations of the problem structure are used to
introduce the meaning of compare problems: a conceptual diagram, similar to Fuson’s and
Jitendra’s diagrams, and a mathematical expression (“B —s = D,” where B is bigger number,
s is the smaller number, and D is the difference number). Working with compare stories that
first have no missing information but gradually introduce missing information, students fill
in quantities in the diagram and in the mathematical expression. The conceptual diagram is
gradually faded in favor of the more accessible mathematical expression (which students can
more easily generate on their own). Students are taught to identify important information in
the problem and build a number sentence, in the form of B — s = D, showingxas the
unknown. (For combine problems, the representation is part 1 plus part 2 equals the total or
P1 + P2 =T, for change problems, start quantity plus or minus change quantity equals end
quantity or S +/— C=E.)

We note that in opting for a single representation for the compare problem type, rather than
separate representations for the three subtypes of compare problems, the goal was to (a)
facilitate children’s appreciation of the broader problem type, underscoring the semantic
structure of the problem situation that remains constant across subtypes (even as the
placement of missing information occurs in different sets), and (b) promote correct
classification of problems by reducing the working memory burden and the complexity
associated with teaching nine problem types (e.g., three subtypes for each problem type:
compare, combine, and change problems). We also note that, once students identify the
semantic category of a problem (i.e., determine that the problem is a compare problem rather
than a combine or change problem), they identify which piece of information is missing,
which builds appreciation of the subcategories within the problem type. Also, many students
gradually adopt a more direct approach for deriving the solution, even as they continue to
appreciate and work within the problem-type framework. In either case, the sequence of
steps embedded in students’ solutions appropriately reflect the problem’s additive or
subtractive nature and addresses the three subcategories within each of the three
superordinate word-problem types (Fuchs, Zumeta, Schumacher, Powell, Seethaler, Hamlet,
et al., 2010).
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In a series of randomized control trials, SBI increased word-problem performance across
combine, change, and compare problems (Fuchs, Powell, Seethaler, Cirino, Fletcher, Fuchs,
et al., 2009; Fuchs, Seethaler, Powell, Fuchs, Hamlett, & Fletcher, 2008; Fuchs, Zumeta, et
al., 2010). However, only Fuchs, Zumeta, et al. (2010) separated effects by problem type.
Performance favored SBI for combine, change, and compare problem types, but learning
appeared less robust for compare problems, the most difficult problem type.

In all three lines of studies, an essential feature of intervention for solving compare problems
is representing the problem structure as the bigger number minus the smaller number equals
the difference number: In Fuson’s and Jitendra’s work, students enter these components of
the compare problem into a diagram; in the Fuchs line of work, into B —s = D. In either
case, understanding relational terminology is necessary to do this successfully. Yet, explicit
instruction on understanding relational terminology was not reported in Fuson’s or Jitendra’s
work or incorporated in the Fuchs line of studies. In the Fuchs, Zumeta, et al. (2010)
database, in which student performance was evaluated by problem type, students represented
the underlying structure of compare problems inaccurately more often than for combine or
change problems (e.g., for “Carol has $10. Anne has 5 more than Carol. How much more
money does Carol have than Anne?,” the student wrote 10 + 5 = 15). For this reason, in the
most recent iteration of word-problem intervention, as described in the present study, we
incorporated instruction to promote understanding of relational terminology in the compare
unit. The hope was that better understanding of relational terminology would contribute to
the efficacy of SBI intervention.

Purpose of the Present Study

The purpose of the present study was to gain insight into whether understanding of relational
terminology mediates the effects of intervention on compare problems. The present study
occurred within the context of a larger investigation in which classrooms were randomly
assigned to word-problem (WP) intervention, calculations (CAL) intervention, or business-
as-usual control (see Table 2 for distinctions between the larger study and the present study).
In all three conditions, teachers designed and conducted the majority of the mathematics
program, but only in WP and CAL was a portion of the students’ instructional time designed
and implemented by the researchers. For 17 weeks, WP or CAL students received
researcher-designed whole-class instruction (twice weekly for 30-40 minutes per session),
while WP and CAL at-risk students also received researcher-designed tutoring (three times
weekly for 20-30 minutes per session).

In the larger investigation, WP intervention addressed three problem types (combine,
change, and compare problem types), with the compare unit spanning weeks 8 through 13.
In the larger investigation, outcome measures were administered before and after the 17-
week intervention. These measures mixed the three problem types and did not assess
understanding of relational terminology. In the present study, outcome and mediator
measures were administered immediately before and after the unit on compare problems
(i.e., at end of weeks 7 and 13 of the larger investigation). The present study outcome
measure specifically assessed compare problems, with deeper sampling of the three compare
problem subtypes, and the mediator, understanding of relational terminology, was also
assessed. There was no overlap between the measures used in the present study and those
reported in the larger investigation. (See Table 2.)

The hypotheses in the present study were based on (a) previous SBI intervention research
showing efficacy without the emphasis on relational terminology (Fuchs et al., 2008; Fuchs
et al., 2009), (b) prior investigations of student performance on compare problems (e.g.,
Cummins et al., 1988; De Corte et al., 1985; Fuchs, Zumeta, et al., 2010; Garcia et al., 2006;
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Method

Participants

Morales et al., 1985; Powell et al., 2009; Riley & Greeno, 1988; Verschaffel, 1994), and (c)
earlier work suggesting a connection between understanding relational terminology and
solving compare problems (e.g., Lewis & Mayer; 1987; Stern, 1993; Vershaffel, 1994;
Vershaffel et al., 1992). First, we posited that students receiving WP intervention would
significantly outperform those in CAL and control conditions on compare problems, who
would perform comparably to each other. Then, we conducted mediation analyses to address
the following hypotheses: (a) WP intervention enhances students’ understanding of
relational terminology; (b) students’ understanding of relational terminology in turn
improves student performance on each of the compare problem subtypes; and (c) students’
understanding of relational terminology at least partially mediates the effects of WP
intervention on the compare problem subtypes. In these ways, we sought to extend
knowledge about whether understanding relational terminology is a generative mechanism
within WP intervention for enhancing student performance for the three subtypes of
compare problems. We propose the following causal mechanism: When students are
provided with explicit instruction on the meanings of relational terminology and the
symmetrical relationship between more and less/fewer within a word-problem context, they
apply this understanding to interpret compare problems, which enhances understanding the
relationships in those problems. Understanding these relationships in compare problems
increases students’ ability to accurately represent the structure of compare problems and in
turn solve them.

The present study was conducted in the context of a larger investigation (see Table 2). In the
larger investigation, 32 second-grade teachers (all female) from a large metropolitan school
district volunteered to participate. Blocking within school, we randomly assigned their
classrooms to one of three conditions: WP intervention (n = 12 classrooms), CAL
intervention (n = 12 classrooms), or control (n = 8 classrooms). Soon after random
assignment, one CAL teacher’s classroom was dissolved, leaving 11 classrooms in this
condition. Consented students in the 31 classrooms were included in the larger investigation
if they had at least one T-score above 35 on the VVocabulary or Matrix Reasoning subtests of
the Wechsler Abbreviated Intelligence Scale (WASI; The Psychological Corporation, 1999)
and were a native English speaker or had successfully completed and exited an English
Language Learner program. As part of the larger investigation, students completed pretests
on calculation and word-problem measures to establish equivalency among treatment groups
using Vanderbilt Story Problems (Fuchs & Seethaler, 2008), Addition Fact Fluency (Fuchs,
Hamlett, & Powell, 2003), and Single-Digit Story Problems (adapted from Carpenter &
Moser, 1984; Jordan & Hanich, 2000; Riley et. al., 1983). To identify risk for inadequate
learning outcomes, we applied cut scores, empirically derived from a previous database
(e.g., Fuchs, Zumeta, et al., 2010), to the latter two measures. Students who scored below
specified cut-points on both measures qualified for tutoring in the WP and CAL conditions.
At-risk students in WP classrooms received word-problem tutoring; at-risk students in CAL
classrooms received calculations tutoring (at-risk students in control classrooms did not
receive tutoring from the researchers).

