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Abstract

Much of the researchon scientific reasoninghas investi-
gatedthe use of explicit, hypothesis-testingstrategies.
However, therdas evidencethat scientific reasoningprob-

lems can be solved by exploration of the experiment space.

This study investigates thetrategiesby which people ex-
plore the experimentspaceand examinesthe relationship
between the systematicity of this search and succepsful
formance.

Introduction

The processes underlying successful performanseien-
tific reasoningasksrepresentin importantskill, or set of
skills, that are crucial for student$ scienceat all levelsin
all disciplinesto acquire.However, the precise nature of
these skills, as well as the extent to which they migits-
fer across scientific domains, is still an open question.

One of the primary theoretical frameworks in whaten-

tific reasoning has been studied is Klahr and Dunbar’s (198

characterizatiorof scientific reasoningas a searchin two

problem spaces, a hypothesis space and an experiment sp

Although recently the exact number amatureof the search
spaceshas becomea matter for debate(Baker & Dunbar,
1996; Schunn& Klahr, 1995)the distinction betweenhy-
pothesis-formation and experimentation has remained.
Klahr and Dunbar (1988) analyzedparticipants’ perform-
ancein figuring out how the repeatkey worked on a pro-
grammablerobot (BigTrak). They identified two types of
participants,characterizedby differencesin the way they
searchedhe different spaces.Participantsworking in the
hypothesisspace(called theorists)were able to form new
hypothesedy searchingmemory. They stated and tested
hypotheses more frequently than participamit® workedin
the experiment space. @ne other hand, participantswork-
ing in the experimentspace (called experimenters)stated
fewer explicithypothesesconductedmore experimentsand
took longerto find the solution. Furthermorethey formed
the correct hypothesisonly as a result of running experi-
ments. Interestingly,however,the experimentersvere ulti-

mately as successful in solving the problem as the theorist

Most researclon scientific reasoninghasfocusedon ex-
plicit hypothesis-testingstrategiesand is thus associated
with performance in the hypothesis spdeceorderto under-
standwhat differentiatessuccessfulfrom unsuccessfuper-
formance,many researcherhave examinedthe explicit hy-

pothesis-testing strategies by which peagemptto solve
scientific reasoning task&everalsuchstrategieshavebeen
identified. The varying-one-thing-at-atime strategy, or
VOTAT (Tschirgi, 1980) involves holding all variablesn-
stant exceptone. The Change-All strategy (Tschirgi) in-
volves changing the value of every variable. People ug®
the engineeringstrategy (Schauble Klopfer, & Raghavan,
1991) try to bring thesystemto a particulardesirablestate.
The holding-one-thing-at-a-time, or HOTAT (Tschirgiyat-
egy involves holding one variabtmnstantand changingall
others.The confirmation strategy (Wason, 1960) involves
proposinga hypothesisand seekingto confirm, ratherthan
disconfirm, it.

Of the strategies outlined above, VOTATtI® only con-
sistently effective hypothesis-testingtrategy.Ilt has been
closely associated with successful performance (Vollmeyer et
al. 1996; Shute& Glaser,1990). For example,Shute and
Glaserfound that in using an economicsmicroworld to
“discover” the laws of supply and demandmore successful

articipantstypically changedbnly one variable at a time.

ollmeyer et al. had participantsdiscoverthe relationships
gggongvariablesin a biology task. As participantsshifted
away from the change-alistrategyto the VOTAT strategy,
the number of correct answers increased.

The hypothesis-testingtrategypeopleuse to solve this
type of task is thus an important paftsuccessfuperform-
ance.As Vollmeyer et al. (1996) explain, VOTAT is an
effective strategy, because it “allows the logidalconfirma-
tion of alternativehypotheses.’'However,many of the ex-
periments conducted by the experimenters in KéataDun-
bar’s (1988) BigTrakstudy were not designedo testan ex-
plicit hypothesis, and yet these participants were still able to
solve the problemcorrectly. This suggestdhere may be a
distinction between thedatacollection andtheir interpreta-
tive strategies. Tschirgi (1980) also suggesteddbatts,as
well as children, manifestthis sameseparation.She pro-
poses that peopldo not necessarilyanalyzethe logical un-
derpinnings of their experimentation.

