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Abstract
Does Discovery-Based Instruction Enhance L ear ning?
by
LouisAlfieri

Adviser: Patricia J. Brooks

Since Bruner's (1961) call for research into discovery-basedniley, controversy has
surrounded the efficacy of such a constructivist approach to instryetign Tobias & Duffy,
2009). For decades, research has investigated to what extent dideased instruction
enhances learning tasks or conversely, detracts from them. &ebeaarincluded wide varieties
of domains and discovery-based instructional approaches. Samplemdiaded both children
and adults and both novices and experts within their specific domaseserits that what the
field needs is a definition of discovery learning from a prakcpeaspective because a review of
the literature reveals that although there might be an impliesks# what discovery learning is,
the methodologies employed vary greatly. Furthermore, the chaséics of effective discovery
methodology(s) need to be examined with careful consideration dbthain involved, the age
of the sample, the comparison condition, and the outcome assessmergforéhéwvo meta-
analyses were conducted using a sample of 164 studies: thextwrsined the effects of
unassisted discovery learning versus explicit instruction and tbadexamined the effects of
enhanced and/or assisted discovery versus other types of instrigctignexplicit, unassisted
discovery, etc.). Random effects analyses of 580 comparisons e@wvbat outcomes were
favorable for explicit instruction when compared to unassisted discovelgr most conditions,

d=-.38 (95% CI = -.44/-.31). In contrast, analyses of 360 comparisoraledubat outcomes



were favorable for enhanced discovery when compared to other @drmmstruction,d = .30
(95% CI = .23/.36). The findings suggest that unassisted discovery dobsn&lit learners,

whereas feedback, worked examples, scaffolding, and elicited explanations do.
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Chapter 1: Introduction to Discovery Learning

Within the past several decades, conventional rote learning has been largdiynaloiain
favor of learning approaches more closely aligned with Piagetian cord¢epsloration,
discovery, and invention (i.e., discovery learning). Allowing learners to interdctnaterials,
to manipulate variables, to explore phenomena, and to attempt to apply principles thiéon
with opportunities to notice patterns, to discover underlying causalities, agmtan ways that
are seemingly more robust because learners can construct their own undeist&uaiing
approaches to learning are thought to be within the category of consttymnégogies which,
like Piaget (1980) and others, posit the child at the center of the learning potesg attempt
to make sense of the world. However, the pedagogies derived from such a |eateredce
perspective have varied greatly (Vianna & Stetsenko, 2006).

After reviewing the relevant literature thus far (i.e., spanning at T€agears), it seems
that a consistent operational definitiondicovery learnindghas yet to be explicitly set forth
(Klahr & Nigam, 2004). Based on the literature, a general explanationcolvéiy learning
practices seems to be that the method is one in which a learner is not provided witlethe ta
information and must find it independently and with only the provided materials. Therebmight
some level of assistance provided from an instructor or from the materialethesrsut either
would be minimal in its extent and systematically organized by the insttocdiow the learner
to construct his/her own understanding. Such an active construction of knowledge on the part of
the learner is thought to surpass other forms of knowledge acquisition for many reasons
including motivational factors (e.g., Ausubel, 1963; Kagan, 1966) and improved cognitive

processing (e.g., Chi, deLeeuw, Chiu, & LaVancher, 1994). However, there remains batee de



concerning the limitations of such an approach to learning (e.g., Bruner, 1961; Kirschne
Sweller, & Clark, 2006; Klahr & Nigam, 2004; Mayer, 2004; Tobias & Duffy, 2009).
The Theories surrounding such Pedagogy

Piagetian processes involved in knowing. Piagetian concepts of exploration, invention,
and discovery have been considered constructivist explanations of learning heranise
learning occurs such ways, it is the learner who is constructing new knowkeskpbdt least in
part on the learner’s preexisting knowledge. Piaget explained that it washthmtergctions
with their environments that children come to understand much of the world around them
(Piaget, 1952, 1965, 1978). By trying to explain their experiences, children come to form
schemas that subsequently predict, help to organize, and also explain their envirRragets
1955). If/when their schemas or preconceptions fail to meet the demands of explaiming
experiences (i.e., disequilibria), those schemas would then need to be modified (i.gh throu
accommodation of this new information/experience). When the preexistingpashesre
sufficient (i.e., equilibria), the new information could be added as a new engeeaad schemas
could be extended but would not need to be modified per se (i.e., through assimilation). He also
warned that prematurely providing explanations to children instead of allowmmgiehi@vent
their own explanations might keep them from ever understanding the phenomenon ¢pmplete
(Piaget, 1970).

Knowing within formal education vs. rote lear ning. Piaget (1962) had similar
explanations of the acquisition of formal education and whereas the emphasid washst
learner’s capacity to explain to understand, Piaget appreciated the coepeaaire of formal
education (i.e., the instructor, the dialogue of instruction, etc.). He suggestedvhatitbe of

great benefit to instructors to know the learner’s spontaneous thoughts, not in an effort to



overcome them, but in an effort to utilize them systematically to bring theelemeaningfully

into the cooperative acquisition of this new information and/or intellectual tesders that for
Piaget, the processes involved in formal education were similar to anyaothwesition of
understanding (i.e., tentative explanation to the self, the consequent building of scretthe
experiences of equilibria or disequilibria thereafter). The processesdhathought to be
different by Piaget in formal education as opposed to common knowledge acquisition were
seemingly the media of introduction, organization, and reorganization of the information to be
acquired, through cooperative interaction with the instructor and the learnexsspre
knowledge, as well as with the new information (Piaget, 1965). In other words, the instructor
might introduce the situation/experience to be explained and, whereas it was stithe

learner to explain it to himself/herself, formal education makes the taskexor-less

cooperative effort.

Piaget (1955) illustrated the importance of learners explaining thingsmtseheess, a
concept overlooked by more conventional pedagogies (e.g., rote learning). Roteylean be
accomplished simply by memorizing provided information and reiterating thatafimn when
appropriate. Arguably, there does not need to be an understanding on the part of theneate le
Whereas such an approach might work for lower level educational tasks (e.g.jzimgmor
multiplication tables), more meaningful learning typically requisgdanation. Although it
could be argued that even explanations can be taught in a rote fashion, it could alsodbe argue
that at minimum provided explanations need to be interpreted by the learner bydwsiher
analyses of them to be meaningful to him/her. At the point at which the learnerdatgeyoech an
explanation or provides his/her own explanation, he/she can gain insight into how that

explanation might fit other circumstances or when that explanation might biciesuf(i.e., an



outcome unlikely if the learner merely memorizes explanations in a rote fas®um) would be

an occasion of discovery and consequently, his/her understanding could be more salient than i
that explanation was simply memorized verbatim without active consideratioanaf

furthermore, he/she might be better prepared for subsequent learning expesidmcethat

domain. Thus, the emphasis is placed on the active part of the learner in the acquisiabn of t
new knowledge (Piaget, 1980). The active learning involved does not imply meteeffor
attention but active consideration on the appropriate aspects of that informatioruataireed
consideration of it until the learner sufficiently makes sense of it in hisiinemway.