For the present study, we included all students who were not absent for the pretest and
posttest sessions on the compare unit testing (respectively conducted at end of week 7 and
end of week 13). We thereby included 169 students from 12 classrooms in WP (142 not-at-
risk and 27 at-risk students), 155 students from 11 classrooms in CAL (128 not-at-risk and
27 at-risk students), and 118 students from eight classrooms in control (98 not-at-risk and 20
at-risk students). See Table 3 for teacher demographic data, and student demographics, and
student performance on the measures administered to assess initial comparability for
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students among treatment groups. Chi-square analysis and analysis of variance (ANOVA)
revealed that teachers did not differ as a function of condition on race or sex but did differ
on years teaching. Post-hoc analysis revealed WP teachers had significantly fewer years of
teaching experience than CAL teachers (p = .035) or control teachers (p = .044), who were
not different from each other (p = .94). We did not consider this problematic because
teachers did not deliver whole-class instruction or tutoring and because the role of years
teaching in determining student outcomes is not clear (e.g., Wolters & Daugherty, 2007).
Students did not differ as a function of condition on sex, race, subsidized lunch, years
retained, or the three mathematical measures used to assess initial performance
comparability.

Classroom and Tutoring Mathematics Instruction across Conditions

In the present study, researcher-designed intervention supplemented the teachers’
mathematics instructional program. That is, the research-designed intervention constituted
only a portion (typically 20%) of the WP and CAL teachers’ mathematics program. In terms
of the nature of the classroom teachers’ word-problem instruction in the three study
conditions, we asked all 31 classroom teachers to complete a brief questionnaire
immediately following the compare unit to describe the word-problem instruction they
delivered as part of their mathematics program outside the instruction the researchers had
provided.

Across conditions, teachers reported strong reliance on the district’s textbook program,
Houghton Mifflin Math (Greenes et al., 2005). As described in the second-grade textbook
teacher edition, word-problem instruction guides teachers to help students (a) understand,
plan, solve, and reflect on the content of word problems, (b) apply problem-solution rules,
and (c) perform calculations. Word problems used in the textbook program require simple
arithmetic for solution and are the same problem types included in the larger investigation’s
WP intervention (i.e., combine, change, compare). Even so, the textbook rarely presents
compare problems for which the unknown is the compared or referent set. Beyond reliance
on the textbook program teachers reported similar strategies across conditions: a focus on
keywords for deciding whether to add and subtract (which unfortunately encourages
students to ignore the semantic structure of problems) and teaching students to write number
sentences or draw pictures to show their work.

It is important to note that none of the classroom teachers in the CAL or control conditions
reported using instructional methods similar to those used in the WP condition, and we saw
no evidence in student work on the compare problems outcome measure that they relied on
those methods. It is also important to note that by controlling classroom variance in the
analyses (i.e., nesting students within their classroom in the analyses), we accounted for
variations in the nature and quality of the 31 teachers’ classroom instruction when
estimating the effects of other variables (i.e., pretest performance, study condition, and
students’ understanding of relational terminology) on students’ compare-problem learning.

Researcher-Designed WP intervention

See Table 4 for an overview of key components of WP intervention. Asterisked items are
specific to the compare problem unit.

Organization and overview—As part of a two-level prevention system, classrooms were
randomly assigned to control or researcher-designed intervention (WP or CAL), which
involved implementation of a two-level prevention system. The first level of the prevention
system was whole-class instruction, which occurred twice weekly for 30-45 min per
session, which was incorporated into the teachers’ standard mathematics instructional block

J Exp Child Psychol. Author manuscript; available in PMC 2013 April 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Schumacher and Fuchs Page 9

but, as noted, represented only a part of the classroom teachers’ program. The second level
was individual tutoring for at-risk students, which occurred three times weekly for 20-30
min per session and aligned with the instructional sequence of whole-class instruction.
Students were introduced to new skills during whole-class instruction and tutoring
augmented whole-class instruction rather than replicating it; that is, tutoring provided
additional strategies and provided further explanation for the hardest concepts addressed in
whole-class instruction. Such a two-level prevention system is an education reform that has
gained popularity for decreasing students’ risk for long-term academic difficulty (see
Vaughn & Fuchs, in press). Whole-class instruction was provided by research assistant
teachers (RA teachers); tutoring was provided by research assistant tutors (RA tutors). In
this paper, we refer to WP intervention as SBI; however, RA teachers, RA tutors, and
students referred to the WP intervention as Pirate Math. In addition, in WP intervention, RA
teachers, RA tutors, and students referred to combine, compare, and change problems as
total, difference, and change problems, respectively. The names of the problem types were
chosen to enhance comprehensibility for the second graders participating in the study (see
Willis & Fuson [1988] who also adapted problem type names for second graders).

SBI began with Unit 1 (weeks 1-2), which addressed foundational problem-solving skills
important to the subsequent three units. Each of the subsequent units focused on one of the
three problem types, with cumulative review. Combine problems were the focus of Unit 2
(weeks 3-7); compare problems were the focus of Unit 3, with cumulative review on
combine problems (weeks 8-13); change problems were the focus of Unit 4, with
cumulative review on combine and compare problems (weeks 14-17). So, the compare unit,
which is the focus of the present study, ran six weeks (from weeks 8 through 13 of the larger
investigation’s intervention; see Tables 2 and 4).

Nature of WP intervention—SBI taught students to conceptualize word problems in
terms of problem types, to recognize defining features of each problem type, and to
represent the structure of each problem type with an overarching equation (i.e.,a+b=c; d
— e =f). For each problem type, the unit began by introducing students to the structure for
that problem type. In the first compare lesson, the RA teacher called two students of
different heights to the front of the classroom and led a discussion of the comparison in
heights, introducing students to a conceptual diagram that mirrored the physical comparison.
This was repeated with other concrete objects. Two representations of the problem structure
were used to build meaning of compare problems, the conceptual diagram (just mentioned)
as well as a mathematical expression (“B — s = D,” where B is the bigger number, s is the
smaller number, and D is the difference number). Working with compare stories that first
had no missing information but gradually introduced missing information, students filled
quantities into the diagram and into the mathematical expression. The conceptual diagram
was gradually faded in favor of the mathematical expression (which students can more
easily use on their own). Students were taught to identify important information in the
problem and build a number sentence, in the form of B — s = D, showingxas the unknown.1

In a previous unit, which focused on the combine problem type, students had been taught to
RUN through a problem before solving it (i.e., Read the problem, Underline the question,
and Name the problem type). This RUN strategy was also used for compare problems.
Students named the problem type by thinking of defining features of each problem type
taught. To help identify compare problems, students were taught to ask themselves whether
two things are being compared. Students were also taught to use the following procedure to

1During Unit 4, which focused on the change problem type (with cumulative review on combine and compare problems), we helped
students understand that the combine and change categories are not mutually exclusive and suggested that, when they were unclear,
they should choose between the two problem types as they deemed appropriate.
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solve compare problems. First, they identified the representation of the underlying structure
for compare problems: B —s = D. Second, they identified the unknown in the compare
problem they were solving and placedxunder that position of the equation. Third, students
identified, checked off, and wrote important given numbers under the compare equation, B —
s = D. Fourth, students wrote the mathematical signs (- and =). Finally, students solved the
problem by finding X, using a number-list strategy they had been taught in the introductory
unit, and they labeled the numerical answer. We note that many students gradually adopted a
more direct approach for deriving solutions, even as they continued to appreciate and work
within the problem-type framework. In either case, the sequence of steps within students’
solutions appropriately reflected the problem’s additive or subtractive nature and addressed
the three subcategories within each of the compare problem subtypes. As hypothesized in
the literature, children are expected to rely on a part-part-whole schema to solve addition
and subtraction word problems (e.g., Kintsch & Greeno, 1985; Resnick, 1983). Yet, as
shown by Fuson and Willis (1989) and Willis and Fuson (1988), although second-grade
children improve word-problem performance when taught distinctive schema for change,
compare, and combine problem types, they show no evidence of relying on a single part-
part-whole schema for representing those problem types. Therefore, we did not emphasize
part-part-whole relations in the transition from problem representation to solution.

