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Open-ended learning involves learning pro-
cesses that are mediated by the unique inten-
tions and purposes of individuals.
Open-ended learning environments (OELEs)
have been touted to support the building and
evolving processes associated with self-
directed learning. OELEs provide technologi-
cal tools and resources for manipulating and
exploring concepts. Whereas previous
research has provided descriptions of OELE
designs and case studies, little insight exists
as to the processes used by learners to build
and evolve their understanding. This paper
describes a rationale for, and conceptual
framework of, learning via open-ended envi-
ronments.
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O Recent technological developments have
enabled researchers to explore the use of com-
puters and related technologies to support a
variety of innovative teaching and learning
approaches. Contemporary theoretical per-
spectives such as constructivism (Jonassen,
1991), situated cognition (Brown, Collins, &
Duguid, 1989), and cognitive flexibility (Spiro,
Feltovich, Jacobson, & Coulson, 1991) empha-
size the centrality of the learner to understand-
ing. Furthermore, the re-emergence of ideas
first introduced by Vygotsky (1978) and Piaget
(1970; 1976) has been linked with contempo-
rary pedagogical approaches such as
microworlds (Papert, 1993a; 1993b; Rieber,
1992) and anchored instruction (Cognition and
Technology Group at Vanderbilt, 1992). The
learner is viewed as an active constructor of
knowledge; accordingly, a need for systems
that empower learners through self-directed
learning has emerged.

Open-ended learning environments (OELEs)
have been touted as a contemporary student-
centered learning approach (Hannafin, Hall,
Land, & Hill, 1994). Open-ended learning in-
volves activities that are mediated by the unique
intentions and purposes of the individual (Roth
& Roychoudhury, 1993). OELEs capitalize on
technological capabilities to provide opportunities
to represent and manipulate complex, and often
abstract, concepts in tangible, concrete ways. The
learner does not merely respond to the system;
rather, he or she is integral to it. The individual
determines what, when, and how leaming will
occur based on unique goals and needs that
emerge while engaging the environment.
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OELEs employ technology to enable learn-
ers to build and test their intuitive, and often
misconceived, notions about the world.
Research in science education, for example,
has indicated that individuals develop infor-
mal theories about scientific phenomena,
which may help or hinder their subsequent
learning prior to formal instruction (Driver &
Scanlon, 1988). These theories tend to be
implicit and reflect the vast differences in the
range of individual experience. For instance,
young learners typically hold naive views
about concepts such as force and motion,
embracing an impetus theory—a misconstrued
belief that an object continues to accelerate as
the direct result of a stronger force acting upon
it—to explain how objects move through space
{Carey, 1986; Hawkins & Pea, 1987; Piaget,
1970; Twigger et al., 1991). Thus, children often
believe that a ball may move simply because it
has been kicked; they believe it moves faster
when it is kicked harder. Such intuitive beliefs
are strongly rooted in personal experience, but
are often inconsistent with canonical explana-
tions. This is due, in part, to a lack of experi-
ence with events that challenge one’s intuitive
understanding (Lee, Eichinger, Anderson,
Berkheimer, & Blakeslee 1993; Vosniadou &
Brewer, 1987). This provides a limited basis for
conceptual understanding that, as a conse-
quence, is often superficial, inert, and riddled
with misconceptions (Carey 1986).

Theory-building is the process through
which understanding evolves. OELEs support
experiences wherein learners begin to explore,
build upon, and make explicit their intuitive
notions, OELEs often provide concrete, manip-
ulable objects in order to support the initial
transition from intuitive- to experienced-based
understanding. Unobservable forces in physics,
such as friction, mass, speed, and mechanical
power, can be manijpulated by learners to vary
the parameters and note their physical conse-
quence (Twigger et al., 1991). Through interac-
tion, learners construct a “working model” that
is progressively honed via the manipulation of
OELE features. Through interaction, learners
make their ideas explicit and clarify and extend
both their understanding and implicit models
(Driver & Scanlon, 1988)
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OELEs assume that understanding is a con-
tinuous and dynamic process that evolves as a
result of observation, reflection, and experi-
mentation (Hannafin, 1993; Hannafin et al.,
1994). OELEs support experiences for learners
to identify, question, and test the limits of
their intuitive beliefs. As such, learning
involves developing a theory-in-action—an intu-
itive theory that is generated and modified as
individuals reflect upon experiences that either
confirm or challenge the validity of their the-
ory (Karmiloff-Smith & Inhelder, 1975). How-
ever, little insight exists as to the processes
through which learners dynamically construct
and evolve intuitive theories using OELEs.
This paper outlines an empirically- and theo-
retically-based model representing how learn-
ers build and evolve personally-derived
theories-in-action via OELEs.

THE DEVELOPMENT OF
THEORIES-IN-ACTION WITH OELES:
A CONCEPTUAL MODEL

Figure 1 presents the proposed conceptual
model to represent the theory-in-action devel-
opment process. This section introduces the
components of the model, as comprised of five
primary elements: (1) learner and system con-
text; (2) system affordances; (3) intention-
action cycle; (4) system response/feedback; and
(5) learner processing. Individuals engage the
OELE’s problem context, interpret the goals of
the system, elaborate them based on personal
knowledge and experience, and even redefine
the system’s goals (e.g., applying a system
tool to perform calculations for a personal
interest beyond the immediate environment).
The individual then explores and refines a the-
ory using the tools and resources afforded by
the system. Affordances represent ways in
which tools and resources of the system are
designed to promote learning, not necessarily
how they are actually used. At this stage,
knowledge and experience are continually
cross-referenced with the problem context to
determine what action should be taken. Action
may take the form of simple browsing, with lit-
tle or no intent to test a theory, or be “thought-
based” and mediated by the individual
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Figure 1 [0 Conceptual model for developing theory-in-action via OELEs,
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intentions to test understanding. The system
provides feedback, based on the actions of the
individual, which are subsequently processed
according to the individual’s intentions. As
intentions and actions are increasingly linked
with the feedback and subsequent processing,
the theory-in-action is examined critically.
Problem contexts continue to evolve, and
based upon deepened processing, intentions
and actions become more calculated and differ-
entiated. Over time, the theory-in-action
evolves based upon progressively refined
interactions in the OELE, which allow the indi-
vidual to further speculate, test, and observe.

