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Abstract

Keywords

Learning support studies involving simulation-based scientific discovery learning have tended
to adopt an ad hoc strategies-oriented approach in which the support strategies are typically
pre-specified according to learners’ difficulties in particular activities. This article proposes a
more integrated approach, a triple scheme for learning support design on the basis of the
systematic analysis of the internal conditions of scientific discovery learning. The triple
learning support scheme involves: (a) interpretative support that helps learners with knowl-
edge access and the generation of meaningful and integrative understandings; (b) experi-
mental support that scaffolds learners in systematic and valid experimental activities; and (c)
reflective support that increases learners’ self-awareness of the discovery processes and
prompts their reflective abstraction and integration. Two experiments were conducted with
eighth graders (13-year-olds) to examine the effects of these learning supports embedded into
a simulation program on floating and sinking. The overall results support the main hypotheses
that learning supports in a simulation environment should be directed towards the three
perspectives to invite meaningful, systematic, and reflective discovery learning.

learning environment, learning support, scientific discovery learning, simulations

have compared the effects of simulation-based learn-

Introduction

In the past decade, research on discovery learning has
evolved from concept discovery learning (CDL) to-
wards more sophisticated and authentic scientific dis-
covery learning (SDL) characterized by the necessity
of designing scientific experiments (van Joolingen &
de Jong 1997). Since computer simulations have the
capacity to provide learners with an exploratory
learning environment, they are regarded as powerful
tools for SDL. However, many of the researchers, who
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ing to more traditional modes of learning, have found
little persuasive evidence of their effectiveness (see de
Jong & van Joolingen 1998; Lee 1999). The following
question arises: why does simulation-based learning
that involves learners in active inquiry not improve
learning outcomes more consistently? One explana-
tion lies in the wide range of difficulties learners may
have in dealing with discovery learning tasks. De Jong
and van Joolingen (1998) classified the difficulties that
learners may encounter into four categories: (a) diffi-
culties in generating and adapting hypotheses, (b)
poorly designed experiments, (c) difficulties in data
interpretation, and (d) problems regarding the regu-
lation of discovery learning. Despite its potential
in stimulating constructive learning activities, the
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simulation-based learning environment cannot guar-

antee effective learning without sufficient support

(scaffolding) for discovery learning activities.

In order to promote effective discovery learning, a
number of studies have been conducted to help lear-
ners accomplish particular tasks during the learning
processes. For example, some researchers developed
supportive methods to help generate hypotheses in
simulation-based discovery learning (Shute & Glaser
1990; Njoo & de Jong 1993; Quinn & Alessi 1994).
Others have looked at the issues connected with ex-
perimental design (Leutner 1993), planning (Tabak
et al., 1996), and access to an appropriate knowledge
base (Lewis er al. 1993). So far, most studies of
simulation-based discovery learning have adopted an
ad hoc support strategies-oriented approach. This ap-
proach proposes specific support strategies according
to learners’ difficulties in particular aspects in terms of
the effects of the proposed learning supports. No study
was found to have made a systematic analysis of the
internal conditions that determine the effectiveness
of SDL or depicted a scheme for learning support
designed in the light of the internal conditions.

SDL is a typical form of constructive learning based
on problem solving activities involving the design and
implementation of scientific experiments. Scientific
discovery is usually interpreted as the processes of
mindful coordination between hypothesized theories and
evidence collected by experiments (Kuhn et al. 1992;
Klahr & Dunbar 1988). SDL is a knowledge construc-
tion approach that is accomplished based on scientific
discovery activities. Three main interlocked spheres
exist in the processes of effective SDL (see Zhang 2000):
(1) problem representation and hypothesis generation,
which heavily relies on the activating and mapping of
prior knowledge and the meaning-making activities, (2)
testing hypotheses with valid experiments, and (3)
reflective abstraction and integration of the discovery
experiences. Taking all these perspectives into account,
we hypothesized that three interrelated conditions may
determine the effectiveness of SDL. These are:

1 The meaningfulness of discovery processes: Lear-
ners need to activate their prior knowledge and map
that knowledge onto the problem being addressed to
help in representing the problem and generating
appropriate hypotheses and understandings.

2 The systematic and logical discovery activities:
Effective discovery learning involves proper scientific

reasoning, systematic manipulations of the variables,
and valid designs and implementations of experiments.

3 The reflective generalization over the discovery

processes, which means the self-monitoring of the
discovery processes and the reflective abstraction and
integration of the discovered rules and principles.

The four categories of difficulties that learners may

encounter during SDL, which have been summarized

by de Jong and van Joolingen (1998), can all be at-
tributed to the limitations in these three conditions.