Missing information (x) can occur in any of the three positions: B, s, or D. Using the
strategies we taught, when the compared or referent set is unknown,xis positioned
underneath B or s in the compare equation. Students were first taught to solve problems with
the difference set unknown (as in “Jill has 8 marbles. Tom has 5 marbles. How many more
marbles does Jill have than Tom?”), because these problems are the easiest subtype of
compare problems. In difference set unknown compare problems, determining which
numbers represent the bigger and smaller quantities requires an understanding of whether 8
is bigger or smaller than 5, thus representing B —s = D as 8 — 5 = X. When the difference set
is given and either the compared set (e.g., Jill has 8 marbles. Tom has 5 fewer marbles than
Jill. How many marbles does Tom have?) or the referent set (e.g., Jill has 8 marbles. She has
5 more marbles than Tom. How many marbles does Tom have?) is unknown, problems are
more difficult to represent because determining whether the unknown is the bigger or
smaller amount requires understanding of the relational statement in the problem. To
represent the problem structure when the difference set is given (as in the two examples just
provided), students must translate the relational statement to understand that 5 is the
difference, Tom has the smaller amount, and Jill has the bigger amount. This leads them to
represent B —s = D as 8 — X = 5. These harder compare problem subtypes were introduced
once students practiced representing and solving the easiest compare problem subtype.

Relational terminology instruction—During whole-class instruction on the compare
unit, RA teachers introduced the instructional component focused on helping students
interpret relational statements. First, the meanings of more, less, and fewer were defined and
reviewed. Second, students were taught to cover the difference number to decide what is the
bigger or smaller amount using the relational term (e.g., in “Tom has 5 fewer marbles than
Jill,” the student covers 5 and re-reads; if Tom has less than Jill, he has the smaller amount
and Jill therefore must have the bigger amount). Third, students practiced writing an
alternative relational statement that preserves the structure of the original sentence by
switching the subject and object of the sentence and switching the relational term to its
opposite (e.g., more instead of less/fewer). In the case of “Tom has 5 less marbles than Jill,”
the new sentence would read, “Jill has 5 more marbles than Tom.” In the new sentence, Jill
still has the bigger amount and Tom the smaller amount and the difference amount is 5.
These activities had two purposes: (a) to teach the meaning of the relational terms for
determining the bigger and smaller amounts in problems with unknown compared or
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referent sets and (b) to teach the symmetrical relationship of more to less/fewer. This activity
occurs in 9 of the 11 compare unit lessons.

In tutoring on the compare unit, the following activities addressed relational meaning,
centered on the Compare Game. In the first tutoring lesson of the compare unit, students
learned the foundational elements for the game including (a) a review of the meanings of
more, less, and fewer (as taught in whole-class instruction); (b) a review of which items are
being compared in the relational sentence (as taught in whole-class instruction); (c)
instruction on the meanings of the greater than (>) and less than (<) symbols (not addressed
in whole-class instruction); and (d) application of the (>) and (<) to the relational term (i.e.,
more, less, or fewer) to assist in determining which amount is bigger or smaller (not
addressed in whole-class instruction). After this initial instruction, students played the
Compare Game, as follows. The RA tutor provided a relational sentence. Students
underlined the two things being compared, writing the (>) or (<) symbols over the relational
term in the sentence, and write B and S on the two things being compared. For example,
consider this relational statement, “Jess has $5 more than Kesha.” First, students underlined
Jess and Kesha; second, they found the relational term, more, and wrote a greater than
symbol (>) above; and finally, students wrote B over Jess’s name and s over Kesha’s name.
This shows Jess has the bigger amount and Kesha has the smaller amount.

In the second through fifth tutoring lessons on compare problems, students played the
Compare Game using three relational statements in each session. In the sixth lesson,
relational statements were replaced with entire compare word problems, as students applied
the same steps just described. After completing those steps, students identified whether the
unknown was the bigger or smaller amount. In subsequent lessons, students played the
Compare Game with a mix of relational statements and compare word problems. In lesson
11, students learned to determine the bigger and smaller quantities when presented with new
relational terminology (e.g., older-younger and taller-shorter). For the remainder of the
compare unit, the stimuli in the Compare Game mixed relational statements and compare
word problems with all the relational terms. When solving compare problems throughout
tutoring, RA tutors reminded students to use methods from the Compare Game to interpret
the relationship and accurately represent the problem structure in their number sentences
represent compare problems. When students struggled in solving compare problems, RA
tutors encouraged them to use the (<) and (>) symbols and write “B” or “S” above items to
facilitate correct problem representations.

Lesson activities—Each whole-class lesson incorporated five activities: (a) a review of
previously taught concepts and solution strategies; (b) the daily lesson, in which the RA
teachers introduced new material; (c) teacher-led seatwork, which involved students
working along with the RA teacher on one word problem pertinent to the days’ lesson; (d)
partner work, in which students solved two to three word problems in dyads; and ()
individual work, in which students were accountable for completing one word problem
independently for which they earn points. During the review, the daily lesson, and teacher-
led seatwork, the RA teacher asked lots of questions to encourage active student
participation and called different students up to the board to assist in segments of the lesson.
In these segments, the RA teacher gradually shifted responsibility from teacher to the
student. During partner work and individual work, the RA teacher circulated throughout the
room engaging with dyads to scaffold and support understandings. Students were
encouraged to use their daily scores to monitor their progress.

Each tutoring lesson comprised four activities: (a) a two-minute review activity for
practicing previously taught foundational skills from the introductory unit; (b) the lesson,
which introduced new strategies and provided guidance to students through two to three
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word problems while the RA tutor gradually decreased support; (c) a two-minute sorting
game in which students received practice in recognizing the defining features of and naming
problem types; and (d) completion of an independent word problem for which students
earned points. The individual format provided ample opportunity for the RA tutor to
scaffold instruction for student understanding and performance. As with whole-class
instruction, students were encouraged to use their performance/score on the independent
word problem to monitor their own progress.

Researcher-Designed CAL intervention

CAL intervention, which RA teachers, RA tutors, and students referred to as Math Wise,
was structured with whole-class and tutoring components, in parallel fashion to WP. CAL
intervention focused on addition and subtraction combinations and procedural calculations
(it did not focus on word problems). As with WP intervention, weeks 8 through 13 of the
larger investigation was the intervention period for the present study (i.e., we pretested CAL
and control students at the end of week 7 and posttested them at the end of week 13). During
weeks 8-13, the focus of CAL intervention was subtraction combinations and procedural
subtraction calculations with and without regrouping. Addition, which had been taught in
the weeks prior to week 8, was included as mixed review. The relationship between whole-
class instruction and tutoring, as well as the lesson activities, were structured similarly
across WP and CAL intervention.

Fidelity of implementation—Each of six RA teachers delivered whole-class lessons in
both conditions (WP and CAL). Each RA teacher was responsible for teaching one to three
classrooms. Twelve RA tutors delivered tutoring in both conditions (WP and CAL).
Tutoring occurred outside the classroom at times when students did not miss important
instruction, as determined by the classroom teacher. Each RA tutor was responsible for
tutoring three to six at-risk students, approximately half of whom received WP tutoring; the
other half CAL tutoring.