The Role of Context

Learner Background. Learners often lack formal
domain knowledge, but they are not conceptu-
ally naive. They use extensive prior experi-
ences and evolved beliefs to interpret their
world at an intuitive level (Piaget, 1976).
Learners possess a great deal of intuitive
understanding and experience, but are often
unaware of how they relate to formal domain
knowledge.

According to Hannafin (1992), personal
beliefs, experiences, and conceptual schemata

support current, as well as provide the foun-
dation for new, understanding. These back-
ground influences can be explicit, wherein
learners intentionally reference related knowi-
edge or experience based upon conscious per-
ceptions of relevance, or implicit (tacit) for
which learners have no conscious awareness
{(Edwards, 1995; Karmiloff-Smith & Inhelder,
1975). Learner background can take the form
of preferred learning styles, interests, motiva-
tion, self-efficacy, goal-setting behavior, and
strategies for decision-making and problem-
solving, Background context influences the
choices learners make in the environment, the
extent to which they persevere on a task, and
the types of goals they set (cf., Cervone &
Wood, 1995).

Background knowledge and experience
forms the conceptual referent within which
new encounters are organized and assimilated
(Piaget, 1976). Individuals with extensive
related knowledge and experience will typi-
cally solve and generate problems much differ-
ently from those with limited related
experience. Problem-solving research, for
example, indicates that experts possess hierar-
chically-organized knowledge that is accessed
quickly and efficiently (Mestre, Dufresne,
Gerace, & Hardiman, 1993). Thus, experts rap-
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idly reason through problems holistically, eval-
uating the most appropriate concepts and
strategies for solving them. For instance, a sea-
soned engineer will draw upon a large subset
of accessible experiences to engage scientific
problems at a deeper level (cf., Chi, Glaser, &
Rees, 1982). A novice student, on the other
hand, has limited relevant first-hand experi-
ences, providing few referents for developing
workable problems and solutions. Unlike the
expert, the novice’s approaches typically focus
on surface aspects of a problem, such as the
procedural application of formulas and equa-
tions. Whereas the engineer already has a
foundation of related physics knowledge and
experience, it is assumed that the novice will
use an OELE to establish and progressively
refine intuitive understanding.

Yet, while links to prior knowledge
enhance the potential for transfer (Brown et
al., 1989), they often reference incomplete and
inaccurate understanding which underlie
faulty theories. For instance, while learning
physics by using a roller-coaster simulation,
one learner recalled a roller coaster operator
stating that roller coasters were equipped with
brakes. As a result, she often attributed slow-
ing down to her belief that the coaster’s brakes
were used even though brakes were unavail-
able in the microworld. In this case, legitimate
prior experience confounded interpretations
when manipulating force and motion (Land,
1995). While the potential benefits of building
upon personal experiences are clear, the risks
can also be considerable.

In most conventional teaching-learning
approaches, learners have little control over
what (or how) they are taught. Learners often
try to adjust their thinking to comply with per-
ceived expectations of others, such as teachers
(McCaslin & Good, 1992), thereby limiting the
potential of OELEs to support student-cen-
tered understanding. Learners may seek
answers or explicit criteria for success that are
unavailable in open learning environments.
With OELEs, learners must generate meaning;
instructors or tutorials are not available to
“tell” learners how to interpret events
(Hannafin et al., 1994).

OELEs require sophisticated individual
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management and evaluation of one’s learning
process. Learners must be “mental managers”
of the learning process—they must choose rele-
vant activities, interpret results of activities,
and evaluate the fruitfulness of their
approaches (Perkins, 1993). Furthermore,
learners must utilize strategies—both cognitive
and metacognitive-—in order to manage and
organize their understanding.

Learners must also apply cognitive strate-
gies to plan for problem-solving and decision-
making. Cognitive strategy decisions involve
when to take what actions (Perkins, 1993). In
physics, for instance, many children establish
intuitive cause-effect relationships between the
weight of an object and its buoyancy: heavy
objects sink while light objects float. They do
not yet understand the influence of more
abstract principles, such as the influence of
density on buoyancy, but have experience
with floating objects in pools, rivers, and
ponds. Consequently, if an object sinks, learn-
ers would likely attempt to reduce its weight,
reflecting tacit beliefs derived through every-
day experience. Others, however, might stra-
tegically maintain a constant weight while
varying a different factor (e.g., surface area) to
see if the object will float. If the object floats,
new data have been generated which require
reflection. Through systematic exploration of
the boundaries of known relationships, OELEs
allow learners to encounter experiences that
can subsequently extend or modify under-
standing.

To be effective during open-ended learning,
learners must also monitor their thoughts and
actions. Learners interact based upon meta-
cognitive awareness of their understanding
and the perceived need to validate or
challenge their understanding (Perkins, 1993).
This includes decisions to pursue additional
practice, search for definitions or information,
test a hypothesis, create a “what if” scenario,
or take notes. Learners evaluate their need to
know and perceive limitations in their under-
standing which become the bases for subse-
quent actions. Effective library research, for
example, requires metacognitive knowledge as
well as awarehess of the corresponding
retrieval resources (Moore, 1995). Learners
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must be able to locate, select, organize, inte-
grate, and use relevant information. Similarly,
learners must evaluate the adequacy of their
approaches during open-ended learning (Bel-
mont, 1989). This is especially important given
the numerous learner conirol studies which
suggest learners often fail to both invoke self-
regulation strategies and initiate and direct
their own efforts (Steinberg, 1989; Zimmer-
man, 1989).

In sum, OELEs support student-centered
learning processes reflecting the purposes,
intents, and background experiences of indi-
vidual learners. Rather than providing direct
instruction to transmit formal concepts and
knowledge, OELEs provide contextually-based
and experientially-rich opportunities to engage
formal concepts. Learners begin to develop
formal understanding as they apply everyday
knowledge to solve and generate problems.
OELEs provide a transitional system (Papert,
1993a; 1993b) to help connect informal knowl-
edge and experience with formal knowledge
domains and concepts. In order to benefit
from OELEs, however, learners must access
prior experiences, make sense of new experi-
ences, and evaluate their own learning
approaches and needs.