Thewarnings of John Dewey. Whereas some of Piaget’s claims seem to suppose that
human beings have an ability to think and to reason that develops more-or-less through
maturation, Dewey’s (1910) claims as to how people think and potentially come to know point
out the flaws in such processes. Dewey claimed that natural intelligendeasimdhich is
referred to as thinking can lead a thinker to misconceptions and that those misonaaspt be
furthered by untrained experience into an accumulation of fixed false b&ldfg, (p. 21).
Consequently, Dewey emphasized the need for thinking to be trained or regulatedatipeduc
(to be discussed subsequently). Dewey seemed to have constructivist ideas ajf\pedtut
Dewey agreed that it is the thinker who needs to be actively engaged withothesitndn to
connect it to things that are to the thinkarely knowr(p. 26). In other words, thinkers or
learners construct new understandings or accept new information only whenatestiadly
appraised as warranted because of the information they already know. Hdwawey claimed
that to carry out this appraisal process properly, thinkers needed to be traimédado think,

how to attend to the relevant details, how to consider all of the causal elembammsvgituation,



and more generally, how to overcome the shortcomings of what are seeminglgahoal
reasoning processes.

Thewarnings of Jerome Bruner. As constructivist perspectives of pedagogy emerged,
Bruner (1961) and some of his contemporaries (Ausubel, 1964; Ballew, 1967; Craig, 1965;
Guthrie, 1967; Kagan, 1966; Kendler, 1966; Kersh, 1958, 1962; Ray, 1961; Scandura, 1964,
Wittrock, 1963; Worthen, 1968) advocated learning situations that elicited explanations fr
learners and that provided opportunities for learners to gain insights into theindahsiudy.
Bruner emphasized that such discovery-based learning could enhance the entirg learni
experience and consequently, he has been cited repeatedly as being a propankrieatking
methods. However, he also remarked that such discovery could not be made a priori or without a
least some base of knowledge in the domain in question. Thus, what seems to have been largely
ignored were Bruner’s warnings that there are limitations to such an appasagith any other.

One of the commonly ignored warnings is that the learner’'s mind has to be prepared for
discovery (Bruner, 1961). Although Bruner suggested that learning by discovery does not
necessarily involve the acquisition of new information but that the learner mighhgahts
which transform the learner’s understanding through new organizations of prevearsisd
information, the preparation that Bruner emphasized was not merely an existingdgmwase
regarding the domain of study. The prepared mind for Bruner was one with expeéni¢ne
process of discovery itself, which seems similar to Dewey’s (1910) thaitiraining is required
for proper thinking:

The narrative of teaching is of the order of the conversation. The next move in the

development of competence is the internalization of the narrative and its “rules of



generation” so that the child is now capable of running off the narrative on fhmfre

(p.28)

Although Bruner referred to a child, the same might be said of all learneexttoe
discovery is a scripted tool for making sense of something on one’s own. The steps and
procedures of that script are not intuitive to a learner - as Dewey (1910) pointsl @ruaer
further emphasizes in the quote below - because they are part of a @btjura culture of
formal education):

It goes without saying that, left to [himself/herself], the child walladpout discovering

things for [himself/herself] within limits. It also goes without sayihagt there are certain

forms of child rearing, certain home atmospheres that lead some children to bavtheir

discoverers more than other children. (p. 22)

Activity theory. The issue of discovery learning procedures being perhaps an
internalized, scripted tool that is provided by a culture of formal education estmesactivity
theories of education found within more post-Vygotskian psychology (Arievitch i&ediieo,
2000; Karpov & Haywood, 1998; Stetsenko & Arievitch, 2002; Vianna & Stetsenko, 2006;
Vygotsky, 1978; Wertsch, 1981). And in fact, Bruner (1961) credits Vygotsky (1934) for that
insight. Within post-Vygotskian psychology and/or the Kharkov School of psychology, which i
most often associated with Leontiev’s activity theory (Cole, 1980; Yasr§tskgrrari, 2008),
tools are cultural artifacts that help people (i.e., learners) to develop mehéal functions
which are by definition, culturally mediated (Cole & Wertsch, 1996; Karpov & Haywood, 1998;
Stetsenko & Arievitch, 2002). On a global scale, these tools are culturattartika language,
moral reasoning, and other guiding principles that help individuals of those shavedscult

coordinate with each other and with their physical worlds. At a more specifictlee®e tools



can be understood to be those processes employed during everyday activitiesatimaémbers
of a culture to consider and to act on their environments. Vygotsky claimed that tfieetpol
thought process) is internalized and then replaces preexisting naturabpsoet®se work can
now be accomplished exclusively with that tool (Karpov & Haywood, 1998). Bruner echoed that
claim when he wrote that the child, if left to himself/herself, will go abowbdering things
within limits but that the child who has been familiarized with the narrativeaghing and has
internalized that narrative can now teach or discover things on his/her owny €46) also
made such a claim when he wrote that natural (i.e., untrained) thinking is tikebdtto
misconceptions. Bruner furthered his explanation when he points out that certain home
atmospheres rear children with abilities to discover more than others deatihgthat such
ability does not arise out of cognitive development alone. Bruner’s considerationmffukade
of home environments also draws attention to a micro-level consideration of trecityst
(Engestrom, 1999) of the child, of the parents’ sociocultural position, and the influence of their
cultural position on the types of tools they use when attempting to explain phenomena.
Explanation, the scientific method, and pedagogy. Constructivism is a theory of how
people learn or know about the world but it is not a theory of pedagogy, per se (Schwartz,
Lindgren, & Lewis, 2009). The claim that a learner needs to construct his/haemalgrstanding
in order to know, does not imply that he/she cannot benefit from a provided explanation.
Conversely, being provided with an explanation does not guarantee that the ledc@neilo
know and understand that which is being explained. If we consider that formal ¢xpisaae
not tools by themselves but that the process of arriving at those explanationgadetdiyas a
culturally given tool (Karpov & Haywood, 1998), then that explanation whether provided by a

conversational partner or by one’s self, has a huge impact on development (Chundelieie,



& LaVancher, 1994; Hickling & Wellman, 2001; Keil, 2006; Lombrozo, 2006). Formal
education teaches its students, implicitly if not explicitly, that explanag&quires a great deal of
active engagement with the phenomenon, efforts to understand all parts of it, and tleatthere
specific characteristics that explanations should have. For examplehthag be as general
and yet as specific as possible. Explanations often require conditionality aadyttsaich
conditionality should be explicitly set forth within them. They should be as sivpiyed as is
possible and certain types should be transferable from the general to the specidickazagin
with as few modifications as possible. Lastly, explanations need to meet thedteaf the
thinker confronted by that which requires explanation; that is, the explanatioansexsation
between the questions that the mind poses in the presence of that which is to be expthined, a
what the explainer already knows. This process of explaining might not be ininehentan
thinking (e.g., Dewey’s claims, explanatory stereotypes of out-groups, explafalings such
as the fundamental attribution error) but almost all students of formal educatiostoagudsh
their better explanations of things from those that fall short of the ideal. Thugoggda
designed to explaihowto explain might be better than pedagogy designed simply to explain
(Karpov & Haywood, 1998).