According to the three hypothesized conditions, three

types of learning support can be designed and geared

towards the three spheres:

(a) interpretative support (IS) that helps learners with
knowledge access and activation, the generation
of appropriate hypotheses, and the construction of
coherent understandings;

(b) experimental support (ES) that scaffolds learners in
the systematic and logical design of scientific ex-
periments, the prediction and observation of outcom-
es, and the drawing of reasonable conclusions; and

(c) reflective support (RS) that increases learners’
self-awareness of the learning processes and
prompts their reflective abstraction and integration
of their discoveries.

So far, most studies designed to support SDL focus on

the impacts of certain specific support strategies, most

of which are directed towards systematic and logical
experiment and discovery activities (e.g. Rivers &

Vockell 1987; Njoo & de Jong 1993; Tabak et al. 1996).

More studies need to be carried out to examine the ef-

fects of the three types of learning support and propose

a comprehensive scheme for learning support design.

Within the triple scheme of learning support design
for simulation-based SDL, an experimental study was
conducted to investigate the effects of two types of
learning support embedded in a simulation environ-
ment: ES and IS (Reid et al. 2003). In the results, IS
manifested prominent main effects on the post-tests of
intuitive understanding, flexible application, and
knowledge integration. However, there was no sig-
nificant effect for ES on the post-tests or the quality of
learners’ experiments conducted during discovery
processes. ES in this study included a number of ele-
ments such as the explanations about experimental
design (especially ‘varying one thing at a time’), the
prompts for identifying the objective of each experi-
ment, the prompts for predicting and observing out-
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comes, and drawing conclusions. However, these
treatments were still not supportive enough to improve
learners’ experimental activities or learning outcomes.
This result disagrees with Rivers and Vockell’s (1987)
finding that providing learners with general experi-
mentation hints before their exploration could promote
their experimentation abilities, as well as Swaak
et al.’s (1998) conclusion that experimental support in
the form of assignments had a clear effect on SDL.
The aim of the present research was to further ex-
amine the effects of ES and IS, and in addition to ex-
plore the effect of the RS. Study I investigated the
effects of ES and IS on simulation-based discovery
learning among learners with different reasoning abil-
ities. Study II focused on the effect of RS on simulation-
based discovery learning. In our previous study (Reid
et al. 2003), as one of the treatments of ES, the program
merely gave learners a general explanation about ex-
perimental design (e.g. “You’d better vary one factor at
a time, otherwise you cannot make clear which factor is
having an effect’). In Study I, this treatment was im-
proved by exemplifying the principle of experimental
design with a specific example. In addition, some
treatments of ES in the form of questions were changed
from selective to compulsory ones. Also, in order to
investigate the influence of learners’ reasoning ability,
Study I included learners’ reasoning ability levels as a
between-subjects factor in the experiment design.

Study I: Effects of ES and IS on simulation-based
scientific discovery learning

Methodology

Simulation-based learning environment

The topic chosen for the simulation was floating and
sinking, where the students were required to explore
the upthrusts (buoyant forces) upon objects either
submerged or floating in water. This topic is one of the
core concepts in secondary science learning and en-
compasses the representative variable structure of
scientific discovery tasks. The English version of the
simulation is shown in Fig. 1. The essential rule
governing the size of an upthrust is Archimedes’ law
of buoyancy, stating that the size of the upthrust acting
on an object in liquid equals to the weight of the
displaced liquid. This is the essential physics rule for
objects that either float or sink. However, it is difficult
for young learners to discover this rule together with

the underpinning displacement method in a short time.
Especially, it is even harder for them to think about the
amount of liquid displaced by a floating object in
comparison to a sinking object. Therefore, rather than
asking the students to discover this essential rule (the
ultimate full model) of upthrusts, this study designed a
progressive task (de Jong et al., 1999) for them to
explore the relationship between the features of an
object and the size of its upthrust in the circumstances
of floating and sinking. The students were required to
complete two tasks by manipulating this simulation
software: (1) Task F: to discover which one or more of
the three given factors (shape, mass, and volume) were
related to the size of the upthrust acting upon a floating
object; (2) Task S: to discover which one or more of
the three given factors were related to the size of the
upthrust on a submerged object. It can be argued that
the two tasks are comparable in difficulty because they
have similar problem structure. Learners often hold
misconceptions about this phenomenon, e.g. assuming
that the size of the upthrust depends on the shape or
volume of the floating object. Actually, for objects
submerged in water, it is the volume of object that
influences the size of the upthrust, because the volume
of the object determines the volume of the displaced
water, which affects the size of the upthrust. For a
floating object, the size of upthrust always equals to
the size of its weight. These two forces (weight and
upthrust) balance each other and result in the equili-
brium of the object in water. So the mass of an object
is the only feature that is related to the size of upthrust
under this circumstance. Although by nature, Archi-
medes’ law can explain these variable relationships
under both floating and sinking circumstances, it
should be noted that Archimedes’ law was beyond the
discovery tasks in this study.

