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Abstract

On the basis of our previous research, the presteidy made a further investigation on how to
support simulation-based scientific discovery lgagrform the scientific experiment and reasoning
perspective. A 2 (ES / no ES) 3 (high / middle / low) between-subjects desigrs aaopted to
examine the effect of the experimental support @%®) learners’ reasoning ability. In result, (Baal
main effects were observed for reasoning abilitelleon the posttest of principle knowledge and
intuitive understanding, (2) there was an intemactbetween the ES and reasoning ability level en th

posttest of principle knowledge, indicating that B&l positive influence to low ability learners,




however had negative influence to middle abilitarfeers. A process analysis manifested that the
learners with the ES had performed more qualified well-controlled experiments. Conclusion was

drawn concerning how to support scientific discgvearning in simulation environment.
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Introduction

A growing number of studies have focused on sdientdiscovery learning through computer
simulation within a constructivist paradigm. Howeveany researches designed to compare the
effects of simulation-based learning to more traddl modes of learning find little persuasive
evidence in its favour [1][2]. The question arised)y does simulation-based learning, involving
learners in active inquiry, not improve learningammes more consistently? One explanation lies in
the wide range of difficulties learners may enceutith coping with discovery learning processes. De
Jong and van Joolingen [3] classified the probléms learners may encounter into four categoregs: (
difficulties in handling hypotheses, (b) poorly dged experiments, (c) difficulties in data
interpretation, and (d) problems regarding the lagn of discovery learning. Despite its poteniral
stimulating constructive learning activities, itesgs that the simulation-based learning environment
cannot guarantee effective learning without sugfitisupport (“scaffolding”) for discovery learning
activities. This conclusion has also been suppdntediee’s [4] meta analysis showing that hybrid
simulation involving instructional elements is mafective than pure simulation for new content
learning. Some studies have been conducted tolbéaipers with particular strategies from specific
aspects. For example, some researchers develappdrive methods to help generate hypothesis
in simulation-based discovery learning [5] [6] [7]Others have looked at the issues connected with
experimental design [8], planning [9], explainiig tphenomenon and predicting the result [10], and

access to an appropriate knowledge base [11].

In most studies, scientific discovery learningaegarded as a scientific reasoning process thalvieso
the generation of hypotheses and testing them sigiie collected evidence [12]. However, scientific

discovery learning is not merely a logical reasgnprocess. Looked at from a constructivist



perspective, scientific discovery learning alsooiwes the activation of prior knowledge, the
interpretation of problem situations, the explamatdf experimental outcomes, and the modification
and integration of conceptual understanding. Sifierdiscovery learning also means a generative
process of meaning-making, which constitutes amgbleespective in the learning activity. On this
sense, the following inner conditions will influenscientific discovery learning therefor. First,aas
scientific reasoning process, discovery learningedds heavily on learners’ logical and systematic
experimental and reasoning activities. Second, pioeess of generative meaning-making, its effect
will be decided by learners’ interpretative and larptory activities. Also, learners need to keep

reflecting on their discovery process to lead Wittiegrative understanding of discoveries.

In an earlier study on supporting discovery leagnin secondary physics domain (upthrusts on
floating objects), we [13] investigated the effecfstwo types of learning support embedded in
simulation environment: (a) experimental suppoat tcaffolded learners in the systematic design of
experiments, the prediction and observation of @uts, and the drawing of conclusions, and (b)
interpretative support that helped learners witbvidedge access and the generation of integrative
understanding. In results, The interpretative suppeanifested prominent main effects on the
posttests of intuitive understanding, flexible aggtion and knowledge integration. However, there
was no significant effect for the experimental suppn the posttests or the indices designed to
evaluate learners’ experiment designs. A clearacte®n between experimental support and learners’
science ability was observed on an index evaludgiamers’ experimental designs, which implied that
learners with higher science achievement could fiiemmre from the experimental support. The
experimental support in this study included a numifeelements such as the explanation about
experiment design (especially “varying one thingaatime”), the prompts about identifying the
objective of each experiment, predicting and oliagreutcomes, and summarizing their discoveries.
However, these treatments were still not supporév®ugh to improve learners’ experimental
activities or the learning outcomes. This resutiagrees with Rivers and Vockell's [14] finding that
providing learners with general experimentationtdibefore their exploration could promote their
experimentation abilities, as well as Swaak et dlL5] conclusion that the experimental support in

form of assignments had clear effect on sciendifscovery learning.