Problem Context. The problem context influ-
ences how individuals make decisions, activate
prior knowledge, and take responsibility dur-
ing the learning process. Learners reference
their background and experience, and engage
learning based on the problems posed by the
system. In the Jasper Woodbury Series (Cogni-
tion and Technology Group at Vanderbilt,
1992), learners attempt to transport a wounded
eagle to a nearby facility. They must evaluate
the distance to be traveled, the alternatives
available for.travel (hiking out, ultralight air-
plane, etc.), and the problem constraints (fuel
requirements, weight limits for ultralight etc.).
Learners make decisions, investigate possibili-
ties, and generate and solve subproblems
using data embedded within the problem sce-
nario. The environment establishes a context
for identifying unmet learning or information
needs, accessing priot experiences, and gener-
ating plausible strategies and solutions.
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OELEs often provide orienting scenarios to
guide learners in exploring the complexities of
a problem (Hannafin et al., 1994). For instance,
the Science Vision series {see Tobin & Dawson,
1992) encourages exploration of scientific con-
cepts within student-centered problem con-
texts. The problems are defined during brief
orienting movies that introduce a challenge
facing the student team. Orienting scenarios
often focus on everyday problems such as
environmental pollution and the contamina-
tion of drinking water. Learners explore prob-
lems by collecting water samples at various
points along the river, conducting laboratory
analysis of the samples, consulting on-line
experts, and referring to other available
resources such as on-line periodic tables.
These scenarios set the boundaries for system
use and establish a framework for learners to
generate and solve new problems. Thus,
learner actions are influenced not only by per-
sonally-held goals and beliefs, but also by the
problems, activities, and information intro-
duced by the system.

Thinking processes and the contexts in
which they occur are inextricably situated, that
is, they cannot be separated from their experi-
ential referents (Brown et al., 1989; Perkins &
Salomon, 1989). This assumption is the basis
for the “everyday problem” scaffolding fre-
quently provided in OELEs. OELEs provide
familiar, authentic contexts to facilitate the
linking of new concepts with prior knowledge.
For instance, learners might learn about the
concepts of buoyancy and water displacement
using the everyday context of a swimming
pool, a familiar referent for students. Once
confronted with a problem, learners apply
their experiences, as well as conceptually sim-
ilar experiences (e.g., submerging a cup into a
basin full of water), to organize and interpret
new information. Learning via OELEs is facili-
tated when opportunities to connect prior and
everyday knowledge to the problem contexts
are provided (Choi & Hannafin, 1995), allow-
ing the learner to reference new experiences to
prior knowledge and intuitive understanding.

System Affordances: Tools and Resources. Pea
(1993) refers to affordances as ”. . . perceived



42

and actual properties of a thing, primarily
those functional properties that determine just
how the thing could possibly be used” (p. 51).
OELE affordances include a variety of tools
and resources that facilitate learner use and
understanding of the embedded concepts. The
implementation of tools and resources is criti-
cal. For instance, computer graphing tools typ-
ically allow learners to illustrate visually
two-dimensional relationships. These tools
provide an opportunity to engage in higher-
order thinking, but do not inherently enhance
cognitive activity or skills, However, tools and
resources may also alter thinking and require
very different cognitive processes. Graphing
tools can deepen thinking by allowing learners
to develop and test hypothesized relationships
among variables, such as the influence of var-
ied headwind on aircraft with different drag
coefficients. Regardless of the apparent power
of tools and resources afforded by OELEs, it is
unlikely that learners will be spontaneously
mindful without thoughtful facilitation.

Tools provide the means to create and
manipulate models of understanding, as well
as to monitor ongoing knowledge construction
processes. Computerized tools can be used to
select text for electronic notebooks, create
hyperlinks between sources of information,
perform calculations, input data for graphical
or tabular representation, or select objects for
manipulation (Hannafin, 1992). Microworld
tools, such as Geometer's Sketchpad™ and Geo-
metric Supposer™, allow learners to construct
geometric objects, as well as to rotate, slide, and
flip them. Thus, learners use tools to construct
and manipulate physical models based upon
their evolving understanding (Edwards, 1995;
Lewis, Stern, & Linn, 1993). Technological tools,
in this instance, alter both the experiences avail-
able to learners and the cognitive requirements
of the learning task (Salomon, 1986).

OELE:s often provide interactive multimedia
resources through which learners access infor-
mation. They then construct artifacts of ‘their
understanding using the available tools. For
example, learners can explore rich multimedia,
the outcome of which can be represented as a
product (e.g., a concept map, a multimedia
presentation, a plan or design, or a research
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paper). Some environments also provide tools
that facilitate the construction of resources by
learners, versus simply the provision of access
to static resources. In research reported by
Harel and Papert (1991), students learned
about fractions by designing and constructing
educational software for teaching younger chil-
dren about fractions. In effect, an artifact of
individual understanding (i.e., software about
fractions) becomes a resource to others.

Tools can augment or supplant cognitive
processes, depending on the extent to which
they deepen or extend the learner’s processing
activity (Hannafin, 1992; Papert, 1993a;
Salomon, 1986). Ideally, learning environ-
ments provide resources and tools that engen-
der higher-order conceptual thinking and
understanding, rather than “short-circuiting”
learning. In a previous example, the
spreadsheet was used to support what-if
thinking by enabling the testing of various
combinations of headwind speed and aircraft
design. The tool was used by learners to test
complex theoretical concepts in concrete ways.
In contrast, many systems generate solutions,
but fail to make the underlying principles
accessible to the learner. An expert system, for
example, may prompt learners to provide the
color, hardness, and transparency of a mineral
in order to determine its identity. The system
can subsequently identify the mineral based
on the information entered and rules, but pro-
vides neither the means to understand the
underlying rules nor the heuristics which must
be understood in the absence of the system
(Salomon, Perkins, & Globerson, 1991). In
OELEs, affordances support and extend the
zone of proximal development, enabling learn-
ers to explore concepts in ways that minimize
the problems associated with irrelevant or
tedious performance requirements (Salomon,
Globerson, & Guterman, 1989).