The simulation adopted paired-instance design that
required learners to construct a pair of experiments at
a time, so that they could contrast the outcomes of two
instances conveniently. For example, in order to ex-
amine the effect of the volume of an object, learners
dragged two objects of the same shape (e.g. a ball) to
the top of the left and right containers, set the values
on the left and right to keep the masses the same, and
varied the volumes (see Fig. 1(a)). Then they clicked
the ‘RUN’ button to see whether the upthrusts were
different or not. For all the students, a data sheet was
provided on screen to record and display the value of
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Fig. 1 Interface of the simulation (a)
during Task F (after clicking the ‘RUN’
button) and (b) during Task S (before
clicking the "RUN’ button).
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the input and output variables in each pair of experi-
ments. In addition, a permanent button ‘Main Steps’
was prepared to remind learners of the main steps in
an experiment, which involved selecting and dragging
objects, setting their values, running the experiments,
observing outcomes, and clicking the ‘NEW’ button to
start another trial.

The learning environment contained two kinds of
learning supports: ES and IS. The ES, intended to help
learners conduct valid experiments, included four
specific treatments. These were:

(a) Explanations about scientific experimental design.
In the introductory phase of the simulation, the

(b)
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program gave learners general explanations about
scientific experimental design (particularly about
‘varying one thing at a time’) and exemplified the
ideas with a specific case of experiment design
(exploring which factors are related to how soon
sugar dissolves in water).

Identify the objectives of each trial. Before design-
ing each pair of experiments, learners were required
to identify their objectives by ticking the variable(s)
(shape, mass, and volume) they wanted to examine.
Prediction and comparison. Learners were requi-
red to predict which of the two specified objects
would have a larger upthrust before running the
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experiments, and to check their predictions against
the outcomes after the experiments.

(d) Conclusion. After each pair of experiments, they
were asked to conclude their new discoveries
against an experiment structure table showing the
comparisons of the input and output variables
between the two objects in a pair of experiments
(see Appendix I).

Since the effect of IS was examined as a within-sub-

jects factor in this study, IS was only present in Task F

and not in Task S. IS, which was intended to support

learners from the perspective of meaning-making,
consisted of three measures:

(a) Activating prior knowledge. A multiple-choice
question was offered in the introductory section of
the simulation program to activate learners’ prior
knowledge about balanced forces, which asked:
‘For an object floating in water, which force or
forces are acting on it?’

(b) General analysis of the problem. Three multiple-
choice questions (without feedback) were provided
prior to the discovery processes in order to prompt
the students to make a general analysis of the
factor(s) that are relevant to the size of the upthrust
on a floating object. Hmelo and Day (1999) ever
found that embedding questions in the simulation
could function as an anchor to help students con-
nect simulation closely to scientific understandings.

(c) Access to a knowledge base. A permanent button
(reference book), which contained descriptions of
the concepts of weight, balanced forces, motion,
as well as the basic meaning of ‘upthrust’, helped
learners access relevant knowledge during the
discovery learning process.

The simulation program was written in such a way that

it registered learners’ manipulations during the learn-

ing processes and wrote a log-file for each learner.

Research design

In order to investigate the effects of ES and IS among
learners with different reasoning abilities, a 2 (ES/no
ES) x 2 (IS/no IS) x 3 (high/middle/low ability) mixed
design was adopted. ES and reasoning ability were
included as between-subjects factors, and IS was
involved as a within-subjects factor. As noted pre-
viously, every learner was asked to accomplish two
discovery tasks: Task F (upthrust on floating objects)
that encompassed IS and Task S (upthrust on sub-

merged objects) without IS. The two tasks were pre-
sented by computer randomly in order to balance the
possible impact of the sequence of the two tasks. Log-
files were used to analyse how learners had processed
their discovery learning.

Participants

The participants were 80 eighth graders from a junior
high school in urban Beijing. The students were 13-
year-olds on average. In their science classes, they had
been taught about the relevant concepts of mass, force,
balanced forces, motion, as well as the basic meaning
of upthrust, but not the exact rules being addressed in
this study. All the participants had attended an in-
troductory course of information technology and had
the basic computer skills that were necessary to ma-
nipulate the simulation software in this study. In order
to explore the impact of learners’ reasoning ability on
discovery learning, the Raven’s Standard Progressive
Matrices test was chosen to evaluate the participants’
reasoning ability. The range of mean =+ 0.5 standard
deviation was defined as the middle-ability group, and
above and below constituted the high-ability and low-
ability group, respectively. The participants of each level
were randomly assigned to two conditions: ES or no ES.
Table 1 gives the numbers of participants in each group.