Not much researchhas exploredthe characteristicof per-
formance in the experiment space, yet a numbeuestions
grise. When people explore the experimentspacewithout
explicitly using a hypothesis-testingtrategy,how arethey
able to solve scientific reasoning problems successfully? Are
therepatternsof behaviorin gatheringdatathat are associ-
atedwith beingableto interpretand explainthosedata ap-
propriately?Thereis someevidencethat this might be the



You haye taken a summer job at an amusement park, yorking on the rollercoaster ride. The
rollercoaster is operated by three switches, which must all be set for the ride to operate. The
rollercoaster will give the park visitors different rides, depending on hovr these switches are
set. One of the syitches, hovever, serves a different function, and has no effect on the kind of
ride. Before you are alloyed to begin operating the rollercoaster, you must figure out which of
the switches does not affect the ride. Set each of the switches, then click Run Rollercoaster to
see how the rollercoaster goes. When you are ready to enter your answer, click SOLYE.

1st Switch 2nd Switch 3rd Switch

LEFT ~| rk_'l _‘|

LEFT LEFT LEFT looping upside-down ride
LEFT LEFT RIGHT looping very-fast ride

The 3rd switch is upside-down or very-fast

~L LA L4

Run Rollercoaster SOLYE

Figure 1: Screenshot of interface

case; for example, Shutélaser,and Raghavan(1989)ana-  study, an identical task condition and an isomorphic task
lyzed performanceof two successfuland two unsuccessful condition, to study strategy transfer.

participantsin Smithtown, an economicsmicroworld, and

found that in addition to effective thinking and planning, M ethod

efficiency in data managementas associatedwith more

successful performance. Their results suggest that the Participants

method by which people collect data is indeed important. . . .
The present study explores the relationship between expl&2rticipantswere 30 GeorgeMason University undergradu-
tes(16 malesand 14 females),who receivedcoursecredit

ration in the experiment space and performance. Specificall?, b SR o | :
we wantedto determinewhether data collection skills are  10F their participation. Participantswere randomly assigned

separatefrom the hypothesis-testingstrategiesdiscussed [0 oneof two conditions. Protocol datafrom five partici-
above and to determine whether systemadiacollectionis ~ Pants was lost because of equipment failures; data from thes
related to successful performance. participants was not included in the analysis.

We chose a task for whidhe experimentspacewas con- .
strained and quitsmall, so that participantswould not find Materials
the tasktoo complexto solve. Pilot testsindicatedthatal-  Five isomorphictaskswere developedpasedon an adapta-
though the task involved only three variables, solving it wagion of a task from Siegler and Atlas (1976). As an example,
not trivial for our participants.The small experimentspace  in one task participants were asked to solpeablemabout
has the further advantage of making it easier to determine tiae rollercoaster. The rollercoasterwas operatedby three
systematicity with which participants collect their data. switchesand gave a different ride, dependingon how the

We also wantedto explore how these data collection ~ switches were set. Although all threaitcheshadto be set
strategiesare usedwhen participantssolve the sametask for the rollercoasterto work, one of the switchesdid not
more than one time and whethibey transferfrom onetask  affect the kind of ride. The task was to identify which switch
to another. Consequentlthereweretwo conditionsin the  did not affect the rollercoaster ride. Each switch hadpos-



sible settings (left oright); participantshadto selecta set- An important component of the tagkas recognizingthat
ting for each of the three switches, then run the rollercoastethe results of two different tests were g@me.We usedthe
The resulting ride was represented on the computer screen.verbal protocolsto code whether participantsnoticed this,

Participantscould run as many tests (trials) as they
wished, and the interface included a “notepad’which they
could type comments if they chose. Figure 1 shawsreen
shapshotof the rollercoastertask. The interface was the
same for each taskpnly the instructions,variables,and an-
swer were different acrogasks. We usedthe sameinterface

to avoid any interaction between performance and interface.