Available tools and resources may fail to
promote understanding if the OELE does not
facilitate the needed cognitive or conceptual
processes. Recent efforts have emphasized
activities that induce and facilitate high-level
cognitive processes, such as hypothesis gener-
ation, scientific reasoning, or metacognitive
analysis. For instance, CSILE (Computer-Sup-
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ported Intentional Learning Environment) is
designed to facilitate metacognitive thinking
through the use of prompts to generate ques-
tions, hypotheses, or theories (Scardamalia,
Bereiter, McLean, Swallow, & Woodruff, 1989).
The system encourages awareness of normally
tacit metacognitive processes through electron-
ically-facilitated intentional reflection, dialogue,
and collaboration. Other environments facili-
tate scientific inquiry by embedding activities
that induce learner hypotheses and observa-
tions prior to data manipulation and collection
(see for example, Lewis et al., 1993), and enable
learners to experiment with their intuitive expe-
riences by constructing and testing physical
models (Twigger et al., 1991). Environments
designed to invoke conceptual, strategic, and
evaluative processes are more likely to prove
successful when facilitation is provided for the
use of available tools, activities, and resources.

intention-Action Cycle

The evolution of understanding is not an iso-
lated activity that occurs solely in the minds of
individuals. Understanding is manifest . . . in
activity that connects means and ends through
achievements” (Pea, 1993, p. 50). Thus, in
order to perceive and test the limits of under-
standing, learners act to test their theories. The
tools and resources that support action serve as
a link between how concepts and knowledge
are represented in the system, and how learn-
ers act to establish and refine their conceptual
understanding (Driver & Scanlon, 1988).

Schon (1983) used the term reflection-in-
action to describe the process of thought-based
action. Thinking is not separated from doing;
they are complementary. In reflection-in-
action, intuitive understanding becomes overt
and, as a result, becomes amenable to experi-
mentation and scrutiny. Schoén described the
connection:

Doing extends thinking in the tests . . . of experi-
mental action, and reflection feeds on doing and its
results. Each feeds the other, and each sets bound-
aries for the other. It is the surprising result of action
that triggers reflection, and it is the production of a
satisfactory move that brings reflection temporarily
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to a close . . . Continuity of inquiry entails a contin-
ual interweaving of thinking and doing. (p. 280)

Reflection-in-action, then, links a learner’'s
actions toward a goal with his or her thoughts
about the consequences or feedback associated
with actions. Some actions yield an anticipated
result, and merely strengthen one’s beliefs.
Unanticipated results, on the other hand, may
trigger a learner’s reflective processes in an
attempt to reconcile the unexpected event.
Once initiated, reflection becomes linked with
action; actions, in turn, become increasingly
reason-based.

Not all actions, however, are the product of
deep reflection and reasoned intent. OELEs
are susceptible to non-strategic, unsystematic,
and trial-and-error approaches. Frequently,
learners fail to clarify their intent prior to
responding, or do not recognize the relevance
of available information to their intentions. In
a study reported by Atkins and Blissett (1992),
for example, learners were asked to “crack” a
code by entering numbers and receiving feed-
back as to the numbers that were correct. It
was expected that learners would use the
information from previous trials, and apply
known statistics concepts, to guide their intent
and actions. Instead, they often used random,
trial and error approaches until they eventu-
ally solved the problem. Similar observations
were reported by Hill (1995) and Land (1995),
each of whom observed frequent failures to
establish or alter intentions and actions,
despite the availability of task-relevant infor-
mation.

System Response/Feedback

In OELEs, feedback assumes many forms.
Unlike conventional approaches, feedback
involves more than confirmation of the accu-
racy of a response. Feedback in OELEs is the
system’s response to any learner action,
including tool manipulations, resource utiliza-
tion, and requests for guidance. OELE systems
may respond using visual, verbal, tactile, or
combined images (Hannafin, Hannafin, & Dal-
ton, 1993). Feedback images may be related to
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the problem itself (consequences of action, depic-
tion of an evolution in the problem context, infor-
mation sought from resources),. to the strategies
used by the leamer (diagnostic-prescriptive
advice, updates on performance, guidance as fo
alternative approaches), or to personalize the con-
text (motivational, vivid, relating problem to the
learner’s experiences). Through feedback, learn-
ers re-evaluate their beliefs, explore alternative
explanations, and revise understanding
(Edwards, 1995; Piaget, 1976).

System feedback further facilitates the con-
nections among learner actions, intentions,
and underlying theories. Formative theories
are tested as learners take action and collect
data in the form of feedback. For example, the
effects of the relative angle of the earth to the
sun on seasonal changes can be examined
interactively by changing the angle of the
Earth’s axis. An action (e.g., setting the Earth’s
axis to zero degrees) produces a result which is
represented via system feedback. Learners
observe and process this feedback; the cycle
continues as learners evolve their theories by
establishing intent, taking action, and examin-
ing system feedback.

Feedback is characteristically linked to var-
ied representations, often linking a symbolic
system (e.g., Logo commands, object manipu-
lation) with verbal responses (e.g., textual or
aural information requested via a system
resource), visual representations (e.g., a video
or graphical display of an action generated via
a tool), or sensory-tactile feedback (e.g., cen-
trifugal force generated in space shuttle simu-
lators) (cf., Edwards, 1995). The opportunity to
test assumptions, as well as to receive feed-
back related to learner actions, is critical to
understanding.

If learners fail to relate feedback to their the-
ories, they may not perceive how data sup-
port, or contradict, their beliefs. For instance,
in the buoyancy example, many young learn-
ers evolve the rigid belief that all metal objects
sink, while all wooden objects float. These tacit
principles are so consistently reinforced
through personal experience that they become
the foundation of firmly-established, though
often fundamentally flawed, theories. In some
cases, underlying beliefs are so entrenched
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that learners fail to consider testing them.
Even in cases where contradictory feedback is
provided (i.e., tin cans float, ebony sinks),
learners fail to relate the feedback to their the-
ory and challenge their assumptions (i.e., den-
sity also influences whether or not an object
floats).

Because they evolve from individual experi-
ence, personal theories are often highly resis-
tant to change. Faulty and incomplete intuitive
beliefs may actually strengthen in the face of
contradictory evidence. Owing to subjective
perceptions of data, beliefs are often confirmed
despite feedback that is inconsistent with the
theory. In effect, contradictory data are
adapted to fit an existing theory, rather than
used to re-assess the theory (Land, 1995). Con-
sistent with research in response and acquisi-

‘tion bias (Wilson & Brekke, 1994), individuals

often “protect” their underlying beliefs, ren-
dering feedback of limited value in altering
underlying beliefs and theories.