To facilitate the delivery of a standard program that could be used to index efficacy protocol
and to promote fidelity of implementation, we used lesson guides to support RAS’
understanding of the instruction. Lesson guides were studied prior to instruction; RAs were
not permitted to memaorize or read portions of the guides. RA teachers and tutors attended
separate one-day introductory trainings on intervention procedures and salient features of the
WP and CAL interventions and additional 2-hour trainings prior to each unit. Three RA
teachers had prior experience with both intervention programs and modeled their initial
lessons for the novice RA teachers so they could observe lessons in action. Six RA tutors
were returning from the previous year; seven RA tutors were new. Returning RA tutors were
paired with new tutors to practice the tutoring procedures prior to working with students.
Subsequent trainings occurred for RA teachers and RA tutors before each unit.

All RA teachers and tutors used audio-digital recording devices to record 100% of lessons.
To assess whether additional training was necessary, experienced RAs conducted live
observations and listened to audio recordings. To quantify treatment fidelity, we randomly
sampled 20% of the audiotapes (RAs were not aware of which lessons would be coded) to
represent the WP and CAL conditions, RAs, and lessons comparably. Each classroom was
represented 7 to 8 times during whole-class instruction, and each tutored student was
represented 9 to 10 times. Prior to the study, we had prepared a checklist for every lesson,
which listed the essential components of that lesson. As coders listened to tapes, they
checked the essential components to which the RA adhered, with the percentage of essential
components then derived. In WP, fidelity for the compare unit was 96.54% for whole-class
instruction and 94.23% for tutoring; fidelity for relational instruction (i.e., the Compare
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Measures

Game) within tutoring lessons was 99.26%. In CAL, fidelity for lessons taught during the
same timeframe as the WP compare unit was 98.75% for whole-class instruction and
92.03% for tutoring.

Measures to assess comparability as a function of study condition—As
described under Participants, to assess treatment group comparability at the start of the
study, we used one calculation measure of (Addition Fact Fluency, Fuchs et al., 2003) and
two word-problem measures (Single-Digit Story Problems [Jordan & Hanich, 2000];
Vanderbilt Story Problems [Fuchs & Seethaler, 2008]). Addition Fact Fluency comprises
addition number combinations with sums from 0-12; alpha on this sample was .88. Single-
Digit Story Problems comprises 14 combine, change, or compare word problems requiring
addition or subtraction combinations for solution. The tester reads each item aloud; students
have 30 sec to write an answer and can ask for re-reading(s). Alpha on this sample was .80.
With Vanderbilt Story Problems, students complete 18 combine, change, or compare
problems with missing information in all three positions, with and without irrelevant
information and with and without charts/graphs. Alpha on this sample was .85. See Table 4
for means and standard deviations among the three groups.

Major study measures—For the present study, we assessed performance on a measure of
compare problems and on students’ understanding of relational terminology. Compare
Problems includes 16 compare problems: six with the referent set unknown, six with the
compared set unknown, and four with the difference set unknown. The score is the number
of correct responses, including labels. For referent set unknown problems, 12 is the
maximum score; for compared set unknown problems, 12 is the maximum score; and for
difference set unknown problems, 8 is the maximum score. Alpha on this sample was .92 for
the entire Compare Problem Measure. Alpha was .80, .82, and .76 for referent, compared,
and difference set unknown subtype problems, respectively.

Relational Tasks assesses understanding of relational terminology in the context of word
problems with two tasks. The first presents eight compare problems with the compared or
referent sets unknown. Rather than solving problems, students determine which quantity is
bigger and smaller and which quantity is unknown (i.e., the bigger, smaller, or difference
amount). The second task comprises eight relational statements that are similar to those
phrased in problems in which the compared set is unknown. For each relational statement,
students determine which sentence preserves the described relationship. Students are given
three sentences from which to choose along with a “none of the above” option. The first task
assesses understanding of relational terminology as it directly relates to representing
compare problems via mathematical expressions. The second task assesses understanding of
the symmetrical relationship of the terms more to less/fewer. The presentation and response
format was not the same as procedures from WP intervention. Alpha on this sample was .91,
and the maximum score was 32.

Testing Procedure

At the start and end of the compare unit, each time during one 50-min testing session, we
administered Compare Problems and Relational Tasks. Students in all conditions were tested
in the same timeframe. RA teachers conducted both testing sessions. Scripted protocols were
used to ensure tests were administered consistently. For compare problems, students were
asked to solve each word problem. Although students were directed to show their work, they
were not prompted to use strategies from the WP intervention. For Relational Tasks, testers
first explained and students completed sample items, and students had the opportunity to ask
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questions before testing began. For both measures, testers read each problem twice and
advanced the class to the next item when all but two students were finished.

Data Analysis and Results

Table 4 displays adjusted posttest scores on Compare Problems (i.e., the outcome) and
Relational Tasks (i.e., the mediator) for the three conditions and a combined “comparison”
condition (across the CAL and business-as-usual control groups; see below). Performance
by the three problem subtypes is also provided.

Preliminary Analyses

We used regression analysis to assess the tenability of combining CAL and business-as-
usual control conditions to form one comparison group on Compare Problems; we did the
same on Relational Tasks. Each time, we controlled for performance at the start of the
compare unit and accounted for the hierarchical structure of the data. Each analysis revealed
no significant difference between these two groups. We combined these two conditions to
serve as one comparison group not only given the lack of significant differences but also (a)
because both conditions received word-problem instruction from the basal text, which did
not include SBI or a focus on relational terminology, and (b) because including a separate
business-as-usual control group with only eight classrooms achieves power to detect a
minimum effect size (ES) of only 0.83, whereas combining the two groups to form one
comparison group with 19 classrooms boosts power to detect a minimum ES of 0.66.
Furthermore, we examined the pattern of the mediation effect when using three separate
conditions versus merging the two comparison conditions (CAL and control). The pattern
was the same. The reason for merging the two control groups was to gain the statistical
power required to also account in the model for the variance associated with classrooms (n =
31).2

To assess pretreatment comparability of WP versus the combined comparison group at the
time of random assignment, we conducted regression analysis that accounted for the
hierarchical structure of the data using HLM software, which showed that the groups were
comparable on Addition Fact Fluency, Single-Digit Story Problems, and VVanderbilt Story
Problems (respective p values = .79, .49, and .80; effect sizes = 0.01, 0.03, and 0.01).

Assessing the Proposed Causal Mechanism

We used student pretest scores on Compare Problems as a covariate in all analyses. To test
whether intervention effects were mediated by students’ understanding of relational
terminology, we conducted a three-step mediation analysis (MacKinnon, 1994; MacKinnon,
2008; Zhang, Zypher, & Preacher, 2009) using regression while accounting for the
hierarchical structure of the data. Treatment was a Level 2 (classroom) variable; the
mediator (Relational Tasks) and the outcome (each of the three Compare Problem scores,
one for each subtype of compare problems) were Level 1 (student) variables. Figure 1
displays the overarching mediation model we tested along with relevant paths we used to
assess the direct and indirect effects for each of these analyses.