A different cover story was developedfor four additional
tasksin different domains.The tasks were isomorphic in
that they shared the sardeepstructureand could be solved
by applying identical proceduregSimon & Hayes,1976).
For eachtask, there were three possible causal variables,
eachwith two settings.One variablehadno effect, andthe
task was to identify that variable. The optimal solution
strategyin eachtaskwasto test eachvariableby changing
its setting, while holding the other variablesnstant.If the
resultwasthe samein both test, one could deducethat the
variablehadno effect. If the resultwas different, one could
infer that thatvariable did have an effect and test another
variable in the same way.

Design
There were two conditions in th&tudy: a “sametask” con-

dition, (hereafter referred to as the identical condition), and
“isomorph” condition. There were five differetasks.In the

identical condition, participants were asked to solve the same

task five times. Each of these isomorphes given to three
participantsin this condition. In the isomorph condition,
participants wereaskedto solve a seriesof five isomorphic
tasks, one each of thHve tasksusedin the identical condi-
tion. The taskswere partially counterbalancedso that each
task appearedhreetimes in the last position of the se-
guence.The correctsolution for each task was randomly
generated in both conditions.

M easures

Keystroke data was collected and time-stampedas partici-
pantssolvedthe tasks.In addition, verbal protocols of the
entire task sequencewere collected (Ericsson & Simon,
1984). Verbal protocols were coded as described b@iote
that only those measures relevant to the premeslysisand
discussion are included here).

Two measures of solution correctness wesed.The first
was generatedrom the keystrokedata and measuredonly
whether thesolution enteredwas correct(right answer).Be-
causeof the high probability (.33) that a correct answer
could be chosenby chance,a secondmeasure(right an-
swer/right reasoningyvas developedusing the verbal proto-
cols. This measureidentified correct solutions for which

there was evidence of explicitly verbalized correct reasoning

In order to investigatethe participants’ use of the hy-
pothesis space, verbal protocalsre also codedfor explicit
hypothesis-testingtrategiesused, specifically whetherthe
VOTAT strategywas adopted.A participantwas codedas
using the VOTATSstrategyonly if he or sheexplicitly ver-
balizedthis strategy.In addition, protocols were codedfor
identification of an a priori plan.

andif so, on whattrial they noticedit. Table1 showsthe
coding scheme used, with examples from the protocols.

Table 1: Coding scheme

ID Code Utterance
205 | right answer/ | Bronze, because the first 2 are
right reason | same, the bronzs different, and

it doesn’t change

107 | VOTAT | just haveto keep 2 the same
and changeone and seeif it's
different

203 | plan So | need to test the strings

204 | notice-2-samq It's the same ride

In order to investigate the strategl®s which participants
explored the experiment space, protocols veededfor sys-
tematicity of data collection. There were eight possible
combinationsof variablesthat participantscould selectand
test. They could run @ew or asmanytestsasthey chose,
and tests could beepeatedr duplicated.For datacollection
to be coded asystematic,75% or more of the testschosen
had to conform to a discernible pattern.

an
left left left left left left
left left right left left right
left right left left right left
left right ri%ht right left left
right lett le right right right
right left right
right right left
right right right

Figure 2: Systematic strategies

Severaldifferent patternsof datacollection emergedFig-
ure 2 showstwo examplesof systematicdata collection
strategies. Some participants recognized that there were eigt
possiblecombinationsand organizedtheir databy conduct-
ing all four tests with one variable at one setting betore
ducting a second block of fotestswith that variableat its
secondsetting. Frequently,the secondblock of tests was
orderedin exactlythe sameway asthe first. Some partici-
pants changed each variable in tushjle keepingthe other
two the same. (Note that this was different from the VOTAT
strategyin two ways; first, participantsdid not explicitly
state that they werasing VOTAT, andsecond participants
frequently continued to run more tests after changethof
the variables.If they had beenusing VOTAT, an explicit
hypothesis-testing strategy, they would not presumably have
continuedwith theseextraneoudests). Both the strategies
described above were coded as systematic.

Some patrticipants simply tried various combinations
without closeattentionto prior tests.Such a strategywas
characterizedby duplicationsof testswhich frequentlywent
unnoticed.Othersattemptedo find new combinationsand
avoid duplicationson an ad hoc basis (i.e., trial by trial).