The present study will continue to explore howupport learners’ scientific discovery learning from
the experiment and reasoning perspective. In tidysinentioned above, we merely gave learners a
general explanation about experiment design (&gu'tl better vary one factor at a time, otherwise
you cannot make clear which factor is having areatff). The present study will improve the
support by giving a specific example of experimgesign before the formal experiment. In addition,

some treatments of the ES in form of questions bélichanged from selective ones to compulsive



ones. Besides, in order to investigate the intemacbetween learners’ reasoning ability and
experimental activities, this study will includestheasoning ability level as a between-subject®ifac
Rather than using science achievement as the grwpriable, the present study will use the Raven's

Progressive Matrices to identify learners’ reasgrahility.

Method

The simulation-based learning environment

The domain chosen for the simulation was floatind ainking, where the subjects were required to
explore the upthrust on objects submerged in waas Fig.1). Their task was to discover which one
or more of three given factors (shape, mass andme) were related to the size of the upthrust on an
object. Learners often hold misconceptions aboigt pfienomenon, assuming that the size of the
upthrust depends on the shape or mass of the oBjeittally, the upthrust equals the weight of the

water excluded by the object. The size of the wsthtepends only on the volume of the object.

The simulation adopted paired-instance designrédwaiires learners to construct a pair of experisient
at a time, so that they could contrast the outcoofieao instances directly. For example, in order t

examine the effect of the mass of object, a leacnarselect two objects of the same shape (ely. bal
for the left and right side, keep the volumes thme and vary their masses to be different. Then
he/she can click the “RUN" button to see whether upthrusts will be different or not in result. For

all the subjects, a data sheet was provided omrisdrerecord and display the value of the input and
the output variable in each pair of experimentsadidition, a permanent button “Main Steps” was

prepared to remind learners of the main steps exaariment.
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Fig.1: Interface of the simulation

For the learners in experimental group, the legnémvironment contained some experimental
supports (ES) to help learners designing valid Bxpmnts. The ES included four specific treatments.
(&) At the beginning, the program gave learners esageneral explanations about scientific
experimental design (particularly “varying one thiat a time”) and exemplified the idea, with the
case of dissolution (which factors are relatedh $peed of dissolution). (b) Before designing each
pair of experiments, learners were required totifletheir objective by ticking the variable(s) &be,
mass and volume) they wanted to examine. (c) Lesiwere required to predict which of the two
specified objects would have the larger upthrusbrigerunning the experiments, and to check their
predictions after the experiments. (d) After eaaln pf experiments, they were asked to concludie the
discovery against a table showing which variablesevthe same or different between the two objects

(see Appendix I).

The simulation program was written in such a waat thregistered learners’ manipulations during the

learning processes and wrote a log-file for eadljest.



Design

In order to investigate the effects of the ES amleagners with different reasoning ability, a 2 (ES
no ES)O 3 (high/ middle / low) between-subjects design wasd to compare two versions of
basically the same simulation environment: ES aodES. Log-files were used to analyze how

learners processed their discovery learning afidedithe ES.

Subjects

Subjects were 80 students of the eighth grade &xgumior high school in the urban of Beijing. The
students were 13 year old in average. Thirty ofstivelents were girls and fifty were boys. They were
grouped into three levels (high / middle / low) awling to their scores on the Raven's Standard
Progressive Matrices test. The students of eaaH lggre then randomly assigned to two conditions:
ES or no ES.

Posttests
Three aspects of the outcome of discovery learwerg assessed in the posttests.

Principle knowledge This was assessed by seven multiple-choice it€ns. item focused on the
general principle about factors that can affect uptéhrust on the object submerged in water. The

others concerned with specific principles underisigrthe phenomenon.