In sum, OELEs provide a variety of tools,
resources, and system feedback to help learn-
ers to generate, test, and evolve personal the-
ories of understanding. The mere provision of
tools, resources, and feedback, however, does
not inherently induce thought-based action
and theory development. Learners must think
and act with intention to generate and solve
problems, test ideas, and seek objective feed-
back related to their theories. Some learners
meet the cognitive and metacognitive
demands of open-ended learning; many oth-
ers, however, do not. OELEs must intention-
ally facilitate on-going learner needs,
reflection, and interpretation.

Levels of Processing

The processing associated with thought-based
action, and the corresponding capacity to
evolve personal theories, are hierarchically
linked and interdependent. Our conceptual
mode] reflects four levels: perception, interpre-
tation, evaluation, and extrapolation. As cog-
nitive processing is deepened, theories-
in-action become more sophisticated, refined,
and amenable to scrutiny.
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Perception. According to the model, processes
initially become linked with action when learn-
ers perceive the cause (action) of an event
(feedback) and formulate an intention to act
accordingly. Without perception of cause-
effect, actions fail to elicit deeper cognitive pro-
cesses, and theories fail to evolve. Initial
theory development relies on perceiving
actions that are associated with goal attain-
ment (e.g., vary parameters such as weight,
density, and volume to make an object float
vs. sink).

While perceiving, learners may “explore for
exploration’s sake” in order to narrow their
actions to those deemed most relevant for
attaining their goals (Karmiloff-Smith & Inhel-
der, 1975). Through the goal-setting process
(e.g., wanting to see how heavy an object can
be before it sinks) and perceiving the conse-
quences of actions (e.g., observing when the
object sinks), learners collect data on actions
associated with success. As a result, they begin
to catalogue actions that have proven consis-
tently successful. During initial perception,
learner attention is focused on selecting infor-
mation (conceptual, affective, visual, auditory)
used to meet goals (Mayer, 1989). Learners do
not yet access personal knowledge to explain
events or feedback; rather they build and
refine simple cause-effect relationships that
will subsequently be used to interpret events.

Perception is evident as learners link their
actions with the system’s feedback (Chan,
Burtis, Scardamalia, & Bereiter, 1992;
Karmiloff-Smith & Inhelder, 1975). Examples
of perception inciude simple reporting of
actions and events (e.g., observing the results
of a simulation), restating what was heard,
and reporting visual feedback associated with
success or failure (e.g., observing the density
of a metal ball and the weight of the water dis-
placed before it sinks). Perception involves a
recognition or reporting of events, effects of
actions, or information relevant to a goal, but
does not involve inference or interpretation of
meaning.

In order for theories-in-action to develop,
learners must recognize and label system
events (e.g., an object sank), determine the
effects of their actions (e.g., when I increased

45

the density, the object sank), sort relevant
from irrelevant information, and interpret
according to their beliefs (Land, 1995). The ini-
tial and ongoing perception of relevant infor-
mation is critical to theory development in that
it aids establishing cause-effect relationships
between what is observed and one’s under-
standing.

Interpretation. Intention-action-feedback asso-
ciations are the basis of interpretation. Inter-
pretation involves coherent or meaningful
organization of conceptual, logical, or sequen-
tial relations among the variables contained in
a system (Mayer, 1989). Learners offer inter-
pretations to explain regularities in perceived
data or deviations from previously-held expec-
tations (cf., Karmiloff-Smith & Inhelder, 1975).
As interpretations evolve, learners generalize
prior or everyday experience to explain system
concepts, indicating that a theory-in-action,
implicit or intuitive, has been constructed
which is used to interpret cause-effect events
in the environment (Land, 1995).

With OELEs, interpretations may be evi-
dent in learner descriptions of how variables
or ideas are related. In thermodynamics, a
learner may observe that a given insulation
material slows the cooling process of an object,
and offer a simple explanation for it. These
explanations may reflect naive understanding,
but they enable personally meaningful inter-
pretation. For instance, when learning how
objects float or sink in the context of a swim-
ming pool, a young learner might state: “Metal
objects can’t float because pennies always sink
to the bottom of the pool, but plastic rafts
always float.” Personal knowledge is refer-
enced to explain a system event, even though
the interpretation may be faulty.

When learners initially use an OELE, they
may be unable to establish links between their
personal experiences and the formal concepts
represented in the system; or, as noted pre-
viously, their experience may provide only
introductory scaffolding for richer, more
abstract, conceptual understanding. They may
derive simple cause-effect relationships that
focus on specific rules, which are strengthened
or weakened depending on whether they reli-
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ably predict success or failure (Hawkins & Pea,
1987; Holland, Holyoak, Nisbett, & Thargard,
1986). As learners refine and expand their rule
sets, they develop conditional expectations or
predictions regarding future success (e.g., “if
density is high, the metal ball will sink”).
When expectations or beliefs are not met (e.g.,
a plastic object with a high density sinks), dis-
sonance results and learners attempt alterna-
tive interpretations (Karmiloff-Smith &
Inhelder, 1975). Learners may continue to ref-
erence prior experiences to explain the event,
but they do not yet possess sufficiently com-
plete personal theories such as those of an
expert. Rather, they attempt to formalize and
elaborate their intuitive beliefs through the
OELE.

Evaluation. Once learners have interpreted
responses according to their implicit theory,
explorations become more systematic. They
use the theory as the basis for predicting
events (Chan et al., 1992). For instance, once a
theory is tendered related to the influence of
density on an object’'s buoyancy, learners act
to test it (e.g., decrease density if it sinks,
increase density if it floats). They use new data
derived from system feedback to confirm or
refute their theory. Karmiloff-Smith and Inhel-
der (1975) refer to such evaluations as theory
responses because learners evaluate whether
their theory is consistent or at odds with sys-
tem feedback. Learners can evaluate their
understanding only after they have formalized
an initial theory. Once the theory is formal-
ized, learners can evaluate events that are dis-
sonant with the theory, thus recognizing
instances that are counter to if.

