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CHAPTER 5

LINKING RESEARCH AND
SOFTWARE DEVELOPMENT

Julie Sarama and Douglas H. Clements

We posit that one reason that educational software has not realized its full
potential to facilitate and encourage students’ mathematical thinking and
léarning is that it has not been adequately linked with research. In the
majority of cases, testing the software with target users is rare or limited to
simple interface or motivational issues. Instead, we propose that software
development be comprehensively linked to research to increase both the
software’s educational effectiveness and the contribution the software
development process makes to educational research. To accomplish these
goals, software development and research must be dynamically interact-
ing, tightly linked processes. In this chapter, we briefly describe principles
for comprehensive research-based curriculum and software development
and describe and illustrate one model for integrated development that is
consistent with these principles.

PRINCIPLES FOR COMPREHENSIVE RESEARCH-BASED
CURRICULUM AND SOFTWARE DEVELOPMENT

Practices in developing and pilot testing software vary widely. Formative
research is often minimal, for example, involving polling of convenience
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samples. “Beta” testing is sometimes conducted, but it usually occurs late
enough in the process that changes are minimal, given the time and
resources already dedicated to the project and the limited budget and
pressing deadlines that remain (Char, 1989). Such inadequate practices
would be improved by comprehensively linking the development of an
educational innovation to research methods, including evaluaton of the
innovation’s specific contributions to students’ learning and develop-
ment. Some projects have done just that (Battista & Clements, 2000;
Clements & Batusta, 2000; Cobb & McClain, 2002; Gravemeijer, 1994b;
Lewis & Tsuchida, 1998; Yerushalmy, 1997). In a review of those projects,
we abstracted principles for comprehensive research-based curriculum
and software development (Clements, 2002; Clements & Battista, 2000).
These and the guidelines are summarized here; the focus of this chapter
is to illustrate their use in a current software development process.

Connect Research and Curriculum/Software Development
and Treat Them as Integrated, Interactive Processes

Curriculum and software development might be “based” on research in
several ways (Clements, 2002). Developers might consider broad philoso-
phies, theories, and empirical results on learning and teaching when first
planning curriculum, structure activities to be consistent with empirically-
based models of children’s thinking and learning, or evaluate their efforts
formatively or summatively (Schauble, 1990). We believe that the devel-
opment of quality software requires the inclusion of not one, but all of
these strategies. These and many other connections between research and
curriculum must be forged and maintained throughout the development
process.

Use Learning Trajectories Based on Models of Cognition
and Models of Mathematics

Learning trajectories consist of rich descriptions of children’s thinking
and learning in a specific mathematical domain and a conjectured
instructional route for that learning (Gravemeijer, 1999; Simon, 1995). In
more detail, we define learning trajectories as follows:

descriptions of children’s thinking and learning in a specific mathematical
domain, and a related, conjectured route through a set of instructional tasks
designed to engender those mental processes or actions hypothesized to
move children through a developmental progression of levels of thinking,
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created with the intent of supporting children’s achievement of specific
goals in that mathematical domain. (Clements & Sarama, 2004b, p. 83)

Thus, learning trajectories have three components: a goal, a develop-
mental sequence specifying levels through which children grow toward
the goal, and instructional activities that facilitate that growth. The devel-
opmental sequence is based on models of children’s cognition. In contrast
to other approaches, such as those based on the historical development of
a mathematical idea or anticipatory thought experiments (Gravemeijer,
1994b), we believe that existing research should be a primary means of
constructing the first draft of these developmental sequences. This is
especially true for the development of software, which, compared to the
construction of print-based curriculum materials, often demands that
more elements be specified in detail.

In addition, the instructional activities often externalize the mental
concepts and processes as software objects and actions hypothesized to
move children from one level to the next. That is, students are guided to
operate on specific screen objects with specific actions so as to build and
internalize the goal concepts and processes. Thus, the software activities
frequently use a different type of model: a model of mathematics used to
support children’s cognition. Gravemeijer (1999) describes how such
models undergo a transition in which such a model initially emerges as a
madel of informal mathematical activity (a “model of ” a situation, such as
people getting on and off a bus as a concrete model of arithmetic) and
then gradually develops into a model for more formal mathematical rea-
soning (symbolic descriptions of the bus situations becoming a “model
for” more formal, yet personally meaningful, mathematical reasoning).
Both are important; in our approach, the two are coordinated and synthe-
sized, which we believe provides additional explanatory and instructional
power (Clements, 2002; Clements & Battista, 2000).