Post-tests

In order to gauge the effects of the learning supports
on various aspects and levels of discovery learning
outcomes, three types of post-tests were written for
Task F and Task S, respectively. (1) The Principle
Knowledge Test assessed how learners had discovered
and memorized the basic rules for Task F and Task S
using multiple-choice items. (2) The Intuitive Under-
standing Test measured learners’ intuitive under-
standings (instead of fact memorization) about the
phenomena, which is regarded as an important goal in
SDL (de Jong et al. 1999; Swaak & de Jong 2001),
especially when conceptual changes are involved.

Table 1. Distribution of the participants in each group

Low ability Middle ability High ability
No ES 13 17 11
ES 11 16 12

ES = experimental support.

© Blackwell Publishing Ltd 2004 Journal of Computer Assisted Learning 20, pp269-282



274

J. Zhang et al.

Using pictures, these items showed pairs of objects
with different combinations of shapes, masses, and
volumes and asked learners to predict how their up-
thrusts would compare in size (see Appendix II for an
instance). (3) The Flexible Application Test intended
to determine how well learners could transfer the
knowledge to new problem situations (e.g. analysing
the upthrust acting upon a floating boat). These
questions were more flexible, requiring the transfer
of the discovered principles and the integration of
learners’ prior knowledge.

Procedure

All the students were given the Raven’s Standard

Progressive Matrices test 2 weeks before the experi-

ment. The formal experiment took place in a computer

laboratory equipped with 50 networked Pentium
computers. The participants were required to finish the
following sessions individually:

o Warm-up. The participants worked with a tutorial
version of the simulation program. Three re-
searchers were present to answer questions re-
garding the operations of the software. This stage
lasted approximately 10 min.

e Discovery and post-tests. Each participant was re-
quired to accomplish two discovery tasks by ma-
nipulating the simulation software: Task F and Task
S. Each discovery task was allotted 30 minutes,
followed by the corresponding post-tests in written
format. In order to balance the possible impact of
the sequence of Task F and Task S, the computer
program randomized the sequence of the two tasks.
Participants were clearly reminded that their task
was to discover the correct rules on the basis of
sufficient evidence through simulated experiments.

Results

Effects of the ES, IS and reasoning ability on the
post-tests

Principle knowledge. In MANOVA using ES and
reasoning ability level as the between-subjects factors,
and IS (Task F/S) as the within-subjects factor, a
marginally significant effect was found for IS (F(1, 74)
=3.57, P<0.10),l showing that learners had gained

'Since the sample in each cell was relatively small, marginally sig-
nificant effects at the level of 0.10 will be reported to prevent possible
ignorance of meaningful patterns.

higher scores in Task F that encompassed IS compared
with Task S that had no IS (Table 2). A significant
main effect was observed for reasoning ability on the
principle knowledge test (F(2, 74) =
11.00, P<0.001), indicating that learners with higher
reasoning ability could accomplish the discovery
task more successfully. There was no significant main
effect for ES. However, a notable interaction was
observed between ES and reasoning ability (F(2, 74) =
3.95, P<.05) (see Fig. 2). Simple effect analysis
revealed that ES had a marginally significant positive
effect among low-ability participants (F(1, 76) = 2.96,
P <0.10), a significant negative effect among middle-
ability participants (F(1, 76) =4.59, P<0.05), and no
notable influence among participants with high
reasoning ability (P> 0.10).

Intuitive understanding. There was a significant
main effect with reasoning ability (F(2, 74) =7.59,
P <0.01), showing that participants with higher rea-
soning ability scored higher on this test. ES manifested
a significant negative effect (F(1, 74)=5.13,
P <0.05). Participants who had received ES gained
lower scores on the intuitive understanding test.

Flexible application. A prominent significant effect
was observed for IS (F(1, 74)=91.70, P<0.001),
indicating that learners had gained much higher scores
in Task F with IS than in Task S without IS.

Evaluation of learners’ experiments

Quality of learners’ experiments. Using the data col-
lected in the log-files, an analysis was made to scru-
tinize how the participants had designed their
experiments with the simulation program. ‘Change
one thing at a time’ is an important principle in sci-
entific experiment. Unfortunately, learners are often
found to vary many variables in one experiment
(Glaser et al. 1992; de Jong & van Joolingen 1998).
Focusing on the principle of variable control in sci-
entific experiment, we used the following three indices
to evaluate learners’ experiment designs.