Dewey (1910) makes similar assertions when he explains that arriving atipnogf
controlled inference (i.e., that following from trained thinking) can be a diffiask, unnatural
to the ways untrained minds work. For the trained thinker, arriving at the proofaireig] at
times, a hands-on activity so that the claim can be tried out empiricallyxeattiobes, reasoning
and inference without testing might appreciate a claim but any such e&stsaclaim is held
tentatively at best if the claim is only examined hypothetically. Hewehe untrained thinker

does not appreciate claims in such a way; he/she needs to be taught through education:



While it is not the business of education to prove every statement made, anyandre th
teach every possible item of information, it is its business to cultivatesgetpd and
effective habits of discriminating tested beliefs from mere assergoesses, and
opinions; to develop a lively, sincere, and open-minded preference for conclusions that
are properly grounded, and to ingrain into the individual’'s working habits methods of
inquiry of reasoning appropriate to the various problems that present themsel283. (
The example of explanations is a complex one because even decent explanations often
fall short of the ideal because the explainer fails to appreciate all of iinentiél factors present
in the phenomenon (i.e., what Davydov refers to as empirical learning; Karpov & Haywood,
1998). However, the culture of formal education (i.e., specifically, science) asotbal to
assist a learner in the utilization of this tool of explaining (e.g., the caitvalriables strategy
or scientific method). Holding all other factors constant while manipulatssdezt few is a way
for someone who hopes to explain something to find out which factor(s) influence some
occurrence (Klahr, 2009). However, this is not a visceral method of making sense oflthdtwor
seems that a more intuitive method involves some quick-fix explanations based nenegse
that might not have been understood properly and that are heavily tainted by presyumptions
falsehoods, and perhaps superstition (Dewey, 1910). Once the scientific methates lear
however, it potentially will replace those earlier methods of attempt igg\yatiieory suggests
(Stetsenko & Arievitch, 2002).
In sum, the tool of formal explanation and the tool commonly referred to as the stientifi
method are both tools of the culture of education that need to be introduced to, and understood
by the learner to be utilized independently and effectively later. Teachitgngs about the

tools and how to use them effectively probably begins as a dialogue or convepsdiveen the
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instructor and student, as suggested by Vygotsky (Arievitch & Stetsenko, 208enste&
Arievitch, 2002) and Bruner (1961), and then comes to be internalized by the learnenwho ca
then independently run off the coordinated discussion (i.e., as inner speech) betwesslshieat
already knows from previous experience and what he/she knows of the present
materials/situation. Furthermore, the learner can then modify the tool taHfipansonal
experience and the intended task and over time, that tool can be enhanced, modified, or
altogether replaced as learners transcend the tool’s original purposedaneMimpplications for
it or new methods for those same applications (Lektorsky, 1991 from Engestrom, 1999). This
might be the most practical pedagogical advice to be derived from consttubtases: teach
students how to learn by use of the proper tools and at the advice of Dewey ahdthetwists,
do not make those tools a mere mechanism that is devoid of meaning. The pedagogy should not
only teach students how to use the tools but also when and why they are important and useful by
marrying concepts to procedures (Karpov & Haywood, 1998). Dewey (1910) emphasized that
the activity (i.e., or tool) should be understood by learners to be useful not only ientsoimal
goal but appreciated at every step of the process.

Although Dewey did not refer to such thought processes as tools, he emphasized that
good thinking is a distinct piece of mental machinery separate from observatiooryn
imagination, and common-sense judgments and that the method of good thinking consists of a
set of operations that can be applied to numerous subjects (1910, p. 45). Consequently, it seems
reasonable to assume that there is some degree of agreement amongsBRegey1961),
and Vygotsky and his followers (Arievitch & Stetsenko, 2000; Karpov & Haywood, 1998). Good
thinking, proper reasoning and explanation, and perhaps discovery are processesl titelb@e

taught to students. Followers of Davydov refer to learning these processeo{nitive tools)
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astheoretical learningvhich students engage in while trying to solve problems (Karpov &
Haywood, 1998). Consequently, these tools not only help to solve the current problem that
students are tackling, but these tools are also learned as procedural knowtkedge lae used
subsequently in other domains. Furthermore, theoretical learning can repl&ceatural,
empirical learning(e.g., discovery learning by induction) which often is deficient because it
relies heavily on the more salient but often unimportant features of problems to lae solve
(Karpov & Haywood, 1998; Stetsenko & Arievitch, 2002). The theoretical learning approac
attempts to teach students how to be independent thinkers and consequently, learners, and does
not presume that students already know how to learn independently. “The child as an
independent learner is considered to be a result, rather than a premise of thg prag@ss”
(Kozulin, 1995, p. 121).

Although there is some resistance to conceptddi&ming to learn(e.g., Schwartz,
Lindgren, & Lewis, 2009; Sweller, 2009; Wise & O’Neill, 2009) because it does not madyp neat
onto cognitive architecture and there is little evidence of general cagskills that are
generalizable from the moment that they are learned, engaging se@argeal-directed
interactions that expose them to more complex forms of thinking about the givesiteat,
in the form of dialogue while discussing a problem to be solved) might lead to the type of
theoretical learning suggested by followers of Davydov. Similarly, corderesearchers who
are aware of the shortcomings of constructivist-based instruction also sieggbstg critical
thinking and reasoning skills (Schwartz, Lindgren, & Lewis, 2009), reading supptat t
(Herman & Gomez, 2009), and the control of variables strategy (Klahr, 2009) and ¢tvangll
learners to gain practice in applying those newly learned tools/procedures. Altheugh t

concerns are expressed with regard to the amount of direct instruction nete$safitate
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accurate construction on the part of the learner when working independentlypithswating
here the similarity between their suggestions and those of Davydov’s follmrgcal thinking
and reasoning skills, reading support tools, and the control of variables stratedjysaemingly
the fruits of theoretical learning.