2To further substantiate that effects were not due to the provision of individual tutoring, we also ran analyses without classroom in the
model, this time contrasting only the two active conditions (CAL and WP, both of which incorporated tutoring for at-risk students).
The pattern of mediation effects did not differ in any major way. This suggests that the mediation effects we report are not due to half
of the merged control group receiving individual tutoring on calculations, which has been shown in previous work to have limited
transfer to word problems (e.g., Fuchs et al., 2009). The advantage of including classroom in the statistical model is that it accounts for
the variations in and the quality of the mathematics instructional approach of the 31 teachers who participated in the study.
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In the first mediation analyses, we looked at the compare subtype with the difference set
unknown. In the first step of the analysis, we assessed the effects of treatment condition on
the outcome (performance for unknown difference set problems) controlling for initial
unknown difference set performance (path c on Figure 1). The first model in Table 5 shows
treatment condition was a significant predictor of performance for problems with unknown
difference sets favoring WP over the comparison group (ES = 0.47 where ES = difference in
adjusted means divided by the pooled, unadjusted SD.) In the second step, we assessed the
effects of treatment on the mediator (Relational Tasks). The second model in Table 6 shows
treatment condition was a significant predictor of the mediator (path a on Figure 1) (ES =
0.26 favoring WP over the comparison group). In the third and final step of the mediation
analysis, we assessed the effects of treatment condition and the mediator (Relational Tasks)
on the outcome (performance for unknown difference set problems), controlling for initial
performance on Compare Problems of the unknown difference set subtype (paths b and c').
The third model shows treatment condition and the mediator each remained significant when
both were included in the model (paths b and c¢'). Thus, understanding relational terminology
did not fully mediate intervention effects for compare problems with the difference set
unknown. To determine whether the indirect effect was however significant, we applied the
Sobel test (Baron & Kenny, 1986), which was significant (p = .038; see Table 6 for
coefficient values), indicating that understanding relational terminology partially mediates
intervention effects on compare word problems with unknown difference sets.

We repeated this three-step process to determine mediation effects for the two other
subtypes of compare problems: unknown compared set problems and unknown referent set
problems. Table 6 displays coefficient values for each step of the mediation analysis for the
relevant paths. For problems with unknown compared sets, step 1 revealed treatment was a
significant predictor of the outcome (ES = .25 favoring WP over the comparison group), step
2 revealed treatment was a significant predictor of the mediator (ES = .26), and in the third
step, the mediator remained significant, and the treatment effect was no longer significant
when both were included in the model. In this way, for compare problems with unknown
compared sets, relational terminology fully mediated intervention effects.

For problems with unknown referent sets, results were similar to problems with unknown
difference sets. The first and second steps were both significant, favoring the WP condition.
Treatment was a significant predictor of the outcome, ES = .39, and treatment was a
significant predictor of the mediator, ES = .26. In the third step, when treatment and the
mediator were both included in the model, both remained significant. To assess the indirect
effect, we applied the Sobel test (Baron & Kenny, 1986), which was significant (p = .045),
indicating that relational terminology partially mediates intervention effects for compare
problems with unknown referent sets.

Discussion

The purpose of this study was to assess whether students’ understanding of relational
terminology mediates WP intervention effects. We situated instruction on relational
terminology within a unit on compare problems because understanding relational
terminology is highly relevant for this problem type (Lewis & Mayer, 1987; Stern, 1993).
We posited the following causal mechanism: When students receive instruction on relational
terminology, their understanding of that terminology improves, and this improved
understanding increases their ability to represent the structure of each of the three subtypes
of compare problems and solve these problems correctly. Research indicates that students
who lack understanding of relational terminology have difficulty solving compare problems
(De Corte et al., 1985; Fan et al., 1994; Fuson et al., 1996; Hudson, 1983; Stern, 1993;
Verschaffel, 1994). Yet, we identified no prior studies that assessed whether instruction on
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understanding relational terminology affects performance on compare problems or affects
students’ understanding of relational terminology. We also identified no studies that
assessed whether understanding of relational terminology mediates the effects of instruction
designed to enhance students’ competence in handling compare word problems.

In the first steps of the mediation analyses, we found significant effects for WP intervention
on all three compare problem subtype outcomes (unknown difference sets, unknown
compared sets, and unknown referent sets). The WP intervention, based on SBI, includes
several instructional components that likely contributed to increased performance. For
example, students were taught to understand the underlying structure of the problem type,
with the goal of fostering students’ comprehension of the story structure, and to identify the
problem type before applying solution procedures. In addition, we taught students to
represent the problem with mathematical expressions in terms of the bigger, smaller, and
difference quantities and to apply solution rules. Recognizing the problem type before
solving it is central to applying the successful solution strategies in SBI. As with the present
study, prior randomized control studies have found support for the efficacy of SBI when
assessing performance on a mix of combine, change, and compare problems (Fuchs, et al.,
2008; Fuchs, et al., 2009; Fuchs, Zumeta, et al., 2010; Jitendra, Griffin, Deatline-Buchman,
et al., 2007; Jitendra, Griffin, Haria, et al., 2007). In the present study, we isolated effects for
compare problems, the most difficult of the three problem types.

In the second step of the mediation analysis, we found significant effects for WP
intervention on understanding relational terminology. Within the compare unit, we
incorporated instruction to explicitly teach students the meaning of relational terms and the
symmetry between more and less/fewer. Within whole-class instruction, students learned to
identify relational statements and determine which amount is bigger or smaller. Students
also learned to write equivalent relational statements by changing the relational term and
switching the subject and object of sentences. In addition, to address the working memory
demands associated with word-problem development (e.g., Fuchs, Geary, et al., 20103,
2010b; Swanson & Beebe-Frankenberger, 2004), we provided at-risk students with
strategies for reducing the working memory demands involved in deciphering and operating
on relational statements: At-risk students learned to write the greater than (>) or less than (<)
symbol over the relational term once they deciphered its meaning, to write “B” and “s”
above the bigger and smaller amounts once they identified which entity was larger, and to
mark the unknown quantity withxonce they determined which quantity was unknown. Prior
research assessing students’ understanding of relational terminology (e.g., (De Corte et al.,
1985; Fan et al., 1994; Fuson et al., 1996; Hudson, 1983; Stern, 1993; Verschaffel, 1994)
suggests that such understanding is most important when solving compare problems with
unknown referent sets. Yet, instruction on relational terminology has not been the focus of
previous work. Our findings add to the existing literature by suggesting that instruction on
relational terminology enhances students’ understanding of these terms within the context of
compare problems.

The third step in the mediation analysis provides support, at least in part, for our proposed
causal mechanism. In this step, we simultaneously included treatment and the relational
understanding mediator variable as predictors of performance on each of the three compare
problem subtype outcomes. Results showed that WP intervention and the mediator each
remained significant predictors (paths b and ¢') when included in the same regression
equation for two compare problem subtypes: those with unknown difference sets and those
with unknown referent sets. To assess the indirect effect for these outcomes, we applied the
Sobel test, which showed that intervention effects were partially mediated by understanding
of relational terminology for both of these outcomes. For the third compare problem
subtype, those with unknown compared sets, results showed that WP intervention (path c')
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was no longer a significant predictor of the outcome when the mediator (path b) was
included in the model. So, for compare problems with unknown compared sets, intervention
effects were fully mediated by students’ understanding of relational terminology.