Index I — Percent of well-controlled experiments. As
was mentioned in the methodology section, this si-
mulation used paired-instance design that required
learners to conduct a pair of experiments at a time, so
that they could contrast the outcomes of two instances
conveniently. Index I indicates the percentage of the
well-controlled experiments in which one and only
one factor (shape, mass or volume) was kept different
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Table 3. Means and sbs of the indices evaluating learners’ experiments

Groups Task F (with 1S) Task S (without IS)
Index | Index Il Index Il Index | Index Il Index Il
M (%) SD M SD M SD M (%) SD M SD M SD
High ability ES 60.41 0.18 1.50 0.30 1.27 0.42 48.26 0.15 1.61 0.23 1.03 0.25
No ES  49.67 0.22 1.69  0.41 1.24 052 53.70 0.22 1.59  0.35 1.30  0.41
Middle ability ~ ES 47.53 0.18 1.65 027 095 041 52.34 0.18 158 023 090 0.50
No ES 39.22 0.21 1.72 0.30 0.92 0.45 43.51 0.19 1.76 0.31 0.98 0.43
Low ability ES 41.11 0.29 1.73 045 085 0.60 5842 0.25 152 042 082 043
No ES 31.94 0.20 1.97 0.32 0.77 0.44 36.24 0.21 2.00 0.47 0.81 0.41
Index I: percent of well-controlled experiments in which only one variable was varied.
Index Il: average number of variables changed in each pair of experiments (maximum = 3).
Index Ill: focused examination of the three variables (maximum = 3).
IS = interpretative support, ES = experimental support.
Table 4. Correlation between the quality of experiments and the post-tests
Task F Task S
Index | Index Il Index Il Index | Index Il Index Il
Principle knowledge 0.18 —0.30™** 0.24™* 0.30™** —0.40%*** 0.42%%**
Intuitive understanding 0.07 —0.09 0.07 0.22* —0.22* 0.35%**
Flexible application —-0.12 —0.05 -0.14 0.04 —0.05 0.1

*P<0.10, **P<0.05, ***P<0.01, ****P<0.001.

(F(2, 65)=2.77, P<0.10), indicating that higher
ability learners exhibited better performance on this
index. On Index II, ES displayed a significant main
effect (F(1, 65) =6.42, P<0.05), showing that parti-
cipants with ES had varied fewer variables in each pair
of experiments on average. There was also a margin-
ally significant main effect for reasoning ability level
(F(2, 65)=2.77, P<0.10). On Index III, the only
significant main effect was observed for reasoning
ability (F(2, 65)=6.18, P<0.01). Multiple compar-
ison (LSD) demonstrated that the high-ability group
had performed better investigations surrounding these
factors than the middle- and low-ability groups.

Correlation between the quality of experiments and
the post-tests. In order to explore the relationship be-
tween the quality of experiments and the outcomes of
discovery learning, Pearson correlation analyses were
performed between each of the indices and the post-
tests (Table 4). Significant correlation was observed
between the three indices and the tests of principle
knowledge and intuitive understanding.

Study II: Effect of RS on simulation-based
discovery learning

Methodology

Simulation-based learning environment

On the basis of the previous investigations of IS and

ES, Study II continued to use the simulation software

about upthrust to examine the effect of RS on simu-

lation-based discovery learning. In this experiment,
the participants were only required to complete Task

F, that is, to discover which one or more of three given

factors (shape, mass, and volume) were related to the

size of the upthrust on an object floating in water.

In this study, all the participants received ES and IS
as the common basic learning support. On top of these,
the participants in the experimental group were pro-
vided with RS, which included:

1 Tracing and displaying learners’ discovery pro-
cesses in detail. For learners in the experimental
group, the data sheet on the screen would not only
record and show the values of the input and output
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variables, but also the objectives of experiments, the
predictions before each trial, and the conclusions
drawn afterwards (see Fig. 3). All the information
was provided to raise learners’ self-awareness and
monitoring of the discovery processes.

2 Reflection notes. After each trial in experiments,
learners with RS were required to fill a form that
guided them to reflect over the experiment, espe-
cially the contrasts between their predictions and
the actual outcomes.

3 Final summarization and generalization. After a
learner clicked the ‘Exit’ button and finished all the
experiments, (s)he would be asked to fill a final
summarization and generalization form, which aided
learners to reflect over the primary thoughts in de-
signing scientific experiments, the processes and
methods in examining the impact of shape, mass and
volume, and the explanations of the final conclusions.

Research design

One-way between-subjects design was used to com-
pare the discovery learning outcomes of the RS and No
RS groups. Since no pre-test had been implemented for
this study, we collected learners’ scores in the recent
mid-term examination of physics, which took place 1
month before the experiment. This variable was in-
cluded as the covariate to control the influence of
learners’ prior academic performance. The log-files
generated by the program were used to analyze how
learners had accomplished the discovery task.

Participants

The participants were 30 students of eighth grade from
the same school as in Study I. The students were 13-
year-olds on average. They were randomly assigned to
two conditions: RS (N = 14) or No RS (N = 16).

with RS.