Othersrealized there were eight combinationsand tried to
find all of them, again,on an ad hoc basis. Thesetwo last
approachesvere characterizedy participantssearchingthe
records of prior test seeif they hadalreadytried a given
combination.In the last approachparticipantssearchedhe
datato seeif they had testedall the combinations.The
strategies described above were coded as unsystematic.
To date,only one coder has codedthe protocols; conse-
qguently, no inter-rater reliability scores will be reported.

Procedure

example,if they chosethe first variable on the first task,

they thought that the first variable was not the correct choice

for the next task, regardless of what the data indicated.

Second, someatrticipantsin this condition beganwith a
poor representation of thask. They neverrevisedthis rep-
resentation, and silvey keptgetting the answerwrong. On
the other hand, if a participantbeganwith an appropriate
representation of the task, be shecould begin by solving
the task correcthandwould then continuewith correctper-
formance.In either case therewould not be anincrease in
the number of correct solutions.

Participants were trained on the talk-aloud process and on thelf this were the case, we would expect the majasftyar-

features of thenterfaceusedfor the experimentatask (i.e.,
how to set variables, run testaterpretthe results,anduse
the notepad).When participantsunderstoodthe interface,
they beganthe experimentaltask. They proceededhrough
the seriesof five tasks without receiving feedbackas to
whether their solutions were correct.

Results and Discussion

We first analyzed the time it took participantseachcondi-
tion to complete the series tife tasks. The meancomple-
tion time for the identical condition w&3 minutes44 sec-
onds, and fothe isomorphconditionit was 30 minutes20
secondslt is most likely that participantsin the identical
conditiontook lesstime to solve the task becausehey did
not needto re-readthe task instructionsevery time. How-
ever,in generalthesetimes are not very informative, be-
cause we were collecting verbal protocols.

Correct Solution

We analyzed performance, measured by the number of corre

solutions according to the keystrollata. The identical con-
dition showedittle if anyimprovement;meansfor tasks1
through5 were, respectively, 72, .45, .45, .63,63 (N =
11). In the isomorph condition, performanceimproved,
shown by an increase in the mean corrBetspectiveaneans
for tasks1 through5 in the isomorphcondition were .64,
.78, .71, .92, and .92 (N = 14).

Because of the high probability of a correct answer’s bein

chosenby chance we analyzedperformanceusing the right
answer/rightreasonmeasurelescribedabove. Note that all
further analyses of correctness use this measure.
Again, in the identical conditiorperformancedid not im-
prove; means for tasks 1 throufhwere .45, .36, .27,.36,
and.45, respectively(N = 11). In the isomorph condition
performance improved as participants progresseslighthe
tasks; means correct were .29, .50, .42, .79, andegfiec-
tively (N = 14). A testfor increasinginearity showedthat
for participants inthe isomorphcondition, performancam-
provedin a linear fashion as they progressedhrough the
series of five tasks; (1, 13) = 13.42MS.= .16,p < .05.
Why didn't performancein the identical condition im-
prove?The protocols suggesttwo possiblereasonsFirst,
becausehere was no feedback,some participantsthought
that when the samiask appearedt meantthey hadgot the
answer wrongSome participantsdid not recognizethat the
tasks were independent of one anotlait consequentlytried
to carry informationfrom one task over into another.For

ticipants in the identical condition to have got almosttad!
tasks either incorrect or correct. In faitte participantswho
either got fouror five of the taskswrong or got all five of
the tasksright accountfor over 80% of the participantsin
the identical condition. It would appear then thaherthese
participantsstarted out well and continuedwell or they
startedbadly, got stuckin a rut, and perseveratean their
strategy because the tadikl not change.Participantsin the

isomorph condition did not have these problems. The lack of

feedbackdid not affectthemin the sameway becauseafter
they had enteredtheir answer they got a different task and
did not associate the new task wilteir performanceon the
previous one. Furthermore, with eanbw task, they hadto
constructa new representationlf they did constructa poor
representation, it affected performance on that task only.