Intuitive understandingFive multiple-choice items measured learnersiitive understanding, which
is regarded as an important goal in scientific @iscy learning [10]. Using pictures, these items
showed pairs of objects with different combinatiarfsshapes, masses, and volumes and asked

learners to predict how their upthrusts would corapa size.

Flexible Application Eight items were written to determine how welrigers could generalize and
apply the knowledge to new situations. These questiwere more flexible, requiring the
transformation and integration of learners’ knovwgled



Procedure

All the students were given the Raven's Standaodjressive Matrices test two weeks before the
experiment. The experiment took place in a compgatmratory equipped with 50 networked Pentium

computers. The subjects were required to finistfallewing sessions individually:

Warm-up Subjects worked with a tutorial version of thengiation program. Three experimenters

were present to answer questions regarding thegrodrhis stage lasted approximately 10 minutes.

Problem presentatianThe subjects were asked to explore which one anerof the factors among
shape, mass and volume could influence the uptltomsan object submerged in water. A brief
description of the problem was available on thertght corner of the screen throughout the discpver

process.

Exploration Subjects were reminded that their task was tcodir the rule on the basis of sufficient

evidence through simulated experiments.

Posttest The posttests in written format were administarachediately after the completion of the

exploration. A total of 30 minutes was allotted flois session.

Results

Two main sets of results are presented: 1. Theteffethe ES on the posttests among students of
different reasoning ability levels. 2. A procesalgais to investigate how the subjects had used the

supports and designed their experiments.

The effects of the ES and reasoning ability on the posttest

Table 1 shows the mean scores and the standardtidesi of the different groups on the three
categories of the posttests. The full score of eathgory is 1.00.

Principle Intuitive Flexible




knowledge  understanding Application
M SD M SD M SD
High ES .88 21 .83 .24 43 19
ability | noES | .90 .26 .93 .20 .46 .15
Middle ES .60 43 77 .27 42 A3
ability | NoES | .88 31 .85 .28 .39 .15
Low ES .68 A1 71 31 .38 A7
ability | noES | .41 42 71 .25 .40 .18
Total .73 .38 .81 .26 42 .16

Table 1: The means and standard deviations of thipes of posttests

Principle knowledge. In the ANOVA using ES and reasoning ability levad between-subjects
factors, a significant main effect was observedtfa reasoning ability on the principle knowledge
test (F (2, 74) = 7.06, p < .01). Those with higreasoning ability could accomplish the discovery
task more successfully. There was no significannraffect for ES. However, there was a significant
interaction between ES and reasoning ability (F7@®, = 3.85, p < .05) (see Fig.2). Simple effect
analysis revealed that ES had significant posiiflect among low ability subjects (F (1, 76) = 4.p0

< .05), but had marginally significant negativeeeffamong middle ability subjects (1, 76) = 2.81, p
<.10). ES had no significant influence to subjedgts high reasoning ability (p > .10).

Intuitive understandingThere was a marginally significant main effecthwieasoning ability (F (2,
74) = 3.00, p = .06). The subjects with higher oeésy ability scored higher on this test. No
significant effect had been found for ES or itemttion with reasoning ability (p > .10).

Flexible application There was no significant effect for ES or reasgrability level on the flexible

application test (p > .10).
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Fig. 2: Interaction of ES and reasoning ability on the principle knowledge

test

Process analysis

Using the data provided by the log-files, an analygsas made to see how the subjects had interacted

with the simulation environment and how they hagduthe provided supports.

Number of experiments and time on exploratidmmaximum time of 35 minutes and a minimum
number of seven pairs of experiments had beenosahé exploration session. Subjects conducted
8.57 (SD = 2.26) pairs of valid experiments on ager The learners who received the ES performed
significantly fewer experiments than those withthg ES, F(1, 68) = 4.33, p < .05. There was no
significant difference concerning reasoning abiliyel (p > .10).