Post-tests

The principle knowledge test, intuitive understanding
test, and flexible application test were also used in this
study to evaluate the effectiveness of discovery
learning. Moreover, considering the possible effects of
reflection on other perspectives of learning outcomes,
such as knowledge integration and variable control
skills development which have been addressed in the
reviewed researches (e.g. Lin & Lehman, 1999), two
more categories of post-tests were written for this study:
1 The knowledge integration test: Two types of
items were developed to assess the associations be-
tween the discovered rules and learners’ prior
knowledge, especially the key concept of balanced
forces. The first type took the form of ‘association-
rating’ questions that are one of the response formats
in the concept map test (Ruiz-Primo & Shavelson
1996). Learners were required to indicate whether
each of the provided concepts was related to their
understanding about upthrust or not, and to give a brief
justification if they responded with ‘YES’. Two
concepts including ‘weight’ and ‘balanced forces’
were set as target items, and three other concepts were
included as filler items. Both learners’ ticking and
justifications were used to decide the associations in
their knowledge. The second style of items involved
four ‘instance-clustering’ tasks (for a similar method,
see Chi et al. 1981). A picture showing a beach ball
floating in a swimming pool was set as the prototype
instance. The other four instances were displayed to
ask the learners to identify if each one was similar to
the prototype instance and explain why they thought
so (see Appendix IV). The knowledge association was
inferred according to whether they clustered the
instances on the basis of the deep structures (force
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Table 5. Means and sb's of the post-tests

Principle Intuitive Flexible Knowledge Variable control

knowledge understanding application integration skills

M ) M D SD M D M D
RS 6.00 1.52 4.14 1.10 6.26 1.30 3.21 1.87 11.79 0.43
No RS 6.50 1.32 4.38 1.20 6.19 1.1 1.75 1.48 10.56 2.61
Overall 6.27 1.41 4.27 1.14 6.22 1.18 2.43 1.87 11.13 2.00

RS = reflective support.

pattern) or merely in terms of their surface features
(e.g. moving or stationary, being in water, or on a
desk). Since the test of knowledge integration is
relatively new in format, reliability analysis was
conducted particularly for this test, which revealed an
acceptable internal consistency coefficient for this
category, o = 0.69.

2 The variable control skill test: It evaluated learners’
variable control strategies in scientific experiment by
providing the cases of experiment designs (either well-
controlled or with flaws) for learners to make critical
evaluations and justifications. Similar methods have
been frequently used in the researches of variable con-
trol skills (see Ross 1988). Reliability analyses revealed
an acceptable internal consistency coefficient, oo = 0.89.

Results

Effect of RS on the post-tests

ANOVAs were implemented for the post-tests using
RS as the between-subjects factor and the recent
physics scores as the covariate (Table 5). RS demon-
strated significant main effects on the scores of
knowledge integration (F(1, 27) = 4.59, P<0.05) and
variable control skills (F(1, 27) =4.03, P =0.05).
Learners with RS outperformed the No RS group on
both of the tests.

Evaluation of learners’ experiments

Learners’ experiments conducted during the discovery
processes were evaluated using the three indices noted
in Study I (Table 6).

Looking at the descriptive statistic data, the RS
group learners surpassed the No RS group on all the
three indices. However, ANOVASs on the three indices
revealed no significant effect for RS, F(1, 27) = 1.39,
P =0.13 on Index I, F(1, 27) =2.73, P=10.11 on In-

Table 6. Evaluation of learners’ experiments

Index | Index I Index Il

M (%) SD M ) M D
RS 66.86 0.22 1.36 0.25 1.29 0.52
No RS 57.87 0.22 1.49 0.31 1.25 0.45
Overall 62.07 0.21 1.43 0.29 1.27 0.47

RS = reflective support.

dex II, and F(1, 27)=0.30, P =0.59 on Index III.
Learners’ physics scores as the covariate displayed
significant or marginally significant effects on all the
three indices, F(1, 27) =4.44, P<0.05 on Index I,
F(1,27)=13.33, P<0.10 on Index II, and F(1, 27) =
3.13, P<0.10 on Index III.