According to MacKinnon (2008), mediation analysis identifies whether specific program
components help explain treatment effects. For each of the three compare problem subtypes,
the mediator was significant, and partially or fully mediated intervention effects. Thus,
indicating that understanding relational terminology is an important mechanism in
explaining performance on compare problems and an active instructional ingredient in the
context of SBI intervention. Only for the subtype of compare problems with the unknown
compared set was the mediation effect complete. For this subtype, which is easier than the
unknown referent set subtype but harder than the unknown difference set subtype (e.g.,
Garcia et al., 2006; Morales et al., 1985; Riley & Greeno, 1988), the instructional focus on
relational terminology appeared to provide adequate scaffolding, in and of itself, for
promoting student success. Perhaps these problems of moderate difficulty, relative to the
other two subtypes, were closer to the students’ zone of proximal development. By contrast,
the mediation effect for the easiest and most difficult compare problem subtypes was only
partial. For the easiest subtype, the unknown difference set subtype (Morales et al.; Riley &
Greeno), the least sophisticated understanding of relational terminology is required (Stern,
1993), suggesting that other SBI components of intervention contributed, on top of the
relational understanding component, to help bolster student understanding. Even so,
understanding of relational terminology, as reflected in the partial mediation, was still an
important mechanism for enhancing performance. Interestingly, for the most difficult
subtype, unknown referent set problems (Morales et al.; Riley & Greeno), the mediator
effect was also partial. This may seem surprising because this subtype demands the most
developed understanding of relational terminology for accurate solution (Stern). Perhaps, the
difficulty of the unknown referent set subtype requires the additional support afforded by the
other SBI instructional components or that more intensive instruction on understanding
relational terminology is required for such understanding to completely mediate the effects
of SBI efficacy. Even so, the partial mediation effect again suggests understanding relational
terminology is an important contributor to success. Clearly, more research is needed to
extend insight into how understanding of relational terminology interacts with instructional
intervention on compare problems to determine student success.

The present study’s findings suggest teaching students to understand relational terminology,
with the major focus on the meanings of more, less, and fewer and determining bigger and
smaller quantities, is an important ingredient for enhancing performance on compare
problems. This findings must, however, be understood within the context of five study
limitations. First, explicit instruction on other relational terms (e.g., longer, shorter, older,
younger) was not included in whole-class instruction and was incorporated only on three
days of tutoring. Moreover, our outcome and mediator measures only included items with
more, less, and fewer and determining bigger and smaller quantities. Future research should
explore whether instruction on the limited set of relational terms addressed in the present
study transfers to a broader set of vocabulary.

Second, we remind readers that although mediation analysis is designed to identify whether
specific program components help explain intervention effects, a stronger demonstration of
the effects of relational terminology instruction would involve a randomized control trial in
which participants are randomly assigned to receive high quality word-problem instruction
with and without relational terminology instruction. Future randomized control trials should
be conducted toward this end.
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A third limitation of the present study is that the instructional backdrop for relational
understanding instruction was SBI, in which instruction relied on a single mathematical
representation for the compare problem type, rather than separate representations for the
three compare problem subtypes. In taking this approach, our goal was to (a) facilitate
children’s appreciation of the broader compare problem type, underscoring the semantic
structure of the problem situation that remains constant across the compare problem
subtypes (even as the placement of missing information occurs in different roles of the
problem-type situation), and (b) promote correct classification of problems by reducing the
working memory load and the complexity associated with teaching nine problem types
(across combine, compare, and change problems). Once students identified the semantic
category of a problem, they then identified which piece of information was missing; the
hope was to encourage appreciation of the subcategories within the problem type. Also,
many students in the present study gradually adopted a more direct approach for deriving
solutions, even as they continued to appreciate and work within the problem-type
framework. In either case, the hope was that the sequence of steps within students’ solutions
appropriately reflects the additive or subtractive nature of problems and addresses the three
subcategories within each of the three superordinate word-problem types. Even so, it is
possible that encouraging children to model word problems in a more informal, flexible way
that follows the semantics of the narrative may be superior to the SBI approach we took in
the present study and may offer advantages for teaching students relational terminology
within a more natural approach. In a similar way, it is also possible that teaching
representations for three compare problem types may be superior to teaching one unified
compare problem type and enhance the effects of relational terminology instruction.
Empirical tests designed to test the effects of relational terminology instruction, when
contextualized with SBI versus instruction that encourages more informal strategies and
when contextualized in SBI studies with a unified versus multiple representations of
compare problems, are fruitful directions for future research. Such studies might also
investigate whether the cognitive resources associated with word-problem development,
such as working memory, oral language ability, or nonverbal reasoning ability (e.g., Fuchs,
Geary, et al., 2010a, 2010b; Swanson & Beebe-Frankenberger, 2004), moderate efficacy of
these different instructional approaches.

The fourth limitation is that we did not separate effects for at-risk students who received
tutoring. We opted against analyzing data for this subset of students for two reasons. One
was that classrooms were randomly assigned to WP and CAL conditions that, by definition,
included whole-class instruction as well as tutoring for at-risk students. That is, each of
these intervention conditions was conceptualized as a 2-level condition as is the case within
responsiveness-to-intervention systems that provide a unified prevention framework. The
other reason was sample size for detecting effects: Only 27 (of 169) WP students and 27 (of
155) CAL students received tutoring (with only 20 [of 118] control students who would
have received tutoring if their classrooms had been randomly assigned to the WP or CAL
condition). Such a mediation analysis would be sorely underpowered. Future studies might
systematically investigate the contribution of tutoring to the efficacy of relational
understanding instruction, by randomly assigning classrooms to whole-class intervention
conditions and then stratifying by classroom to randomly assign students to tutoring. In this
way, students would receive tutoring with and without the whole-class instructional
component, thereby providing the basis for isolating the contributions of whole-class
instruction and tutoring. The final limitation is that we did not assess follow-up, and future
work is clearly warranted to examine the durability of the effects demonstrated in the
present study.

With these limitations in mind, we tentatively draw some implications for school practice.
Our findings suggest that word-problem instruction focused on the language demands in
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those word problems is important. This makes sense given prior research showing that oral
language ability is a unique predictor of word-problem development (e.g., Fuchs, Geary, et
al., 2010a, 2010b) and is uniquely associated with word-problem difficulty (Fuchs, Fuchs,
Stuebing, et al., 2008). In our WP intervention on compare problems, we relied on SBI,
which teaches students to identify the story structure before solving problems, while
focusing students’ attention on understanding relational terminology. Results suggest that
such SBI promotes learning specifically of compare problems, the most difficult problem
type addressed in the primary grades. Moreover, findings suggest that understanding
relational terminology at least partially mediates the effects of SBI on compare problem
learning; that incorporating instruction focused on relational terminology may afford added
value for promoting student success with compare word problems; and, in a more general
sense, that language instruction within the context of word-problem instruction may
represent a productive avenue for enhancing students’ development of competence in
handling word problems.

Highlights

e When used in word problems, relational terminology is challenging for young
students.

e Instruction on relational terminology was tested within a word-problem
intervention, using a randomized control trial.

e Students’ problem-solving skills improved more than a comparison group
e Students’ understanding of relational terms also improved.

Word-problem outcomes were mediated by students’ understanding of relational
terms.

Acknowledgments

This research was supported by Grant HD059179 and HD15052 from the Eunice Kennedy Shriver National
Institute of Child Health & Human Development to Vanderbilt University. The content is solely the responsibility
of the authors and does not necessarily represent the official views of the Eunice Kennedy Shriver National Institute
of Child Health & Human Development or the National Institutes of Health.

References

Baron RM, Kenny DA. The moderator-mediator variable distinction in social psychological research:
Conceptual, strategic, and statistical considerations. Journal of Personality and Social Psychology.
1986; 51:1173-1182. [PubMed: 3806354]

Briars DJ, Larkin JH. An integrated model of skill in solving elementary word problems. Cognition
and Instruction. 1984; 1:245-296.

Carpenter TP, Moser JM. The acquisition of addition and subtraction concepts in grades one through
three. Journal of Research in Mathematics Education. 1984; 15:179-202.

Cooper G, Sweller J. Effects of schema acquisition and rule automation on mathematical problem
solving transfer. Journal of Educational Psychology. 1987; 79:374-362.

Cummins DD, Kintsch W, Reusser K, Weimer R. The role of understanding in solving word problems.
Cognitive Psychology. 1988; 20:405-438.

De Corte E, Verschaffel L, De Win L. Influence of rewording verbal problems on children’s problem
representations and solutions. Journal of Educational Psychology. 1985; 77:460-470.