Evaluation of learners’ experimentsChange one thing at a time” is an important gpie in
scientific experiment. Unfortunately, learners aften found to vary many variables in one
experiment [16][3]. Surrounding this principle, ¢kr indices were constructed to evaluate the
experiments designed by subjects. (a) Index I: rHtie of well-controlled experiments: it indicated
the percent of the paired experiments in whichameonly one factor was varied among shape, mass,
and volume. (b) Index II: Average number of vargsblaried in each pair of experiments: this is a
looser criterion that counted how many variablegmgnshape, mass and volume were varied in each

pair of experiments. (c) Index lll: Focused exartioraof the three variables: we identified a pdir o



experiments as having undergone a “focused exaimiriaif certain variable (shape, mass or volume)
if that variable was the only variable that wasiein that pair of experiments. For each variahle,
full score of 2 was given when it had been examimgat least two pairs of experiments at different
levels of the controlled variables (an examplehsven in Appendix Il). Score 1 indicated that the
variable had been examined by only one pair of exy@nts or by more than one pair of experiments
but at constant levels of controlled variables.u®edjally, score 0 meant that no experiment had bee
focused on this variable at all. An average scam®ss the three variables was used in the final
analysis. Learners’ scores on the three indicestaren in Table 2.

Index | Index II Index Il

Groups M(%) SD M SD M SD
High ES 48.90 .15 1.58 .22 1.08 .38
ability noES | 49.82 .19 1.67 .32 1.20 44
Middle ES 5239 .18 1.60 .24 .82 40
ability NoES | 4395 .23 1.72 .35 .97 43
Low ES 5842 25 152 42 .82 43
ability noES | 36.24 .21 2.00 A7 .81 41
Total 4826 .21 1.69 37 .97 44

Table 2: The means and standard deviations oftfieds evaluating learners’ experiments

Note: Index |: The ratio of well-controlled expeemts in which only one variable was varied;

Index II: Average number of variables chahgreeach pair of experiments (maximum=3);

Index llI: Focused examination of these variables (the full score is 2).



ANOVAs of the three indices using ES and reasorabdity level as independent variables
displayed that ES had significant positive effesidndex | (F (1, 68) = 4.31, p <.05) and Index Il
(F (1, 68) = 7.98, p < .01). A significant effecasvfound for the reasoning ability on Index Il (F

(2, 68) = 4.29, p < .05).

Correlation between the quality of experiments d@hd posttestsin order to explore the
relationship between the quality of experiments éuedresult of discovery learning, we calculated
the Pearson Correlation between each of the indindsthe aspects of posttests (see Table 3).
Significant correlation was observed between theethindices and the principle knowledge and

intuitive understanding tests.

Tests  Index | Index Il Index 111
PK .328** -.418** A439**
10) .255* -.259* 372%*
FA .047 -.066 116

Table 3: Correlation between the quality of experits and the posttests

Note: PK: Principle Knowledge; IU: Intuitive Undéaiading; FA: Flexible application

* p<.05, ** p<.01

Discussion

This study made a further investigation on howupport learners’ scientific discovery learning

from the experiment and reasoning perspective. Hiancluded such treatments as explaining
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and exemplifying the principles and strategies @sighing scientific experiment, questions
prompting learners to decide the factor(s) to bamared each time, to predict and check the

outcomes, and to draw conclusions from the expetisne

The effect of ES was verified to a greater extarthis study than in our previous research [13].
As the process analysis tells us, the ES had g&gnif main effects on two of the three indices
evaluating learners’ experiment designs. Studeitts tive ES outperformed those without the ES
in designing effective and well-controlled experiits&e As we predicted, the improvement of the
ES in this study did make some difference in comsparto its effect in the previous study. For the
learners around 13 years old, it is not enougleltaliem the general way to design an effective
experiment. Detailed explanations and examples neeessary for them to understand the

principles and strategies underpinning scientifigegiment design.