Discussion

Until now most studies on supporting simulation-
based scientific discovery learning have adopted an
ad hoc strategies-oriented solution. These studies have
tended to examine the effect of proposed strategies
according to learners’ difficulties in particular aspects.
The present research was dedicated to make more
comprehensive and structural studies to make clear the
internal conditions of SDL and depict a scheme for
learning support design. On the basis of the theoretical
analysis of SDL processes, we hypothesized that three
interrelated main conditions may determine the ef-
fectiveness of SDL: the meaningfulness of discovery
processes, the systematicity and logicality of dis-
covery activities, and the reflective generalization over
the discovery processes. Accordingly, three types of
learning supports were designed: IS, ES, and RS, the
effects of which had been examined by the two ex-
periments reported in this article.
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Overall, the function of IS was demonstrated as
highly significant in Study I as well as in our previous
experiment (Reid et al. 2003). IS was designed to
support discovery learning by activating the relevant
knowledge in learners’ memories, facilitating the
problem representation and hypothesis generation on
the basis of prior background knowledge, eliciting
more explanation activities towards the experiments,
and promoting the access of a knowledge base. This
has been verified to be helpful for learners to construct
more elaborate, coherent, and transferable under-
standings about the explored domain, demonstrating
notable effects on the principle knowledge and flexible
application tests. All the results support one of our
major assumptions in the study: the meaningfulness of
discovery activities plays a critical role in effective
SDL, and hence should be one of the key targets for
instructional support. As Ausubel er al. (1978, pp.
519-564) argued, the effect of discovery learning
depends on the meaningfulness of the discovery ex-
perience. SDL does not end with the discovery of one
or two pieces of rule, but is intended to incorporate the
findings into learners’ profound, elaborate, and co-
herent knowledge structures, and help learners de-
velop their own ‘ideas’ on scientific phenomena. To a
large extent, these learning outcomes will rely on
learners’ explanatory and interpretative meaning-
making activities (e.g. problem representation, hy-
pothesis generation, and adaptation). Apart from the
access and activation of relevant knowledge, which
has already been addressed in some studies (Leutner
1993; de Jong et al. 1999), instructional supports in
this sphere need to do more to foster learners’ self-
explanation and interpretative activities.

ES included such treatments as explaining and
exemplifying the principles and strategies in designing
scientific experiment, prompting learners to decide
the factor(s) to be examined in each trial, to predict
and check the outcomes, and to draw conclusions from
the experiments. The effect of ES was verified to a
greater extent in this study than in our previous
research (Reid ef al. 2003). As the process analysis
tells us, the ES groups outperformed the No ES groups
on two of the three indices evaluating their experi-
ments, which were closely correlated to learners’
achievements on the post-tests. Students with ES
outperformed their counterparts in designing well-
controlled experiments.

The effect of ES on the post-tests was reflected to be
quite complex in its interaction with reasoning ability
level on the principle knowledge test. Whether ES was
present or not, students with high reasoning ability
could accomplish the discovery learning task quite
well. They could develop proper strategies (e.g. con-
trolling extraneous variables in experiments) for their
experiments relying on their own reasoning ability. ES
tended to be most helpful for students with low rea-
soning ability. In a study, Veenman and Elshout (1995)
found that the structural guidance for discovery pro-
cesses had effective influence on those learners who
had relatively lower ability and were inefficient in
discovery learning strategies. The present study con-
verges with their finding on this point. Contrary to our
expectation, a negative effect was observed for ES
among the middle band of learners. A possible reason
might be that ES had caused extra cognitive load or
distracted learners from their regular thinking pro-
cesses. Some of the ES treatments took the form of
questions for learners to answer; for instance, ticking
the factors to be examined, ticking one’s predictions,
checking the predictions, and drawing conclusions. All
the tasks might bring about extra cognitive load for
learners and interrupt their regular thinking processes.
For learners with low reasoning ability, the discovery
task was just at the edge of their zone of proximal
development, which means that they could not generate
and utilize the experiment strategies on the basis of
their own reasoning capabilities, but could accomplish
it by resorting to the provided experimental support.
Therefore, ES could have acted as the more positive
treatment than the negative one for these learners.
Learners with high reasoning ability could avoid the
negative influence of ES because they had fairly stable
ability to deal with the discovery tasks. The negative
influence of the extra cognitive load caused by ES
could have more prominent interference among the
middle-band learners. If this is the case, learning sup-
port in a simulation environment must be adapted to the
levels of the learners to maximize the benefits of the
support and avoid the possible negative influence due to
extra cognitive load. Further research needs to explore
the possible cognitive load caused by the experimental
support and to examine the effect of adaptive experi-
mental support in simulation-based discovery learning.

ES also manifested a notable negative main effect
on the intuitive understanding test. One possible
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reason lies in the inconsistency between the focusing
feature of ES and the variations of the problem
situations in the intuitive understanding test. The
experimental design guidance in ES
highlighted the importance of ‘varying one thing at a
time’ in conducting experiments, whereas the intuitive
understanding test provided learners with the pairs of
instances involving more than one factor varied.
Learners were required to predict the comparison of
the sizes of the upthrusts acting upon the pairs of
objects that might differ on more than one variable.
The feature discrepancy between ES and the test might
have led to negative transfer.