Motivation and involvement. Bruner (1961) claimed that independent discovery
increased the learner’'s competence motivation and that cyclically, thesgisedn competence
motivation would encourage the learner to try to learn things independently in tlee @itioer
explanations as to why discovery methods are superior range from practscalg¢o personal
reasons. Kendler (1966) claimed that discovery methods should be superior becawesgitresy r
learners to explain things in their own language patterns. If learneraltyiave difficulty
understanding the instructor’s explanations because of his/her unique languags,jhta the
ability to avoid having to translate explanations could be motivation to explaintthem
themselves. Kagan (1966) claimed that discovery methods should be superior bedaasedhe
experiences discovery methods as being the most rewarding. Kagan reférestriger’s
cognitive dissonance theory and explained that it was a result of the hard work an tfi¢hea
learner to achieve that understanding, that the learner considered undersiamiiegst in this
way the most rewarding. In this explanation, the learner is motivated to ugeetlismethods
because they are experienced to be the most rewarding, albeit the most demasidnigr A
explanation was provided by Ausubel (1963), a staunch defender of expository teaching
methods, who agreed that under certain conditions discovery methods should be somewhat
superior because of the motivation and effort involved in them. However, effort aciiVdy a

do not lead to learning in all cases (Mayer, 2009).
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The ongoing debate. After a heated debate at the 2007 annual convention of the
American Educational Research Association, leading proponents of constrircsivisction
(e.q., discovery-based instruction) and leading proponents of more direct forntsuztios
(e.g., formal lectures, explicit instruction, etc.) were given the opportimnityite a chapter
defending their positions and then to respond to the comments of two scholars on the other side
of the debate (Tobias & Duffy, 2009). Consequently, the Tobias and Duffy text intloties
sides of the debate along with the unresolved issues and the projections as to hdav the fie
should proceed. Generally, investigators on both sides of the debate feel that there should be
more collaboration toward empirically driven educational theory on this maiter Wwhich
domains benefit from discovery-based instruction, how much direct instruction asftat le
guidance should be provided, etc.). However, amidst such professional pleasantees aher
remarkable amount of incongruity in how each side understands the other’s points. Fdegxam
Duffy (2009) points out that the entire situation of learning is viewed differentyhgh one is
on the constructivist or direct-instruction side of the debate. Duffy explaah# is a matter of
perspective because the direct-instruction advocates seemingly dafimadeas the process
acquiring knowledge whereas constructivism advocates define leasihg process of a
learner coming to understand something. Although this difference in perspeciiNesesm
small, it is conflated by issues of learner’'s motivation and instructor’ sugcéd

Two major issues were whether learners need to be prepared for discoeery-bas

instruction and the extent, if any, of guidance during discovery-based instructionafand
Gomez (2009) suggested that the issue was not whether discovery-based instructisnal pla
should be designed but whether learners were prepared to handle such discoveqyetlys

they proposed teaching reading support tools that could prepare learners for suaTryigs
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mentioned in the preceding discussion of theoretical learning, other investig&dedir, 2009;
Schwartz, Lindgren, & Lewis, 2009) had similar suggestions of teachingtthioking and
reasoning skills and the control of variables strategy to prepare leameddpendent learning.
Issues of guidance ranged from the intentions of such guidance (Wise & O29688) to the
extent of it (Kintsch, 2009; Wise & O’Neill, 2009) and from the type(s) of guidancse(\&/
O’Neill, 2009) to the types of domains suited to having more or less guidance during
instructional tasks (e.g., Clark, 2009; Rosenshine, 2009; Spiro & DeSchryver, 2009). In sum, no
investigator suggested that completely unassisted discovery-basedimstiecemployed and
all agreed that guidance, in some form and to some extent, could potentiallgenessaer’'s
success on the learning task.

Theoretical expectations. From a theoretical perspective, discovery learning should be
superior to more expository forms of pedagogy if all knowing must be constructied by
learners themselves because discovery learning requires learnerstioebarateffortful in the
process. It does not seem that Piaget or any constructivist theorist stiggettis learner-
centered acquisition of knowledge needs to be accomplished in isolation without atlayessis
at all. On the contrary, Dewey (1910), Piaget (1952, 1962), Vygotsky (Arievitch &Bkets
2000; Karpov & Haywood, 1998), and investigators on both sides of the debate over
constructivism (Tobias & Duffy, 2009) all seem to have agreed that assigtahegorocess is
necessary. For Dewey, it is the responsibility of the teacher to take attoraiche traits and
habits of individuals and then to modify how those powers habitually express themselves (1910,
p. 46). Piaget and Vygotsky agreed when they both emphasized the importance of the instructor
being aware of the learner’s spontaneous thoughts and speech (Piaget, 1962yeEwsURia

awareness was thought to facilitate better coordination between thetors$ratforts to guide



15

the activity systematically and with little dictation, and the le@srefforts to construct an
understanding. For Vygotsky, that awareness would help the expert asseasiées zone of
proximal development and the subsequent scaffolding that was required (Ar&Btetsenko,
2000; Vianna & Stetsenko, 2006). Consequently, it would seem reasonable to predict that
discovery methods that do not involve any form of assistance or guidance should b&t the lea
effective. However, the protocol of psychological science maintains camsysin how each
participant is treated and consequently, studies with strict scripts of drotigtd negate any
benefit of guidance because of the instructor’s insensitivity to what Desfarg to as the traits
and habits of individuals and what Piaget and Vygotsky refer to as the spontaneous tnudights
speech of each learner.

There might also be some issues of previous experience and motivation. Based on the
claims of Bruner (1961) and the activity theories (Arievitch & Stetsenko, 200PoK &
Haywood, 1998), learners who have had a substantive amount of experience with discovery
previously should outperform learners who have not. This claim can be extended tdaparticu
types of discovery as well (e.g., scientific methods that require a contraiaiflea strategy)
because the learner might need to have had previous experience with that pecdt
discovery to employ such a tool within the study in question. Unfortunately, not one laaiscl
reported its sample’s experience with the act of discovering. Moreokemdier (1966) is
correct, then discovery methods should yield better learner performanceshitramethods do
and the learners’ understandings should be in their own language patterns. Again, it is
unfortunate that not one study has asked its participants to write out explanationsand the
compared the linguistic styles of the learners’ explanations to the lilcgstides of the text(s)

provided. It would have also been insightful if studies had asked participants toeiatevels
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of motivation both before and after the study and to estimate the amount of effort yHattthe
they had expended to complete the task. Both of these self-ratings might hadedslgeport
the claims of Kagan (1966) and Ausubel (1963). Lastly, proponents of constructivisttiostruc
(e.q., discovery-based) often argue that empirical evidence is difficulideegaod methods
might require lengthy interventions and outcome assessments that arevadieye accepted
(Schwartz, Lindgren, & Lewis, 2009). Schwartz and colleagues argue that ¢haf typtcome
assessment necessary to quantify the efficacy of constructivistcintrispreparation for
future learning(PFL) which unfortunately, is not a dependent measure included in any of the
current literature. However, delayed post-tests and transfer tests avhitcluded in the current
analyses could potentially demonstrate the benefits of discovery-basedtiastr
Cognitive Factors