The process analysis also demonstrated that thesesignificant correlation between each of the
three indices and the posttests of principle kndgdeand intuitive understanding. This result
converged with our previous research displaying lb&rners who had discovered the right rule
surpassed the failure subjects on all the threieesdf experimental design [13]. We also found
that learners’ reasoning ability had a significaffect on the index Ill. Learners with higher

reasoning ability had done more focused examingtiminthe three factors - shape, mass and
volume of the object. All the outcomes support theportance of qualified reasoning and

experimental activities in scientific discovery fie@g. As is emphasized by most researchers in
this field, the perspective of scientific reasonargl experimental activities does account a lot in
scientific discovery learning process. The restilliscovery learning depends heavily on learners’
such reasoning and experiment activities as sysienamd focused manipulation of input

variables, prediction and observation of outcoraes, drawing conclusions from experiments, etc.

The inefficiencies in the above activities can hamlparners’ successful discovery.

When it comes to the effect of the ES and reasoability level on the posttests, the reasoning
ability had notable effect on the principle knowgedand intuitive understanding test. Learners

with higher reasoning ability could discover thederying rules in the phenomenon more
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successfully and formulate their insightful undansting about the relevant instances on the basis
of the discovered rules. The effect of the reagprability was not observed on the flexible
application test. One of the possible reasons ntighthat the items in this category were too

difficult to differentiate the subjects.

The effect of the ES on the posttests was refletdelde quite complex in its interaction with
reasoning ability level on the principle knowledgst. Whether the ES was present or not, the
students having high reasoning ability could acd@hpthe discovery learning task quite well.
They could construct proper strategies (e.g. cdimgoof extraneous variables in experiments) for
their experiments relying on their own reasoningitgh The ES was the most helpful for the
students with low reasoning ability. This trendnisonsistent with our previous research revealing
that students with higher science achievement cbaltefit from the ES to greater extent. This
inconsistency might be caused by the improvemetheES in the present study, which included
detailed explanation and example about experimesigd, becoming much easier to be grasped
by the low ability learners. The trickiest trendtli® negative effect of the ES among the middle
ability learners. Surprisingly, students withoug t8S exceeded those receiving the ES among the
learners of middle reasoning abilities. A possiel@son is that the ES has distracted learners from
their thinking activities. Some of the treatmenisthe ES took the form of questions requiring
learners to answer, for instance, ticking the fiectm be examined, ticking one’s predictions,
checking the predictions, and drawing conclusiétisthe tasks might cause extra cognitive load
for learners and interrupt their thinking proceSsr the learners with low reasoning ability, the
discovery task was just in their region of appraaiendevelopment. They couldn’t come up with
the needed experiment strategies using their oasoreéng ability. But they could do it resorting
to the provided support. Therefore the ES was rttegepositive treatment than the negative one
for these learners. The learners with high reagpability could avoid the negative influence of
the ES because they had fairly stable ability tal @eth the discovery task. Whilst for the middle
ability learners, they had the very elementaryll(sitistable) ability to generate the needed
experiment strategies. The negative influence efetkira cognitive load caused by the ES could
be more prominent among the learners of this leMethis is the case, learning support in

simulation environment must be adapted to the ewélthe learners to maximize the benefit of
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the support and avoid the possible negative inflaeraused by the extra cognitive load. Further
research need to be conducted to explore the pessignitive load caused by the experimental
support and to examine the effect of adaptive exptal support in simulation-based discovery

learning.

Conclusion and Implication

This study implies that qualified experimental aedsoning activities play an essential role in
simulation-based scientific discovery learning psx Experimental support embedded in
simulation environment can function as the scaiffgdfor learners’ discovery activities.
Instructional designers need to take learners’amiag ability into account to provide the
experimental support that is exactly in the regmi approximate development. However,
experimental support might also cause extra cognitiad for learners, resulting in some negative

influence to their discovery learning.

References

1. Banggert-Drowns, R., Kulik, J., & Kulik, C. (19BEffectiveness of computer-based education

in secondary schooldournal of Computer-Based Instructial?, 59-68.

2. Carlsen, D. D. & Andre, T. (1992) Use of a mammputer simulation and conceptual change
text to overcome students’ preconceptions aboutraecircuits.Journal of Computer-Based

Instruction 19, 105-109.

3. de Jong, T. and van Joolingen, W. R. (1998) rifie discovery learning with computer

simulations of conceptual domaim&eview of Educational Reseay@8, 179-201.