Because of the persistence of tacit theories-
in-action, learners must encounter repeated
feedback which challenges the adequacy of
their theory. Learners initially try to assimilate
or attach the conflicting information into the
existing theory (Piaget, 1976). For instance, if
confronted with conflicting data about the
validity of a personal theory about how objects
float (i.e., a ball continues to sink even when
density is decreased), learners might attempt
to assimilate the feedback by offering a condi-
tional statement or exception rule (e.g., the
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shape of the object must also be affecting it) in
order to preserve the underlying theory (Hol-
land et al., 1986). The goal is for learners to
generate unifying principles to explain phe-
nomena, rather than to construct situational
exceptions independent of their theory. The
evaluation of deep-rooted intuitive theories
requires both time and intentional reflection
on both thoughts and actions.

Reliance on traditional instructional
approaches may limit the extent to which
learners can engage in complex ideas (Spiro et
al, 1991). Knowledge is neither inherently hier-
archical nor the incremental product of teach-
ing methods, but a natural consequence of
curiosity, experience, and insight. Learning is
best achieved through extended investigation
and experience with the phenomena under
study (Papert, 1993a; 1993b). Understanding
involves continually modifying, updating, and
assimilating new with existing knowledge.
Understanding results from the continuous
testing of beliefs and fforts to reconcile them
in the face of ever-changing experience.
OELEs capitalize on the dynamic nature of
knowledge by providing means for develop-
ing, testing, and refining personal theories.
The goal, then, is to bring learners into contact
with new knowledge and experience, wherein
they can deploy diverse, personal knowledge
and use tools with which to augment and
extend their thinking.

Extrapolation. Once learners have evaluated
limitations in their theory, they extrapolate
information from the system and their current
understanding to accommodate the new infor-
mation (Piaget, 1976). When learners adopt a
more encompassing theory, they are able to
modify their understanding and generate new
problems. The process is considered complete
when learners respond adaptively in the envi-
ronment and infer newly developed principles
in novel situations (Spiro et al., 1991).

Given repeated opportunities fo test objects
of varied density in the buoyancy problem,
learners eventually question how different lig-
uids influence buoyancy. They may, for exam-
ple, recall a television program wherein objects
seemingly never sink in the Great Salt Lake.
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Through OELE manipulation, they can test a
formative theory that the density of the liquid
also affects the buoyancy of an object. They
observe that many objects that float in water
are not buoyant in gasoline, and that many
objects that sink in distilled water now float in
salt water. They may extend their theory to
account for buoyancy as a function of the rela-
tive density of two substances rather than
focusing solely on the isolated properties of
one. In effect, the sophistication of the result-
ing theory transcends the limits of the system
affordances.

With OELEs, extrapolation also involves
extending ideas beyond the scope of the
immediate problem context. Extrapolation is
marked by a connection of both personalized
knowledge (or context-independent knowl-
edge) and newly acquired, context-specific
knowledge (Chan et al., 1992). Extrapolation
may be indicated by a need or desire to (a)
explain different problems with the same ideas
or concepts; (b) use different concepts or per-
spectives to explain the same problem; or (c)
find a new framework to accommodate con-
flicting data.

Analog problems (Cognition and Technol-
ogy Group at Vanderbilt, 1992} are useful in
demonstrating how principles and experiences
can be extrapolated from one context to
another. Alternative (or analog) perspectives
are useful for enhancing transfer and enriching
theory flexibility (Language Development and
Hypermedia Research Group, 1992; Spiro et
al., 1991). In a physics microworld, learners
can manipulate parameters of a roller coaster
such as hill size, mass, curve radius and
engine horsepower (Tobin & Dawson, 1992).
An analog problem might involve the manipu-
lation of additional variables such as friction
levels and curve banking, or extend the con-
text in which the concepts are embedded (e.g.,
learning about the physics of racetracks,
speedboats, or sports motion). As learners
become increasingly flexible in using the envi-
ronment, they extrapolate familiar metaphors,
parallels, or analogies from prior knowledge to
establish, elaborate, and refine experienced-
based theories. Learners begin to generate
problems that are driven by experimentation
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of their own ideas versus those supplied within
the OELE.

Summary of the Conceptual Mode!

This paper offers a rationale and framework
related to how learners develop theories-in-
action with OELEs. The conceptual framework
is based on assumptions about how learners
process information, use prior experiences,
and formulate reasons and strategies for
action. The structure and design of the envi-
ronment can be optimized by addressing the
cognitive requirements of theory develop-
ment, as outlined in the conceptual model.
The process of theory development is not
likely take place spontaneously without facili-
tation; instead, problems, tools, resources, and
feedback must increase the likelihood that
learners will both formulate initial theories and
subsequently evolve them.

In order to evolve a theory-in-action, a set
of initial premises must first exist. The experi-
ence and knowledge of the individual, in
effect, establish a personal context through
which the problems, affordances, and feed-
back are filtered, analyzed, and processed.
Given even limited related background, intu-
itive models can be initially constructed and
subsequently tested. Learners use these intu-
itive models to explain the events they
encounter, and cause, as they interact within
the OELE. Their initial models may be simplis-
tic or naive, but they permit progressive
refinement through manipulation.

Using a theory-in-action, learners act, per-
ceive, interpret, and evaluate system-gener-
ated feedback to refine their understanding
and evolve their theories. Theories evolve as
learners encounter confirmation, counter-
examples, or challenges prompting them to
evaluate the legitimacy of their theories. How-
ever, contradictory evidence, alone, is often
insufficient to change beliefs (Land, 1995;
Vosniadou, 1992). Learners initially reconcile
unanticipated evidence by adapting it to, or
assimilating it within, their current beliefs.
Learners may confront their beliefs through
contradictory evidence, but tend to retain their
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current theory until powerful, repeated con-
flicting experiences cause them to revise it.

Theory evolution is further induced by link-
ing learner intentions and actions. This strat-
egy is essential for comparing new data with
existing theories or data: Learners use the new
data to elaborate their existing theory or gener-
ate a new one. Over time, learners evaluate
data that are consistent or inconsistent with
their theory (Piaget, 1976). When limitations in
a theory are recognized, OELE affordances can
be used with greater intention (Ackermann,
1991; Piaget, 1976). Theories-in-action evolve
as learners derive alternative explanations and
models consistent with scientifically accepted
views (Vosniadou, 1992).