Systematicity

Performance in thesomorphconditionimprovedas partici-

pants progressed through the sequentasis. What caused
this improvement?Possibly, participants recognizedthe

QBmorphism betweentasks and used that information to

solve the problemsnore accuratelyIn fact, only threepar-

ticipants madereferenceto similarities to previous tasks.
Perhaps they cante a betterunderstandingf the task and

developed a better strategy to solve the problems. To explore
the role of planning and strategy use in performance on thesi

tasks,we examinedwhether participantsstatedan a priori
lan andwhetherthey usedthe VOTAT strategy.We also
xamined the systematicity with which they collected data
these tasks.

Explicit Hypothesis-Testing Strategy Use and

Planning Recallthat explicit strategiesand plans were
codedonly if participantsverbalizedtheir use. Only three
participantsstatedan a priori plan. Overall use of the
VOTAT strategywas also very small; only three partici-

pants explicitly used this strategy. In the identioahdition,
only one participant useithis strategy,andthis usewas on
the lasttaskin the series.In the isomorphicconditiontwo

participantsusedthe VOTAT strategy,one on the fourth

task andboth on the last task. Similarly, there were very
few instancesof other explicit strategies (engineering,
HOTAT, and confirmation).

Thus, although iappearghat therewasa very small in-
creasdan explicit useof the VOTAT strategy,this shift is
not sufficientto accountfor the improvementin perform-
ance in the isomorph condition. Apparently, véaw of the
participants wereearchinghe hypothesisspacein orderto



solve theseproblems.If participantswerenot usingan ex-
plicit hypothesis-testingtrategy,how did they set about
solving the tasks?In orderto answerthis question,we in-
vestigatedhe strategiedy which they exploredthe experi-
ment space.

Data Collection Systematicity Recallthat 75% of
the trials on a taskadto be systematidfor performanceon
that taskto be codedas systematic.In the identical condi-
tion, therewaslittle if any differenceacrosstaskson this
measureMeansfor tasks1 through5 were .27, .56, .38,
.40, and .40respectivelyIn the isomorphcondition, how-
ever, participantsbecamemore systematic.Meansfor this
group for tasks 1 through 5 were .29, .50, .33, .86,.86d
respectively. Next we explored the relationsbgiweensys-
tematicity and performance in both conditions.

Systematicity and Correctness
Figure 3 illustratesthe trendsfor both correctnesand sys-

this performanceon all five tasks. In both conditions, the
majority of participantsbeganby being non-systematiand
not-right. In the identical condition, performanceremained
relatively stable. In the isomorph condition, however, a clear
shift occurred awayrom non-systematicnot-right perform-
anceto systematicandright. In tasks4 and 5, no partici-
pantsin the isomorph condition were non-systematicand
not-right, and the majority were both systematic and right.
What could accountfor the very different patternin the
identical condition? Over 50% of the participantsin both
conditionsbeganby being non-systematicand not right.
Figure 3 showsan initial increasein mean systematicity
(from .27 in task 1 to .55 itask 2); however,this increase
represents ahift to a systematicstrategyby only two par-
ticipants. Of thesetwo, one solved the problem correctly,
and thenbecameunsystemati@ndwrong for the remaining
threetasks. The protocol revealsthat after the secondtask,
this participantrevertedto herinitial poor representatiorof
the task. The otherparticipantshifted to a systematicdata

tematicity for each condition. It shows that as participants iffollection strategyn task 2 but did not solve the task cor-

the isomorphcondition becamemore systematictheir per-
formancebecamemore correct. It also showsthat partici-
pantsin the identical condition did not becomemore sys-
tematic and their performance did nwtprove. Overall, sys-
tematicity wasstrongly correlatedwith correctsolution, r =
.68, p<.01.

O.£19 —e&—correct i_de

——correct iso

0.8 —&— system ide

0.7 —>—svstem iso
c 0.6
$ 0.5
= 0.4
0.3
0.2
0.1
0

1 2 3 4 5
Task

Figure 3: Systematicity and correctness

How did participantsin the isomorph condition progress
from being unsystematic arvdrong in task 1 (meancorrect
was .29, meansystematicitywas.29) to being systematic
and right in task 5 (mean correct was .71, mean sys-
tematicity was .86)? Why did participantsin the identical
conditionnot show this progression?