Curriculum Must Also Be Informed by Ecological
Perspectives, Including Research on Teachers and
the Social and Cultural Context

Curriculum and software development, and the research that informs
that development, do not stand apart from teachers. Teachers’ knowl-
edge, theories, and belief systems influence their instructional plans, deci-
sions, and actions, including their implementation of curricula (especially
because teachers affect the way software is used by, and influences, chil-
dren more than the reverse [Sarama & Clements, 2002]). Developers
must consider these factors, as well as the classroom social context.
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Document and Describe the Development, Implementation,
and Evaluation Procedures in Detail for Each Phase

Any scientific research carefully documents the procedures used. This
requirement is especially intense for research-based curriculum and soft-
ware development, when myriad decisions of many types are made on a
variety of bases.

RESEARCH-BASED SOFTWARE DEVELOPMENT: A MODEL

As an example of an approach that embodies these principles, we
describe and illustrate our own model for integrated research and curric-
ulum development, emphasizing the development of software (Clements,
2002; Clements & Battista, 2000). The model moves through phases, but
is not rigidly linear. Results in one phase can suggest a return to previous
phases. The methodologies are complex and interwoven.

Phase 1: Draft the Initial Goals

The fivst phase begins with the identification of a significant domain of
mathematics. The learning of the domain should make a substantive con-
tribution to students’ mathematical development. Learning about stu-
dents” mathematical activity in the domain should make a similar
contribution to research and theory.

As we began our NSF-funded project, Building Blocks, we determined
that a basic, often neglected, area of children’s mathematics was the com-
position and decomposition of two-dimensional geometric figures (other
domains in geometry include shapes and their properties, transforma-
tions/congruence, and measurement). The geometric  composition
domain was determined to be significant for students. In the process of
working with two- and three-dimensional shapes, children often decom-
pose those shapes into familiar shapes and recombine the component
shapes in ways that maintain such atwributes as area, perimeter, and vol-
ume. This is a basic geometric competence that develops as preschoolers
work with blocks and continues to be central to sophisticated interpreta-
tion and analysis of geometric situations in high school and beyond
(Clements, Battista, Sarama, & Swaminathan, 1997; Reynolds & Wheatley,
1996; Stefte & Cobb, 1988). The domain is significant to research and
theory in that there is a paucity of research on the trajectories students
might follow in developing these ideas.
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pPhase 2: Build an Explicit Model of Students’ Knowledge,
Including Hypothesized Learning Trajectories

In this phase, developers build a sufficiently explicit cognitive model of
students’ learning that describes the processes involved in the construc-
tion of the goal mathematics concepts. Although extant models may be
available, they vary in degree of specificity. Developers build these mod-
els, or fill in details of existing models, by using clinical interviews and
observations to examine students’ knowledge of the content domain,
including intuitive ideas, and informal strategies used to solve problems.
These cognitive models are then synthesized into hypothesized learning
trajectories (Cobb & McClain, 2002; Gravemeijer, 1999; Simon, 1995).

As an example, our synthesis of research for the Building Blocks
project posits the following developmental sequence describing children’s
development of strategies for composing and decomposing geometric
shapes. The basic structure of this sequence was determined by observa-
tions made in the context of early research (Sarama, Clements, & Vukelic,
1996) and was later refined through a research review and a series of clin-
ical interviews and focused observations conducted by research staff and
teachers (Clements, Sarama, & Wilson, 2001). Observations were made
using two tasks, creating free-form pictures with shapes and completing
outline puzzles with well-defined shape sets, such as pattern blocks or tan-

“gram shapes. The levels identified in these observations are encapsulated
in the following list.

Precomposer

Children manipulate shapes as individual entities, but are unable or
unwilling to combine them to compose a larger shape. In making free-
form pictures, they lay out separate shapes, one for each object in their
picture.