THEORY-BUILDING VIA OELES:
AN EXAMPLE

The purpose of this section is to provide an
empirically-based example of the theory devel-
opment process. Land (1995) examined the
theory-in-action development of middle school
children using ErgoMotion, an interactive
OELE within the Science Vision series, designed
to encourage the manipulation of physical sci-
ence concepts such as force and motion (see
Tobin & Dawson, 1992). Learners are chal-
lenged to design a roller coaster—a familiar
referent to students—by manipulating a vari-
ety of affordances within the environment.
They do so in a microworld where they control
a range of parameters such as hill size, curve
radius, engine horsepower, and car mass to
address varied challenges such as keeping the
coaster on the track. Feedback is represented
using video footage showing a coaster crash-
ing, working successfully, or failing to ascend
hills as intended. ErgoMotion also poses
increasingly challenging problems, such as
stopping the coaster at the top of a particular
hill, or coming to rest in a valley between spec-
ified hills. Learners of varied background and
experience engage the problem context with
the challenge of designing a roller coaster that
is both thrilling and safe.

Learners use the system resources (e.g., on-
line experts and a video encyciopedia) and
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manipulation tools (coaster design site, pre-
sentation maker) to gather needed information
as well as to represent and test a working
model of their understanding. According to
the model in Figure 1, learners use their prior
background experiences as the anchor for gen-
erating and elaborating meaning in an OELE.
They reference their informal, intuitive, and
background experiences, both those directly
involved in riding roller coasters and those
derived from related experiences (e.g., riding
around turns in automobiles, riding bicycles
on hilly terrain) as the basis for making sense
of the environment. To illustrate, during early
interactions with the ErgoMotion environment,
learners attempted to increase or decrease the
speed of the roller coaster mainly by varying
engine horsepower. Learners believed they
could increase the speed of the roller coaster by
increasing horsepower, and vice versa—a con-
ception consistent with impetus theory. As they
designed and tested a series of simulations, they
received feedback indicating the effect of
increased horsepower on acceleration. In this
case, their prior conception (the impetus theory)
was used as the organizing initial framework for
interpreting system events.

System affordances were also deployed to
accomplish individual goals and enable indi-
vidual strategies. Through experience, learners
became increasingly facile in the use of avail-
able learning tools and resources and devel-
oped an improved sense of how and when
they could be used. For instance, one “bottom-
up” learner decided that she needed additional
information about g-force in order to construct
a functional roller coaster. She recognized sys-
tem resources (on-line consultants and video
encyclopedia) that provide the data needed to
accomplish her goal, and obtained input exten-
sively prior to engaging the design challenge.
In contrast, “top-down” learners often decided
to immediately generate and test a hypothesis
using the roller-coaster microworld. Actions
are differentiated based on individual styles,
goals, and intentions.

Learners also used system affordances to
guide their decision-making. They changed, or
developed, new intentions and strategies once
they determined how features could be of
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greatest personal use. For instance, one
learner discovered that he could manipulate
friction levels in addition to hill size. Once this
resource was understood, he pursued informa-
tion about friction from on-line experts and
eventually solved the problem. Thus, system
features not only aided in operationalizing
action for a given goal or decision, they also
influenced how problems and strategies were
conceptualized.

In some cases, learners generate goals that
are not supported by the available tools and
resources. For instance, one may desire addi-
tional explanations, or seek advice or informa-
tion, beyond those afforded in the system. In
such cases, the learners may try unsuccessfully
to locate desired information or to deploy tools
unavailable in the system. The inability of the
system to accommodate such intents and goals
may lead learners to devalue an otherwise
valid strategy, reasoning that since the means
are unavailable, the approach must be inap-
propriate. On the other hand, some might per-
ceive that the system cannot provide the means
needed to meet a goal, when the means are
indeed available. This is evident in situations
where learners fail to recognize that relevant
information is available or are unaware of how to
access it. One child searched for information
about the motor size of the coaster to solve a
problem. The information was not displayed at
that moment, but was nonetheless available us-
ing a different feature of the system. In this case,
the system provided neither the information the
learner sought nor guidance in system use
needed to address the questions. In order to
build understanding, it is essential that the sys-
tem facilitate learner use of available features.

Students process feedback resulting from
their actions at various levels. During initial
phases, perception and interpretation of sys-
tem feedback helped to establish fundamental
cause-effect relationships (e.g., “when I set the
curve size to small, the coaster crashed”).
Learners progressively refined these percep-
tions and interpretations until they connected
their theories with observations (e.g., “the
coaster crashed around the curve because the
engine horsepower is causing too much
speed”). They strengthened and formalized
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their initial theories by elaborating or revising
them based upon system-generated feedback,
prior experiences and knowledge, and intu-
ition. For instance, in response to a roller
coaster crashing around a curve in ErgoMotion,
one learner attributed the cause as “too much
speed” and elaborated it by recailing how
automobile drivers apply brakes to slow down
and negotiate curves. Such a learner may sub-
sequently attempt to slow the roller coaster by
lowering the engine’s horsepower, believing
that it will decrease speed of the coaster—
much like the car when applying the brakes.

In some cases, the anticipated events are
produced, reinforcing the assumptions of
learner models; in other cases, expected events
may fail to materialize. For instance, learners
may expect the coaster to crash when negotiat-
ing tight curves because prior experiences with
the system indicated this to be true. Likewise,
they might formulate this expectation based on
personal experience riding a bicycle around
tight curves. Consequently, learners may be
surprised to find that the coaster can also crash
while negotiating a large curve, and under cer-
tain circumstances, negotiate the small curve
successfully. Surprising or unanticipated con-
sequences prompt learners to seek or generate
explanations for the event from available
resources or manipulation tools. Thus, feed-
back is interpreted and evaluated according to
the individual's theory, which is further
refined through subsequent actions to access
resources or manipulate variables contained in
the model. The cycle continues as personal
theories are progressively elaborated using
thought-based action and system feedback.