4. Lee, J. (1999) Effectiveness of computer-baseructional simulation: A meta analysis.

International Journal of Instructional Medi&6(1), 71-85.

T 2R (wwwfirstlight.cn)




5. Njoo, M. & de Jong, T. (1993) Exploratory leamgiwith a computer simulation for control
theory: learning processes and instructional supfournal of Research in Science Teaching,

30, 821-844.

6. Quinn, J. & Alessi, S. (1994) The effects of giation complexity and hypothesis generation

strategy on learninglournal of Research on Computing in Educat@n, 75-91.

7. Shute, V. J. & Glaser, R. (1990) A large scatelwtion of an intelligent discovery world:

Smithtown.Interactive Learning Environment$, 51-77.

8. Leutner, D. (1993) Guided discovery learningnwébmputer-based simulation games: Effects

of adaptive and non-adaptive instructional supptearning and Instruction3, 113-132.

9. Tabak, I., Smith, B. K., Sandoval, W. A., & Reis B. J. (1996) Combining general and
domain-specific strategic supports for biologiaadjuiry. In C. Frasson, G. Gauthier, & A.

Lesgold (1996)ntelligent Tutoring Systen{pp. 288-297) Berlin: Springer-Verlag.

10. de Jong, T., Martin, E., Zamarro, J., Esquenibré&Swaak, J., and van Joolingen, W. R. (1999)
The integration of computer simulation and learnsupport: An example from physics

domain of collisionsJournal of Research in Science Teachi3®, 597-615.

11. Lewis, E. L., Stern, J. L., and Linn, M. C. 9B The effect of computer simulations on

introductory thermodynamics understandiBducational Techologyd3, 45-58.

12. Klahr, D. and Dunbar, K. (1988) Dual space deaturing scientific reasoningognitive

Sciencel?2, 1-48.

13. Reid, D. J., Chen, Q., & Zhang, J. (unpublishethuscript) The effect of interpretative

and experimental support on simulation-based stiediscovery learning.

14. Rivers, R. H. & Vockell, E. (1987) Computer gilations to simulate scientific problem

solving.Journal of Research in Science Teachizdy 403-415.

T 2R (wwwfirstlight.cn)




15. Swaak, J., van Joolingen, W. R., & de Jong1998) Support for simulation-based learning:
The effects of model progression and assignmentdedinitional and intuitive knowledge.

Learning and Instructions, 235-253.

16. Glaser, R., Schauble, L., Raghavan, K., andzZ€. (1992) Scientific reasoning across
different domains. In E. de Corte, M. C. Linn, H.aMille, and L. Verschaffel (1992)
Computer —Based Learning Environments and Problestviry (pp. 345-373). Berlin:

Springer- Verlag

Biography

Jianwei Zhang is now a Ph.D. candidate at BeijilogniNal University, and will be a lecture in the
Educational Technology Center at Tsinghua Univeriter the July. His Ph.D. thesis focuses on
simulation-based discovery learning and will coméirto work with constructive learning in ICT

environment, esp. Distance Learning.

Qi Chen is a professor of educational psychologpBeaifing Normal University, and the vice
president of the Educational Psychology Committeéhe Chinese Psychological Society. Her
research group has undergone several importargqtsapn integrating ICT into education, mainly

in the field of mathematics and science, as weleasher education.

David J. Reid is a professor at School of Educatidmiversity of Manchester. He is the director

of the PGCE program and has been doing researbbes science learning and teacher education.

Appendix | The table showing which variable(s) were the samdifferent in the two chosen

objects: An example.

Shape | Mass | Volume
Upthrust
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Same

Different

Appendix II Focused examination of volume: An example that was given full score

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

1 left Ball 50. 00 30. 00 0. 30
1 Ball 50. 00 20. 00 0.20
right

3 left Box 100. 00 10. 00 0. 10
3 Box 100. 00 40. 00 0. 40
right

In the case, both of the two pairs of experiments focused on the volume, which is

the only independent variable that was different between the left and right object.

Also these two pairs of experiments examined the effect of volume at different levels

of the mass (50.00 and 100.00g) and shape (ball and box).
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