Piece Assembler

Children behave similarly to those at Level 1, but can concatenate
shapes to form pictures. In free-form “make a picture” tasks, for example,
each shape used represents a unique role, or function in the picture, for
example, one shape for a body of a horse, another for a head, another for
each leg, and so forth. Children can fill simple frames using trial and
error (Mansfield & Scott, 1990; Sales, 1994) and use turns or flips to do
so, but again by trial and error; they cannot use motions to see shapes
from different perspectives (Sarama et al., 1996). Thus, children at Levels
1 and 2 view shapes only as wholes and see no geometric relationship
between shapes or between parts of shapes (i.e., properties of the shape).
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Picture Maker

In creating free-form pictures, children can concatenate shapes to form
pictures in which several shapes play a single role, but use wial and ervor
and do not anticipate creation of a new geometric shape. For example,
they may lay down several squares for the leg of a horse, but without
knowing that this will produce a rectangle. They choose shapes using
gestalt configuration or one component such as side length (Sarama et
al,, 1996). It several sides of the existing arrangement form a partial
boundary of a shape (instantiating a schema for it), children can tind and
place that shape. If such cues are not present, children match by a side
length. They may attempt to match corners, but do not possess angle as a
quantitative entity, so will ry to match shapes into corners of existing
arrangements in which their angles do not fit. Rotating and flipping are
used, usually by trial and error, to try different arrangements (a “picking
and discarding” strategy). Thus, children at this level can complete
frames whose structure strongly suggests the placement of individual
shapes, but in which several shapes together may play a single semantic
role in the picture.

Shape Composer

Children combine shapes to make new shapes or fill frames, with grow-
ing intentionality and anticipation (I know what will fit”). For example,
they purposely use different pattern blocks to make hexagons, just for the
variety of colors this produces. They choose shapes using angles as well as
side lengths. Eventually they consider several alternative shapes with
angles equal to the existing arrangement. They use rotation and flipping
intentionally (and mentally, i.e., with anticipation) to select and place
shapes (Sarama et al., 1996). They can fill complex frames (Sales, 1994)
or cover regions (Mansfield & Scott, 1990). Imagery and systematicity
grow within this and the next levels. In summary, there is intentionality
and anticipation, based on shapes’ attributes, and thus, children have
imagery of the component shapes, although imagery of the composite
shape develops within this level (and throughout the next levels).

Substitution Composer

Children deliberately form composite units of shapes (Clements et al.,
1997) and recognize and use substitution relationships among these
shapes (e.g., two pattern block trapezoids can make a hexagon).

Shape Composite Iterater

Children construct and operate on composite units intentionally. They
can continue a pattern of shapes that leads to a “good covering,” but with-
out coordinating units of units.
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Shape Composer With Units of Units

Children build and apply units of units (superordinate units). For
example, in constructing spatial patterns, children extend their pattern-
ing activity to create a tiling with a new unit shape—a (higher order) unit
of unit shapes that they recognize and consciously construct; that is, chil-
dren conceptualize each unit as being constituted of multiple singletons
and as being one higher order unit (Clements et al., 1997).

In summary, the result of this phase is an explicit cognitive model of
students’ learning of mathematics in the target domain. Ideally, such
models specify knowledge structures, the development of these structures,
including mechanisms or processes related to this development, and tra-
jectories that specify hypothetical routes that children might take in learn-
ing the mathematics.

Phase 3: Create an Initial Design for Software and Activities

In this phase, developers create a basic design to describe the objects
that will constitute the software environment and the actions that may be
performed on these objects based on the model of students’ learning gen-
erated in Phase 2. These actions-on-objects should mirror the hypothe-
sized mathematical activity of students. Offering students such objects
;and actions to be performed on these objects is consistent with the
Vygotskian theory that mediation by tools and signs is critical in the
development of human cognition (Steffe & Tzur, 1994). Further, designs
based on objects and actions force the developer to focus on explicit
actions or processes and what they will mean to the students.

In Building Blocks, for example, we wish to allow students to work with
both shapes and composite shapes as objects. We wish them to act on
these objects—to create, duplicate, position (with geometric motions),
combine, and break apart both individual shapes (units) and composite
shapes (units). Thus, we created environments that included many pal-
ettes of 2D shapes and tools that could be used to act on these shapes. In
Figure 5.1, the objects are shapes in a palette along the left side of the
screen. Users perform actions on these shapes with tools, such as the turn
and flip tools.

The developers next create a sequence of instructional activities (that
use objects and actions) to move students through the hypothesized learn-
ing trajectories. These activities are created by considering the profes-
sional literature—from reform recommendations to activities—as well as
the developers’ own experiences. The unique potential of technology for
providing cognitive tools, “concrete mathematics,” and “situated abstrac-
tions” (Clements, 1994, 2000; Hoyles, 1993) should be considered. They





