De Corte, E.; Verschaffel, L.; Verschueren, J. First graders’ solution processes in elementary word
problems. In: Vermandel, A., editor. Proceedings of the Sixth International Conference for the
Psychology of Mathematical Education; Antwerp, Belgium: University of Antwerp; 1982.

J Exp Child Psychol. Author manuscript; available in PMC 2013 April 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Schumacher and Fuchs Page 20

Fan N, Mueller JH, Marini AE. Solving difference problems: Wording primes coordination. Cognition
and Instruction. 1994; 12:355-369.

Fuchs LS, Fuchs D, Stuebing K, Fletcher JM, Hamlett CL, Lambert WE. Problem-solving and
computation skills: Are they shared or distinct aspects of mathematical cognition? Journal of
Educational Psychology. 2008; 100:30-47. [PubMed: 20057912]

Fuchs LS, Fuchs D, Prentice K, Burch M, Hamlett CL, Owen R, Hosp M, Janeck D. Explicitly
teaching for transfer: Effects on third-grade students’ mathematical problem solving. Journal of
Educational Psychology. 2003; 95:293-304.

Fuchs LS, Geary DC, Compton DL, Fuchs D, Hamlett CL, Bryant JV. The contributions of numerosity
and domain-general abilities to school readiness. Child Development. 2010a; 81:1520-1533.
[PubMed: 20840238]

Fuchs LS, Geary DC, Compton DL, Fuchs D, Hamlett CL, Seethaler PM, Bryant JV, Schatschneider
C. Do different types of school mathematics development depend on different constellations of
numerical and general cognitive abilities? Developmental Psychology. 2010b; 46:1731-1746.
[PubMed: 20822213]

Fuchs, LS.; Hamlett, CL.; Powell, SR. Available from L.S. Fuchs, 228 Peabody. Nashville, TN 37203:
Vanderbilt University; 2003. Math Fact Fluency.

Fuchs LS, Powell SR, Seethaler PM, Cirino PT, Fletcher JM, Fuchs D, Hamlett CL, Zumeta RO.
Remediation number combination and word problem deficits among students with mathematics
difficulties: A randomized control trial. Journal of Educational Psychology. 2009; 101:561-576.
[PubMed: 19865600]

Fuchs, LS.; Seethaler, PM. Available from LS Fuchs, 228 Peabody. Nashville, TN 37203: Vanderbilt
University; 2008. Find X, Number Sentences, and Vanderbilt Story Problems.

Fuchs LS, Seethaler PM, Powell SR, Fuchs D, Hamlett CL, Fletcher JM. Effects of preventative
tutoring on the mathematical problem solving of third-grade students with math and reading
difficulties. Exceptional Children. 2008; 74:155-173. [PubMed: 20209074]

Fuchs LS, Zumeta RO, Schumacher RF, Powell SR, Seethaler PM, Hamlett CL, Fuchs D. The effects
of schema-broadening instruction on second graders’ word-problem performance and their ability
to represent word problems with algebraic equations. Elementary School Journal. 2010; 110:446-
463. [PubMed: 20539822]

Fuson KC, Carroll WM, Landis J. Levels in conceptualizing and solving addition and subtraction
compare word problems. Cognition and Instruction. 1996; 14:345-371.

Fuson KC, Willis GB. Second graders’ use of schematic drawings in solving addition and subtraction
word problem. Journal of Educational Psychology. 1989; 81:514-520.

Garcia Al, Jimenez JE, Hess S. Solving arithmetic word problems: An analysis of classification as a
function of difficulty in children with and without arithmetic LD. Journal of Learning Disabilities.
2006; 39:270-281. [PubMed: 16724797]

Gick ML, Holyoak K. Schema induction and analogical transfer. Cognitive Psychology. 1983; 15:1-
38.

Greenes, C.; Laron, M.; Leiva, MA.; Shaw, JM.; Stiff, L.; Vogeli, BR.; Yeatts, K. Houghton Mifflin
Math: Grade 2 Tennessee. Boston, MA: Houghton Mifflin Company; 2005.

Hegarty, M.; Mayer, RE.; Green, CE. Journal of Educational Psychology. Vol. 84. 1992.
Comprehension of arithmetic word problems: evidence from students’ eye fixations; p. 76-84.
Hudson T. Correspondences and numerical differences between joint sets. Child Development. 1983;

54:84-90.

Jitendra AK, Griffin CC, Deatline-Buchman A, Sczesniak E. Mathematical word problem solving in
third-grade classrooms. Journal of Educational Research. 2007; 100:283-302.

Jitendra AK, Griffin CC, Haria P, Leh J, Adams A, Kaduvettoor A. A comparison of single and
multiple strategy instruction on third-grade students’ mathematical problem solving. Journal of
Educational Psychology. 2007; 99:115-127.

Jordan NC, Hanich LB. Mathematical thinking of second-grade children with different forms of LD.
Journal of Learning Disabilities. 2000; 33:567-578. [PubMed: 15495398]

Kintsch W, Greeno J. Understanding and solving word arithmetic problems. Psychological Review.
1985; 92:109-129. [PubMed: 3983303]

J Exp Child Psychol. Author manuscript; available in PMC 2013 April 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Schumacher and Fuchs Page 21

Lewis AB, Mayer RE. Students’ miscomprehension of relational statements in arithmetic word
problems. Journal of Educational Psychology. 1987; 79:363-371.

MacKinnon, DP. Analysis of mediating variables in prevention and intervention research. In: Cezares,
A.; Beatty, LA., editors. National Institute on Drug Abuse Research Monograph Research. Vol.
139. Washington DC: Public Institutes of Health; 1994. p. 132-159.

MacKinnon, DP. Introduction to statistical mediation analysis. New York: Lawrence Erlbaum and
Associates; 2008.

Morales RV, Shute VJ, Pellegrino JM. Developmental differences in understanding and solving simple
word problems. Cognition and Instruction. 1985; 2:41-57.

Powell SR, Fuchs LS, Fuchs D, Cirino PT, Fletcher JM. Do word-problem features differentially affect
problem difficulty as a function of students’ mathematics difficulty with and without reading
difficulty? Journal of Learning Disabilities. 2009; 42:99-110. [PubMed: 19011123]

Resnick, LB. The development of mathematical thinking. New York: Academic Press; 1983. A
developmental theory of number understanding; p. 109-151.

Riley MS, Greeno JG. Developmental analysis of understanding language about quantities and of
solving problems. Cognition and Instruction. 1988; 5:49-101.

Riley, MS.; Greeno, JG.; Heller, JH. Development of children’s problem-solving ability in arithmetic.
In: Ginsburg, HP., editor. The development of mathematical thinking. San Diego, CA: Academic
Press. Stern; 1983. p. 153-196.

Stern E. What makes certain arithmetic word problems involving the comparison of sets so difficult for
children? Journal of Educational Psychology. 1993; 85:7-23.

Swanson HL, Beebe-Frankenberger M. The relationship between working memory and mathematical
problem solving in children at risk and not at risk for serious mathematics difficulties. Journal of
Educational Psychology. 2004; 96:471-491.

The Psychological Corporation. Wechsler Abbreviated Scale of Intelligence. San Antonio, TX:
Harcourt Brace &Company; 1999.

Vaughn SR, Fuchs LS. Responsiveness-to-intervention reconsidered. Journal of Learning Disabilities.

Verschaffel 1. Using retelling data to study elementary school children’s representations and solutions
of compare problems. Journal for Research in Mathematics Education. 1994; 25:141-165.

Verschaffel L, De Corte E, Pauwels A. Solving compare problems: An eye movement test of Lewis
and Mayer’s consistency hypothesis. Journal of Educational Psychology. 1992; 84:85-94.