It appearsthat participantsin the isomorph condition
graduallyrefinedtheir systematicityand also becamemore
correct.Figure 4 illustratesthis progressionOn eachtask,
eachparticipant’sperformancewvas codedas non-systematic
and not right, non-systematimdright, systematicandnot-
right, or systematicand right. Three participantsin each
condition were systematic and rigbm task 1 and continued

rectly. The protocol showsthat this participant’'sanswers
were significantly influenced biis belief that his prior so-
lutions must have been wrong.

What advantage dideing systematidn exploringthe ex-
periment spacegain for participantsin the isomorphcondi-
tion? One of the key® successfullysolving the taskswas
noticing that the resultsof two tests were the same,even
though the setting of one variable was differ@enthese two
tests. Some participantsnoticed this immediately, some
participants noticedt only after conductingmore tests,and
some participants apparently did not notice it at all.

Were participantsmore likely to notice this important
piece of information if their data were organized isyatem-
atic way? We analyzed tteorrelationbetweensystematicity
and participants’noticing (immediatelyor after conducting
more tests) that the results of two testrethe same.This
correlation wassignificant,r = .59, p = .005. This correla-
tion suggests that as participants were more systematic, the
were more likely to detect important arglevantpatternsin
the data, allowing them to successfully solve the problems.

It appearsthen that there was a strong relationshipbe-
tween being systematicin collecting data and successful
performancean the isomorphcondition. As participantsbe-
camemore systematic their performancebecamemore cor-
rect. Participants in the isomorph conditibeganthe series
of tasks without a systematic data collection strategytlaad
majority did not solve the task correctly at first. However,
by the lasttask, the majority of theseparticipantswere us-
ing a systematic strategyd were getting the answer right.

Finally, the overall correlationbetweensystematicityand
correct performance was positive and significant.

General Discussion

The performanceof participantsin the isomorph condition
improved as they progressed through the seriéis®ftasks.
Yet the vast majority of theseparticipantswere not using
explicit hypothesis-testingtrategiessuch as VOTAT that
have beerassociatedvith successfulperformance Further-
more, hardly any of these participants stagaan for solv-
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Figure 4: Relation between systematicity and correctne:

ing the task. They appearto have beerpperating almost
exclusively in the experiment space.
What canaccountfor this improvementin performance?

Participants’ improvement occurred primarily in conjunction

with their becomingmore systematic.lt appearsthen that
searching thexperimentspacecanleadto the correctsolu-
tion, and thatwhat differentiatessuccessfufrom unsuccess-
ful performancein this spaceis the systematicity with
which the searchis conducted.Searchin the hypothesis
space is morefficient than searchin the experimentspace;
however,it would also appearto be lesscommonand per-
haps more difficult. The results of this study suggesthat
conducting a search ie experimentspacein a systematic
manner,evenin the absencef planning or of an explicit
hypothesis-testingtrategy,peopleare morelikely to reach
the correct conclusion.

The relationshipbetweensystematicexploration of the
experimentspaceand successfulperformancehas several
implications. First, prior research has identifiedosmnection
between systematic explicit hypothesis-testingstrategies
such as VOTAT and successful performateg. Volimeyer
et al., 1996). However,it is not clear that participantsin
these studies were explicitly formiragnd testing hypotheses
when theyconductedexperimentsPossibly, their improved
performance was related to Bntreasinglysystematicsearch
of the experiment space, rather thamtshift to an optimal
explicit hypothesis-testingtrategy.Clearly, such system-
atic searchof the experimentspaceis also associatedvith
people finding the correct solution.

Second, there are implications for instructiorsanentific
reasoning. It seems likely that more people are
“experimenters” than “theorists” and therefore miikely to
search the experiment space thia@ hypothesisspacewhen

presented with a scientific reasoning task. However, teaching
explicit hypothesis-testing strategigs se may not leadto
improved performance (e.g. Tweney, et al., 1980is pos-
sible thatteachingstrategiedo conducta systematicsearch

of the experimentspace by using a systematicdatacollec-

tion method,might be aneffective meansof helping stu-
dents improve performance on scientific reasoning tasks.
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