Memory. When considering the cognitive demands of discovery-based pedagogy, it is
difficult to be as optimistic as when considering the theoretical potentialechfpedagogy. At
the most basic level, memory is enhanced when learning materials aratgehg the learner in
some way; this is commonly referred to as the generation effect (¥aesraf, 1978).
Experiments investigating the generation effect are commonly carriedtbirt laboratory
settings with largely irrelevant materials to control for the partitgigast experiences. The
robust effect is that materials that were generated or even merely tehipjehe participants
are remembered more often and/or in greater detail than are makaialgete provided by the
experimenters. The effect can be viewed as evidence that discovery-basen)i@sdzan be
efficacious because if memory for self-generated materials is be#e for free-floating
context-irrelevant information, it seems reasonable that more meaningfuhation that is

generated by the learner certainly will be remembered. Thereforxpgketation is that
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discovery-based approaches, because of the requirement that learners dbegtimen
understandings and consequently the content, should at least yield greatencetent

Cognitive load theory and concerns. With regard to the cognitive processes involved in
discovery learning, Mayer (2004) emphasized that discovery-based pedagogpesinkden
the learner strives to make sense of the presented materials bygekdetzant incoming
information, organizing it into a coherent structure, and integrating it with otheninegl
knowledge and that of course, instructional methods that foster such processes waurel be m
successful in promoting meaningful learning than would be those that do not. That seems to be
the claim of constructivist pedagogies in general, not just of Mayer, but anyeictinalving
such discriminating attention, organization, and integration seems quite demainihieg
learner. It also seems that the learner would need to have the ability to monagrteesses of
attention to relevant information, organization, and integration (Case, 1998; KirsShdler,
& Clark, 2006). This ability would require that the learner have a reasonable amount of
metacognitive skills to monitor himself/herself and his/her use of cogsitisgegies and not all
learners are prepared with such. If those are the cognitive processesdntiaveearning by
discovery requires many more mental operations and executive functions to marapdla
maintain all of the relevant information than does learning under a more guided@ppr
Furthermore, cognitive load theory suggests that the exploration of complex phermsmena
learning domains might impose heavy loads on working memory that are dedtitodetirning.
Sweller (1988) and Rittle-Johnson (2006) have emphasized that because discovery learnin
relies on an extensive search through the problem-solving space, the processaidngiont

limited working-memory capacities and frequently does not lead to learning.
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Predictions. The cognitive demands involved in discovery-based pedagogies make them
seem daunting and implicate a number of predictions. It seems reasonablectaipaegioung
learners (i.e., children) would be least likely to benefit from such methods (CaseKir8B8er,
Sweller, & Clark, 2006, Mayer, 2004). Younger learners have comparativelydiarnteunts of
organized, preexisting knowledge and schemas to be able to integrate this newl potentia
knowledge. They have limited working memory capacities (Kirschner, Swellétad, 2006),
and have limited - if any - experience in using the cognitive processeatedutly Mayer and
others. Furthermore, the metacognitive skills required to monitor their aagpibcesses might
not develop until adolescence (Flavell, 2000).

It also seems reasonable to predict that learners who are able to maniputzdéctivds
systematically or who are provided with systematic guidance to do so will fautpehose who
cannot or are not. Support for such an assertion comes from Elshout and Veenman (1992) who
found that students of high-intellectual ability worked more systematicailyicover principles
of thermodynamics than did a low-intellectual ability group. Consequently, hitty-édmarners
performed better than low-ability learners, regardless of the instrulctiondition.Such a
finding emphasizes not only the importance of learner’s systematicityiireffeets but the
issues of general ability and the importance of the learner being preparegugmbe with the
tools for such pedagogy. Perhaps learners of higher intellectual alsitgigsepared better and
equipped to orient themselves within the problem-solving space and then carry outearganiz
attempts to accomplish the tasks than are learners of average or lowestugkdbilities.

In sum, the cognitive concerns of discovery-based pedagogies predict th& poore
performances amongst the youngest learners. Furthermore, even cliensleaed to be

prepared for the cognitive demands involved and to be able to understand the task well enough to
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know how to follow the process systematically to its end. Cognitive load theorytprégit
unguided or unassisted discovery will not yield maximal learning unless therléaat a level
to handle such a complex task. Although cognitive load theory agrees that thereatsdeglt
more effort involved in discovery-based pedagogies, it seems overly optitaigtiok that such
an effort will increase learners’ senses of motivation. On the contraryatraes and a sense of
being overwhelmed by the demands of the task might demotivate learners.idhatisa goal

of the task is reached in an understandable way, learners might feel it idingwarhave

prevailed over such a daunting task.



20

Chapter 2: The Literature Review Leading to the Meta-analyses

Methodologies

Defining discovery conditions. Because methods employing discovery learning can
involve a wide variety of intended accomplishments during the acquisition of thedangent,
it seems reasonable to request a definition of just what is medigdoyery learningHowever,
there is a myriad of discovery-based methodologies presented within thteréerad it seems
that a precise definition has yet to be established (Klahr & Nigam, 2004hihgsasks
considered to be within the realm of discovery learning range from implitc#rpatetection
(e.g., Destrebecqz, 2004; Jimenez, Mendez, & Cleeremans, 1996) to the elicitation of
explanations (e.g., Chi, de Leeuw, Chiu, & La Vancher, 1994, Rittle-Johnson, 2006), and from
working with minimal manuals (e.g., Lazonder & VanderMeij, 1993) to manipulatiggided
simulations (e.g., Stark, Gruber, Renkl, & Mandl, 1998). What exactly constitutesoaely
learning situation remains seemingly undetermined by the field as a whadimea, the
discovery condition seems to be less determined by the learning task and monenddtby the
comparison group(s). That is, when the comparison group has received some gi@aateoam
explicit instruction, whatever the type or degree, the investigators cotfsedether group a
discovery group because it has been assisted less during the learning.proces

Consequently, it seems that the literature has used a definitthscofery learninghat
has yet to be set forth explicitly. After reviewing the literatargeneral explanation of
discovery learning practices seems to betti@amethod is one in which a learner is not
provided with the target information and must find it independently and with only the provided
materials Within discovery learning methods, there is the opportunity to provide the learners

with intensive, or conversely, minimal guidance and both types can take manydayms (
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manuals, simulations, feedback, examples, verbal instruction, etc.). The exterthdahe
learner is provided with assistance seems to be contingent upon the difficuliyowvedisg the
target information with less assistance, and also on the instructional methesdtogiich it is
being compared. Common to all of the literature, is that the target informati¢teniogind by
the learner within the confines of the task and its materials and cannot be provitetttorier.

Comparison conditions. It seems reasonable to conclude that the definiti@xplicit
instructionmight also help to provide a general definition of discovery learning. However,
explicit instruction includes somewhat variable conditions as well. These omsditight
include the explicit teaching of strategies (e.g., McDaniel & Schlage0),1P@cedures (e.g.,
Ginns, Chandler, & Sweller, 2003), concepts (e.g., Rieber & Parmley, 1995), and/de gilles
Guthrie, 1967) through the use of formal lectures (e.g., Brant, Hooper, & Sugrue, 1991),
demonstrations (e.g., Elias & Allen, 1991), manuals (e.g., van der Meij & Lazdrg$s),
and/or models (e.g., Bobis, Sweller, & Cooper, 1994). Some learners in explicittioatruc
conditions received explanations (e.g., Crowley & Siegler, 1999) of the alateriprocedures
to be learned, or of the phenomenon to be understood. The type of explicit instruction employed
is seemingly due, at least partly, to the type of information to be learnedveilowet all
comparison conditions can be considered explicit instruction. Some included reaadivacle
during the learning task (e.g., Alibali, 1999) and/or worked examples with solutiondgaovi
(e.g., Carroll, 1994). Thus, it becomes apparenttbeatondition considered to be discovery
learning is not a fundamentally different instructional situation; it might be merelyttisathie
condition under which learners were provided with the least assistance.