Willis GB, Fuson KC. Teaching children to use schematic drawings to solve addition and subtraction
word problem. Journal of Educational Psychology. 1988; 80:192-201.

Wolters CA, Daugherty SG. Goal structures and teachers’ sense of self-efficacy: Their relation and
association to teaching experience and academic level. Journal of Educational Psychology. 2007;
99:181-193.

Zhange Z, Zypher MJ, Preacher KJ. Testing multilevel mediation using hierarchical linear models:
Problems and solutions. Organizational Research Methods. 2009; 12:695-719.

J Exp Child Psychol. Author manuscript; available in PMC 2013 April 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Schumacher and Fuchs Page 22
(Level 2) c (Level 1)
Compare
Problem
Treatment Performance
(3 outcomes)
(Level 2) ¢ (Level 1)
Compare
Problem
Treatment [~ - =~ "~ "~ T TrTTTrTrTrTrTTeT Performance
(3 outcomes)
a b
(Level 1)
Mediator:
Understanding
Relational
Terminology
Figure 1.

Mediation Model Tested. The first panel shows the direct effect (path c) from the first step
in the mediation analysis. The second panel shows the second (path a) and third steps (paths
b and c) in the mediation analysis (based on Zhange, Zypher, & Preacher, 2009). Treatment
is a Level 2 (classroom) variable and the mediator (Relational Tasks) and the outcome (each
of the 3 Compare Problem subtypes) are Level 1 (student) variables. For each path, the
coefficient and significance level are included on Table 6.
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Subtypes of Compare Problems

Unknown
(Subtype)

Difference

Compared

Referent

Difference

Compared

Referent

Sample Compare Problems

Using Additive Relational
Terminology

Jill has 5 marbles. Tom has 8
marbles. How many marbles does
Tom have more than Jill?

Jill has 3 marbles. Tom has 5 more
marbles than Jill. How many marbles
does Tom have?

Jill has 8 marbles. She has 5 more
marbles than Tom. How many
marbles does Tom have?

Using Subtractive Relational
Terminology

Jill has 5 marbles. Tom has 8
marbles. How many marbles does Jill
have less than Tom?

Tom has 8 marbles. Jill has 3 fewer
marbles than Tom. How many
marbles does Jill have?

Tom has 5 marbles. He has 3 less
than Jill. How many marbles does Jill
have?
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Table 2

Distinctions between Larger Investigation and the Present Study

Larger investigation

Present study

Time Frame
Weeks 1-17

Content of WP Intervention
Introductory unit (weeks 1-2)
Combine problem unit (weeks 3-7)
Compare problem unit (weeks 8-13)
Change problem unit (weeks 14-17)

Measures

Mix of combine, compare, and change problems

Data Collection
Pretesting: before week 1

Pretesting: before week 1

Weeks 8-13

Compare problem unit (weeks 8-13)

Compare problems with greater sampling of subtypes
Relational understanding

Pretesting: after week 7

Posttesting: after week 13

J Exp Child Psychol. Author manuscript; available in PMC 2013 April 1.

Page 24



Page 25

Schumacher and Fuchs

910N
(v2) €oz (2 vt (cze) 681 yioq Ul mo7
1) 671 (1) g0t (02 8711 suole|NdJed ul Mo
(92) o0z (te) o0z (se) 1oz swiajqoad p1om ur mo
160 TET smels yren
020 €971 (oe's) 998 (6e'3) 686 (€0'9) 6Y'6 swa|qoid A10)S J1q1apuBA
00 160 19e) 25l (ore) €08 ary) 118 swajqoid Aiois ubig-aibuis,
190 0%0 (88%) 186 (8T'9) 586 (16v)  +56 Aouanid 10e4 uOMPPY,,
Algeredwod sasse 0] saunses|n
80  9v'T (er) zort tn 712 (Tt g9 paurelay
820 €5¢ (06) €9L (8z1) 9728 (zen) T&L youn- pazipisqns
8 92 (o  ¥9 (01) 65 layio
(81) zart (0g) vt (0g) 621 oluedsiH
() 65 (s ze (8) 8 uelsy
(sv) 18e ws)  6ve (€9) g.e Uelseaned
(8e) zee (99) 719 (19) e6€e UBDLIBWY UBILY
960 19C soey
o 8LT (98) v (29) ey (s8) €05 aleN
S)uspNIS
S00 9z¢€ (rS01)  €9°0C (rzor) Lzoz (ev'6) 00TT Buiyoea ] sieax
(8 o001 (6) 8'18 (6) 6L uelseone)
(@ o0 (@ z81 (€) §'Ge UBDLIBWY UBILY
€0 LTT soey
(@ o0 ()] 00 (0 0 aleN
slayoesa ]
d S| d & (as) W W % (as) W (W % (as) W (W % algeLIeA
(8TT = u ‘suspnis) GGT = U'sluspnIs (69T = U ‘suapNISs)
(8 = u ‘saayoeay) (TT = u ‘suayoeay) (2T = u ‘saayoeay)
[043U00 avo dM

€9lgel

NIH-PA Author Manuscript NIH-PA Author Manuscript

uolrewloju] aydesBowsg

NIH-PA Author Manuscript

J Exp Child Psychol. Author manuscript; available in PMC 2013 April 1.



Page 26

Schumacher and Fuchs

‘SNJel1s XSii-1e Usalds 0] pasn OS|e alaM Sainsesawl asay |
x

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

J Exp Child Psychol. Author manuscript; available in PMC 2013 April 1.



1duasnuey Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Schumacher and Fuchs Page 27

Table 4

Key Components of WP Intervention for Compare Problems

Two-level prevention: Whole class (30-45 min/session twice weekly) + tutoring (20-30 min/session 3 times/week)
Implementers: RA teachers and RA tutors
Content

Unit 1: Foundational Skills

Unit 2: Combine problems

*Unit 3: Compare problems
Unit 4: Change problems
SBI Methods
Instruction on RUN strategy (Read the problem, Underline the question, Name the problem type)

Instruction on meaning of the compare problem type: Role playing situation with manipulatives; representing problem situation with a
conceptual diagram and a mathematical expression; fading conceptual diagram to rely routinely on the mathematical expression as the
semantic representation of the problem type

Instruction on strategy for solving problem

Name problem type: Recognize defining features of each problem type to categorize that target problem

Match the problem type with representational mathematical expression for the selected problem type

Use the representation mathematical expression to build a number sentence for the target problem
Identify unknown and enter it in the number sentence in place letters in equation
Enter givens and enter them in the number sentence in place of letters in equation
Enter mathematical signs into the number sentence
Solve for x

Label numerical answer

*Relational Terminology Instructional Methods
Whole-Class Instruction
*Instruction on meaning of more, less, and fewer

*Instruction on covering difference number to decide which quantity is more/less (e.g., “Tom has 5 more than Sally
becomes “Tom has more than Sally”)

*Instruction on and practice writing alternative relational statements that preserve meaning

Tutoring Activities
*Review of more, less, and fewer
*Review of which items are being compared in relational statements
*Instruction on meaning of greater than (>) and less than (<) symbols
*Application of < and > to relational terms to assist in determining bigger and smaller entities
*Practice pulling these lessons together in the Difference Game with relational statements, with
*Compare problems, using a greater variety of comparative terms
*Underline two entities being compared (e.g., Tom; Sally)

*Find relational term; write greater/less than symbol above it to decrease working
memory demands

*Write B over name associated with bigger quantity; s over name associated with
smaller quantity to further reduce working memory demands

J Exp Child Psychol. Author manuscript; available in PMC 2013 April 1.



1duasnuey Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Schumacher and Fuchs Page 28

*
Specific to compare problem type unit, which was the focus of the present study. Otherwise, instructional strategies were analogous across
combine, compare, and change problem types.
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