Once learners have established an initial
theory based in personal understanding, they
are able to evaluate the consistency-inconsis-
tency of feedback with their theory. Once dis-
sonance occurs, learners may evaluate and
revise their theory. Karmiloff-Smith and Inhel-
der (1975, p. 209) note the result:

Generalized application of a theory will ultimately
lead to discoveries which in turn serve to create new
or broader theories. However, it seems possible for
the child to experience surprise and question his the-
ory only if the prediction he makes emanates from
an already powerful theory expressed in action.
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As learners deepen their understanding, their
theory-in-action becomes increasingly refined.
New feedback is perceived and interpreted,
theories are elaborated, and new data are
assimilated. Learners become increasingly able
to recognize limitations in their theories, and
derive alternative explanations and models.

IMPLICATIONS FOR RESEARCH
AND PRACTICE

The processes through which learners evolve
their understanding provide significant oppor-
tunities for future research. It may be beneficial
to examine and adapt methods used in other
fields to better understand techniques for
studying and influencing conceptual develop-
ment. For instance, counseling psychologists
employ reflective techniques and structured
exercises to foster awareness of underlying
beliefs (Rogers, 1961). Similarly, developmental
psychologists examine stages of cognitive
development as children mature from pre-
operational to formalized thought (Piaget,
1976). Anthropological methods used to study
cultural-historical development could be useful
for studying how thinking evolves (Cole &
Engestrom, 1993). A further investigation of
cognitive psychology in areas of mental model
building, rule derivation and competition, and
cognitive restructuring (Holland, et al., 1986)
might also be useful for better understanding
conceptual and cognitive development.

Another avenue for research involves how
theory building and evolving are facilitated or
hindered through social facilitation. Coopera-
tive groups, for example, are assumed to pro-
mote sharing and the development of
understanding (Johnson, Maruyama, Johnson,
Nelson, & Skon, 1981; Palincsar & Brown,
1984). It is possible that cooperative encoun-
ters would be useful in challenging personally-
held beliefs and making alternative theories
and models available. However, it is also pos-
sible that cooperative groups might short-cir-
cuit awareness of beliefs on an individual
basis. Individual learners might adopt strate-
gies, processes, and actions of the group with-
out addressing and refining their own beliefs.
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Further research into the ways that coopera-
tive groups support the development, recogni-
tion, and evolution of theories is warranted.

Another recommendation for future
research relates to the design of authentic con-
texts to support learners in linking prior with
system-based experiences. Previous research
indicates that learners experience difficulty
connecting scientific concepts with their
related prior knowledge (Carey, 1986; Haw-
kins & Pea, 1987; Land, 1995). Furthermore,
when connections are made, they are often ill-
informed or misconceived. The issue for
researchers and designers becomes one of
determining how to use OELE features to
enable the linking of system actions with
learners’ prior experiences.

In order for OELEs to support theory devel-
opment effectively, systems are needed that
facilitate intentional reflection on, and evolu-
tion of, personal beliefs (Hawkins & Pea, 1987;
Scardamalia et al., 1989). A lack of processing
awareness leads to difficulties in recognizing
counter-examples and detecting bias in think-
ing (Karmiloff-Smith & Inhelder, 1975; Wilson
& Brekke, 1994). OELEs are designed to pro-
vide opportunities for intentional reflection on
beliefs, strategies, and intentions. Several
OELEs have been designed to facilitate aware-
ness of beliefs with opportunities for
metacognitive reflection (Scardamalia et al.,
1989), identify observations, and develop
hypotheses (Lewis et al., 1993). Further study
on the effects of these tools on reflection and
theory development is warranted.

As interest in OELEs continues to grow, it
becomes important to explore issues related to
implementation and practice. In recent years,
many open-ended systems, such as the World
Wide Web, have grown in use and availability
(Shotsberger, 1996). It is now commonplace for
many students, as well as professionals, to
incorporate the World Wide Web into their
daily practice. New approaches for helping
individuals access available information, as
well as to evaluate and learn from, vast, open-
ended resources, are needed. Schools and
organizations are recognizing the importance
of developing independent, self-sufficient
learners. Insight into the process and require-



THEORIES-IN-ACTHION

ments of open-ended learning will help to estab-
lish effective contexts for and ways to invoke
self-sufficient and self-regulated learning.

As OELEs are implemented in practice, a
myriad of surrounding issues unfold. The
more open the environment, the more com-
plex the planning, management, and evalua-
tion of it. Presently, outcomes and classroom
activities are largely defined by existing curric-
ula. One of the challenges for OELE
implementation is to orchesirate on-going
learning needs, resources, and desired learn-
ing outcomes that are not easily structured or
predictable. In order to promote effective
OELE practice, alternative methods for facili-
tating, managing, and evaluating student-cen-
tered learning are needed.

OELE implementation in classroom con-
texts produces questions regarding account-
ability and evaluation of learning outcomes.
Traditional practices break content and infor-
mation into identifiable skills that can be objec-
tively evaluated. OELEs, however, are
designed to promote learning processes, for
instance, learning about the process of scien-
tific inquiry or historical analysis, instead of
applying equations or recalling factual infor-
mation routinely. Scientists, for example,
rarely engage in scientific inquiry through for-
malized instruction or methods. Instead, they
engage in exploration and “getting to know” a
concept through extended experimentation
and revision of beliefs (Papert, 1993a).

While OELEs may not be the system of
choice for all outcomes, they may, however,
be more effective for addressing hard-to-teach
problems such as critical thinking, scientific
inquiry, and problem-solving. OELEs are
designed to promote exploration and experi-
mentation in ways that capitalize on the
unique sense-making capabilities of individu-
als. The potential value of OELEs lies in their
ability to support the kinds of learning that are
often difficult to promote in traditional con-
texts. Many concepts, when taught via tradi-
tional  instruction, are  subject to
misconceptions because of their abstract or
counter-intuitive nature. Often, learners can
objectively demonstrate mastery of skills, yet
remain fundamentally naive in their wunder-
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standing of mathematical or scientific concepts
(Perkins & Simmons, 1988). OELEs are
designed to support learners in extending the
boundaries of what is known with opportuni-
ties for reflection, concrete manipulation, and
experimentation. With OELEs, learners can
easily explore the effects of varying parameters
not typically possible—objects in a gravity-free
world, temperature levels that can exceed
thousands of degrees, or functions and manip-
ulations of the human brain. While questions
remain regarding effective implementation of
OELEs, their potential to facilitate divergent
and flexible thinking remains provocative. [
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