Domains of subject matter. Are there certain domains in which discovery learning is

more appropriate than others and does the domain of the subject matter affect tfie type
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discovery-based approach employed? The literature includes a wide vadeiyahns from
pattern detection (e.g., Destrebecqz, 2004; Jimenez et al., 1996) to social problemasgving (
Elias & Allen, 1991; Radziszewska & Rogoff, 1991; Tenenbaum, Alfieri, Brooks, & Dunne,
2007) with mathematics, physics, and computer programming as other examptes of m
common domains. The domain of the subject matter seemingly influences the typewégis
learning task employed by the respective investigators. For exampleer leaght be asked to
explain a physical phenomenon after exploring the relevant materials involtresl i
phenomenon. By trying a number of different manipulations, the learner might discovérehow
phenomenon in question is produced. Within the domains of physics and other natural sciences,
the goal of the learning task may be more obvious to the learner than in other domains.
Therefore, purely unassisted discovery learning tasks can be employed (e.gs &hege
1999; Kalyuga, Chandler, & Sweller, 2001; Singer & Gaines, 1975) if the learner isecapabl
systematically investigating the materials. However, in domains suchtasomcomputer
programming, some explanations of the goals of the learning tasks and/or egesbfdens will
need to be provided because the learning goals are typically less trahfpanen other
domains (e.g., Belcastro, 1966; Kersh, 1962; Lazonder & Van Der Meij, 1995; Sweller,
Chandler, Tierney, & Cooper, 1990). Guidance, feedback, probes, and/or other structsiral clue
might need to be provided for learners in the discovery condition to grasp the conceptofl goa
the task (e.g., Kersh, 1958; Zimmerman & Sassenrath, 1978).

Outcome assessments and theoretical concerns. There is also a great degree of
variability regarding the types of outcome variables considered. Some sembesscores from
pretests or acquisition trials (e.g., Carroll, 1994; Elshout & Veenman, 1992; Kersh, 1958;

Messer, Mohamedali, & Fletcher, 1996) whereas others report the numbersfasra
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reflection of the learners’ understanding or lack thereof (e.g., Hodgeg &B69; Lazonder &
Van Der Meij, 1995; Van Der Meij & Lazonder, 1993).

Some studies reporting pretest or acquisition scores include study time &ergll, C
1994; Lazonder & Van Der Meij, 1993, Lazonder & Van Der Meij, 1995) but this seems to be a
less than compelling way to assess the efficacy of discovery learnimgy Ibe that discovery
learning requires more of the learner’s time, perhaps because of idccegséive demands
(Kalyuga, Chandler, & Sweller, 2001; Nadolski, Kirschner, & Van Merriénboer, 2005), but tha
this more heavily demanding method could still lead to greater comprehension than the
comparison approach.

Moreover, the number of errors that participants make also seems like a ptablema
outcome assessment to rest a claim on, either for or against discovernygeBatause
discovery learning often involves some degree of self-instruction on the partiediher, the
gains in knowledge may be tentative at best. Performance at test, égpesiadle post-test,
might still reflect an amount of uncertainty and consequent errors asitherleontinues to
refine his/her understanding. If the comparison group has received explicittiostithat
included principles or the like, those learners should feel that what they haezllesafar less
tentative and that it is not necessary to continue to refine their understandiagsebsuch
refinement could have been accomplished completely at study. If such isghtheas
comparison group at post-test may seem to have learned more than the discoveryrgusyps
error rates may reflect uncertainty and further learning to reaghozlaion more than they
reflect true deficits. Again, proponents of discovery learning claim thapiveach is more
robust and meaningful to the learner, and not merely that it will lead immgdatgieater

performance. A few studies have included multiple post-tests which may provide suypport
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evidence for such a claim (e.g., Kersh, 1962; Rittle-Johnson, 2006) because they provide
discovery-based learners with ample time and instances to explore the taey@lrand refine
their self-generated understandings.
Unusual Designs

Unintentional learning and itsimplications. Discovery learning is typically considered
to be an explicit, conscious search for patterns or principles. However, sones giutie
domains of sequence or artificial grammar learning (e.g., Destrebecqz, 206dedjmiéndez,
& Cleeremans, 1996) and second language learning (e.g., Norris & Ortega, 2000) havedompa
implicit (e.g., incidental) learning to explicit (e.g., intentional) t&ag. Incidental learning can
be considered analogous to unassisted discovery learning because learnexsistedna
discovery conditions are often not told what exactly their intentions should be or howltougo a
attempting the task. Destrebecqz found that explicit knowledge of the presersexatace
(i.e., intentional learning) led to better sequence learning than did a lackhdérsneledge (i.e.,
incidental learning) as determined by differences in reaction times.ugowkménez and his
colleagues found that incidental learning led to better reaction times thaneditional learning,
but that the intentional group performed more accurately than the incidental grouprl$aimnil
the domain of second language acquisition, Norris and Ortega’s meta-anallsiefiiclcy of
second language instruction indicated that explicit types of instruction ledgmetder target-
oriented gains than did implicit types. Unfortunately, reaction times wetbedependent
measures included and therefore cannot be compared to the claims of Destnadeligenez
and his colleagues. However, dependent measures included meta-linguistierjtsjgalected
responses, constrained constructed responses, and free constructed resporsdseaetbee

comparatively aligned with the claims of Jiménez and his colleaguesacthaacy is improved
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by intentional learning (i.e., the type elicited by explicit instruction) hSaiadies are included in
the current analyses because their analogous comparisons are igt@mssinlf intentional
learning is surpassed by incidental learning, such a finding would point to the pgdtibilthe
cognitive demands and consequent stresses of unassisted learning, when intemgionia¢ m
detrimental to learning and that unassisted learning, when unintentional, mgha feadilitate
pattern detection because there are less demands and stresses on cognitiomd@nghraght
illustrate the claims of cognitive load theory.
The Necessity of Two M eta-analyses

Because of the clear ambiguity within the literature as to what coast#ffective
discovery learning methods and how and when such methods should be applied, two meta-
analyses were conducted. The first meta-analysis compares unass@iedrgikearning
methods to explicit instruction. The second meta-analysis compares enhanogdrglifearning
methods to a variety of instructional conditions including unassisted discoveryl as weplicit

instruction.