RS, designed to promote learners’ reflective gen-
eralization of discovery experiences, encompassed such
treatments as tracing and displaying learners’ discovery
processes in detail, guiding them to reflect over each
experiment, and prompting learners to reflect over all
the experiments and conclusions at the end of dis-
covery. In the results, RS demonstrated a notable main
effect on the post-tests of knowledge integration and
variable control skills. Learners receiving RS had
formed stronger and clearer associations between the
discovered rules of upthrust and such core background
concepts as ‘balance of forces’. Also, RS group learners
had grasped the strategies of controlled experiment
more effectively through the discovery activities. RS
could raise learners’ self-awareness of the exploration
processes and promote them to review and reflect over
how they had examined the effect of shape, volume,
and mass on the size of upthrust. This was helpful for
them to develop integrative conceptual understandings
and efficient procedural skills. In a study examining the
role of reflection in learning variable control strategies,
Lin and Lehman (1999) found that it was meaningful
to prompt learners to reflect upon and justify their ex-
perimental activities in order to help learners to acquire
efficient variable control skills. This conclusion is
consistent with the outcome of our present study. So
far, research on the self-regulation of discovery learn-
ing has been frequently focused on the self-monitoring
of the valid design of experiments and the systematic
manipulations and observations of variables (e.g.
Schauble et al. 1993); rarely have they addressed the
issues of reflective abstraction and generalization. This
study was aimed to make progress in this direction.
Similarly, the importance of reflective generalization
has also been stressed in the research of other forms of

included

explorative learning such as problem-based learning,
stating that reflective generalization is an important
phase for learners to construct elaborate, integrative,
and transferable knowledge and skills through problem
solving activities (Hmelo & Ferrari 1997).

Conclusion

By examining the effects of ES, IS, and RS on simula-
tion-based SDL, this research inquiry has indicated and
discussed how the generative meaning-making process
for problem representation and hypothesis generation,
the systematic and logical scientific experiment process,
and the reflective generalization of discovery experi-
ences constitute three critical interrelated perspectives in
SDL. Learning supports, either embedded within simu-
lation software or provided by human tutors in class-
room settings, should be directed towards all three
perspectives to invite meaningful, systematic, and re-
flective discovery learning with computer simulations.
In future research, more repetitive examinations of
the three types of learning support (especially ES and
RS) need to be conducted. Also, the research of
simulation-based SDL so far has been based on a lab-
joratory-focused view of scientific practice and over-
looked the social discourse process in knowledge
building communities (Scardamalia, 2002). The dis-
covery tasks are often straightforward and rule-based
problems that do not require deepening explanations.
The inquiry processes and tools are mostly pre-
specified, leaving little space for emergent activities.
Therefore, future research in this field needs to integrate
scientific discovery learning into knowledge building
communities (Chen & Zhang, 2002) and capture the
social and dynamic nature of authentic inquiry activities.
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Appendix |

An example showing which variable(s) were the same
or different in two chosen objects is given below.

Explain

Shape | Mass | Volume | Upthrust
Same 4 v
Different w v'

Form the table above, you can see which factor(s)
(shape, mass, or volume) were kept different
between the left and the right objects, and if the
upthrusts have been different accordingly. This can
help you identify the effect of each factor.

(This explanation can be activated
by clicking the “Explain” button.)

Appendix Il

An example of the items assessing intuitive under-
standing is as follows. One object has a greater mass
but a smaller volume than the other. They both keep
floating in water. How will the size of the upthrust on
each object compare?

Mass=14g Mass=10g
Volume=16cm® Volume=20cm®
| The upthrusts will be
equal in size.

| The upthrust - The upthrust
| | 1tis hard to say.

on this object on this object
will be greater. will be greater

Appendix Il

Focused examination of volume: an example that was
given full score.

No. Shape Mass Volume Upthrust
6 (cm’) N)

1 left Ball 18.00 30.00 0.18

1 right Ball 18.00 20.00 0.18

3 left Box 5.00 10.00 0.05

3 right Box 5.00 400.00 0.05

In this case, the first and third pairs of experi-
ments are both focused on the volume, which is the
only input variable that was kept different between
the left and right sides. Also, these two pairs of
experiments examined the effect of volume at differ-
ent levels of the mass (18.00 and 5.00 g) and shape
(ball and box).

Appendix IV

Examples of the ‘instance-clustering’ items in the
knowledge integration test are given below.

@

Typical instance: A beach ball floating in a swimming
pool.

Please tick the “YES’ or ‘NO’ box for each of the
following instances (a—d) to show if it is similar to this
instance (the floating beach ball), and explain why you
think so.

(a)

A book lying on the desk.

This instance differs from the typical instance in sur-
face features but involves the same force pattern.

This instance is more similar to the typical instance in
surface features but involves a different force pattern.

="

An egg in a saucepan half full of water.

(b)
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