26

Chapter 3: The Meta-Analyses

Literature Search

Articles examining the two different types of discovery learning have ideeatified
through a variety of sources. The majority of the articles thus far werdfietbnising
Psychinfg ERIC,andDissertations Abstracts Internationedmputerized literature searches.
Studies were also identified from citations in articles. The selecti@migritfor the separate
meta-analyses were that studies had to test directly for differbat@sen 1) an explicit training
or instruction condition (explicit) and a condition in which unassisted discovery learning
occurred, which was operationally defined as being provided with no guidance or feedbpack or
a condition in which discovery learning was operationally defined as being provithed wi
guidance to discover the answer and a comparison condition. In other words, thethrst
analysis evaluated the effects of unassisted discovery learning condérsas explicit
instruction, whereas the second meta-analysis evaluated the effects dfguaidanced
discovery learning conditions over other instructional conditions.

Exclusion criteria precluded the use of several potentially relevant stikiss. articles
with unclear statistical information or findings based on only qualitativeealahe would not be
included® However, before discarding any articles, authors were contacted fonation that
could be included in the meta-analysis.
Variables Coded from Studies as Possible Moderators

Six moderators were used for blocking purposes in both meta-analyses. See Table 1. Of
the five, onlypublication rankwas tested using studies as the unit of analysis. Studies from top-

ranked journals were compared with studies from other sources (lower-rankeals, book

1 Because we did not want to perform simply a $&gt, we did not include articles that did not pdewuseable statistical
information.
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chapters, and unpublished dissertations). Top-ranked journals included any jourrzed wit
impact factor greater than 1.5 based on the 2001 listings of impact factor. Although impac
factors have increased in the intervening years, the rank ordering of journatsihgscvery
little. The purpose of this moderator is not to determine strict publication bias éd¢batis
possibility will be addressed through the calculation of failséde Instead, this analysis helps to
determine whether findings for or against discovery learning are merefofind in a particular
publication tier.

For the remaining five moderators, analyses were conducted at the |leatistiCat
comparisons. First, trdomainsof the studies were classified as each of the following:
math/numbers, computer skills, science, problem solving, physical/motor skillsbal/secial
skills. Next, theagesof the participants were classified as children, adolescents, or adults.
Participants were consideredildrenif they were 12 years-old or youngadolescent# they
were between 13 and 17 years-old, addltsif they were 18 years-old or older. If the same
statistical test included a range of ages, the mean age of the sampkeddsr coding
purposes. If the exact ages were not provided but their grade levels weoggadiwere coded
as children through sixth grade, as adolescents from seventh to twelfth gnades aalults
thereafter.

The fourth moderator examined was tiependent variabld?ost-testavere assessments
administered after the learning phases. These scores included a varietgohasséypes from
pure post-test scores to improvement scores with previous assessments ussthasiessures
on tasks ranging from error detection/correction to content recall, dependingdontam in
guestion. Acquisition scoregcluded measurements of learning, success, or failed

attempts/errors during the learning phage=saction time scoragflect the amount of time to the
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target answeiSelf-ratingsincluded ratings by learners of their own motivation levels,
competencies, or other aspects of the learning tReks:-ratingsincluded ratings by observing
peers or other learners in regard to the learners’ competencies or ptwts a$ the learning
tasks.Mental effortreflected scores determined by the experimenters who calculated lnadta
reflective of the amount of information being considered, the number of variables to be
manipulated, the number of possible solutions, etc. that learners had to manage to thenplete
task successfully.

The next moderator was thge of discovery learningpproach employed. See Table 2
for a listing of each type of discovery and each type of comparison condition witiplesafor
the first meta-analysis (comparing explicit to unassisted discovamyitg conditions), the types
of discovery learning included the following: unassisted, invention, other, simulation, aad wor
with a naive peer. Thenassisteaonditions included the learner’s investigation or manipulation
of relevant materials without guidance, the learners teaching themgelvagh trial-and-error
or some other means, or the learners attempting practice problemsvdit@nconditions
included tasks that required learners to invent their own strategies or desigmin
experiments. Thetherconditions included some guidance, often in the form of probe questions,
which were asked of learners in both the unassisted discovery conditions and exjlicitiams
conditions. Thesimulationconditions included some type of computer-generated simulation that
required learners to manipulate components or engage in some type of practiar to fost
comprehension. Theork with naivgeerconditions were those that paired learners with novice
or equal learning partners.

The types of discovery learning for the second meta-analysis were enhaimegaf

discovery learning methods and included generation, elicited explanations, and guideerdis
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conditions.Generationconditions required that learners generate rules, strategies, images, or
answers to probe questiofdicited explanatiorconditions required that learners explain some
aspect of the target task or target material, either to themselvederexperimenters. The
guided discovergonditions involved either some form of instructional guidance (i.e.,
scaffolding) or regular feedback to assist the learner at each stagdeafrthieg tasks.

Lastly, the type oEomparison conditiomvas investigatedirect teachingconditions
included the explicit teaching of strategies, procedures, concepts, or rulesamtlod formal
lectures, models, demonstrations, etc. and/or structured problem s&kauhackconditions
took priority over other coding and included any instructional design in which expegmment
responded to learners’ progress in order to provide hints, cues, or objectives. Conditions of
worked examplemcluded provided solutions to problems similar to the targetseline
conditions included designs in which learners were not given the basic instructidallavai
the discovery group, learners were asked to complete an unrelated task thed regjonuch
time as the discovery group’s intervention, or learners were asked to comeleaagpost-tests
only with a time interval matched to the discovery group’s. &tmanations provided
conditions were those in which explanations were provided to learners about thentegyal
or the goal taskOtherconditions included conditions (i.e., three comparisons in the analysis of
unassisted discovery and two comparisons in the analysis of enhanced discovemahat w
largely experiment-specific in that the condition could not fairly be catexgbag any other code
because the instructional change involved only a minimal change in design.

Comparison conditions for the second meta-analysis included all of the above except for
feedbackconditions. Also, théaselineconditions for the second meta-analysis differed slightly

in that such conditions in the second meta-analysis more often involved designs in which
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learners were asked to teach themselves either through physical manipwiationsigh
textbook learning (i.e., similar to the unassisted discovery conditions of the fiesanmadysis),
and designs in which only pre- and post-tests were administered with intercecingtérvals
matched to the discovery group.
Reliability on Moderators

Coding for moderators was accomplished with recommendations from the four authors
who decided on moderator codes to include the range of conditions, completely and yet
concisely. Reliability on all moderators for both meta-analyses was found em&istently high
leading to an overall kappa of 0.87. All disagreements were resolved through aialsotiss
how best to classify the variable in question both within the context of the study andpibsesu
of analysis.
Computation and Analysis of Effect Sizes

Given the great variety of discovery learning designs and the variety detmdesd
factors involved in any potential effects, a random effects model was usédnalgses in the
Comprehensive Meta-analysis, Versio(CMA) program (Borenstein, Hedges, Higgins, &
Rothstein, 2005). A random effects model is appropriate when participant samples and
intervention factors cannot be presumed to be functionally equivalent. Consegféttysizes
cannot be presumed to share a common effect size because they may differ begayone or
a number of different factors between studies. However, the current metaesnalyort overall
results from both fixed and random effects models and then present subsequent redutisionly
the random effects model.

Computation formulae included within the CMA program allowed for direct entry of

group statistics in order to calculate effect sizes for each testsbgomparison. When the only
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statistics available werfe-values and group means, DSTAT (Johnson, 1993) allowed us to
convert those statistics to a common megjayhich represents the difference in standard
deviation units. More specificallg is computed by calculating the difference of the two means
divided by the pooled standard deviation of the two samples (e.g., the difference between t
groups’ mean reaction times, divided by the pooled standard deviation).gboses and other
group statistics were then entered into the CMA program. For analysedeatehaf samples,
overallg statistics were calculated in DSTAT before entry into the CMA program.

Effect sizes. Becausg-values may “overestimate the population effect size” when
samples are small (Johnson, 1993, p. €8)en’s dvalues are reported here as calculated by the
CMA program Cohen’s d between .20 and .50 indicate a small effect £loden’sds between
.50 and .80 indicate a medium effect, asdyreater than .80 indicate a large effect (Cohen, 1988).
However, please note that the size of the effect does not determine whethfacthe ef
statistically significantConsequentlyp-values are also presented within all tables.

Post Hoc Tests of Moderators

After grouping the effect sizes by a particular moderator andhfiyrslgnificant
heterogeneity among different levels of the same moderator, eaclwbiesrebmpared to all
others within the CMA program, indicated Qy to determine if the effect sizes between the
groups were significantly different from one another. Postohemiues were adjusted for the
number of comparisons conducted. For example, post hoc comparisons of the domain categories
required 15 comparisons and consequently led to a set alpha level of 0.003 for levels to be

considered significantly different from one another.
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Chapter 4: The Results of the Analyses

The effect sizes for comparisons of discovery conditions to other forms ofctnmtr
were analyzed in four separate meta-analyses, two at the level of shdltesat the level of
comparisons. Table 3 displays the results overall for each of the metaearaigsincludes
results for both fixed and random effects models. Effects sizes were cothed smégative
effect size indicates that participants in the compared instructional cosdgvidenced greater
learning than participants in discovery conditions, whereas a positive efiechdicates that
participants in the discovery conditions evidenced greater learning thangaauts in the
compared instructional conditions. Analysis at the levstwdiesincludes each experiment that
sampled different participants. So, if multiple experiments were includédvai single article,
each experiment counted as an individual study. Analysis at the les@hplarisonsncludes
each statistical comparison (i.e., each individual comparison for each dependememdast
is how the first analysis includes 108 studies with 580 comparisons and the second analysis
includes 56 studies with 360 comparisons.
Moderators

An advantage of quantitative meta-analytic techniques is the ability to expatergial
moderators of relations with ample statistical power. In the preseatanatyses, the following
potential moderators were investigated: publication rank, domain, age of particgepegndent
variable, type of discovery condition, and type of compared instructional condition. Wheneve
heterogeneity of variance was indicated (Johnson, 1989), moderators wereotesteth of the
meta-analyses. Adjusted post lpealues (i.e., adjustments depended on the number of
categories to be compared) were used to determine statistical sigpefiédl moderators for

both meta-analyses were examined using statistical tests as the maitysfsa assuming
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independence, except for publication rank, which was examined at the level of samples.
Unassisted Discovery

Overall Effects

A total of 580 comparisons from 108 studies compared unassisted discovery leatiming wi
more explicit teaching methods. Table 4 lists each sample. With the randots affakysis, the
108 studies had a mean effect size ef-.38 (95%CI = -.50/-.25), indicating that explicit
teaching was more beneficial to learning than unassisted discovery. Thitutesst small but
meaningful effect sizep(< .001). The effects are highly heterogeneous across the stdies,
(107) =522.11p < .001. Such heterogeneity is to be expected given the diversity of research
methods, participant samples, and learning tasks. To address issues of publiastifailtafe
Ns were calculated both at the level of comparisons and at the level of stutiiatptvas set to
.05, two-tailed. At the level of comparisons, 3,588 unpublished studies and at the level of studies,
3,551 unpublished studies would be needed to reduce these effects to nonsignificance.
Moderators

First, using studies as the unit of analysis, the type of publication moderated thesfinding

Q (3) = 10.86p < .05. Articles in first-tier journalgd(= -.67) evidenced larger effect sizes in
favor of explicit instruction than did articles in second-tier publicatidrs-(24). Post-hoc
comparisons revealed that these mean effect sizes were significéetlgrdifrom one another,
Q (1) =10.20p < .008. Effect sizes from book chaptets=(-.12) and unpublished workd £ -

.01) did not reach significance.

The domain was also found to moderate effect s€5) = 91.75p < .001. As Table 5
shows that in the domains of math<-.16), scienced(= -.39), problem solvingd(= -.48), and

verbal and social skillsd(= -.95) participants evidenced less learning in the unassisted-
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discovery conditions than in the explicit conditions. Post-hoc comparisons indicatdtethat t
mean effect size favoring explicit conditions within the verbal/social slalleain was
significantly greater than within the domains of m&H;1) = 50.03,p < .001, computer skillsQ
(1)=58.17,p<.001, science& (1) = 22.65p < .001, problem solving (1) = 18.35p < .001,
and physical/motor skill€Q (1) = 14.87,p < .001. The mean effect size favoring explicit
conditions within the domain of problem solving was also significantly grdearntithin the
domains of mathQ (1) = 13.65p < .001, and computer skili3 (1) = 28.29,p < .001. Lastly,
the mean effect size favoring explicit conditions in the domain of science gréfscaintly

greater than within the domain of computer skil§1) = 16.64,p < .001.

The next moderator investigated was participant age, which also moderaieditigs,
Q (2) =12.29p < .01. Table 6 displays the effect sizes by the age group of the participants. A
can be seen, effect sizes for all age groups showed significant advantagessfexplicit
instruction over unassisted discovery. Post-hoc comparisons revealed that thefectaizef
for adolescentsd(= -.53) was significantly greater than the mean effect size for aduits.26),
Q (1) =10.41p=.001. The type of dependent variable was also found to moderate the findings,
Q (5) = 37.38p < .001 Measures of post-test scores<-.35), acquisition scored € -.95), and
time to solutiond = -.21) favored participants in explicit conditions, as can be seen in Table 7.
Post-hoc comparisons indicated that the measure of acquisition scores leditastgngreater
effect sizes in favor of explicit conditions than did the measures of postoess £ (1) =
31.41,p < .001, time to solutiorQ (1) = 23.84p < .001, and self-rating? (1) = 15.89,p <

.001.

The type of unassisted-discovery condition moderated the findih@,= 10.02p <

.05, but post-hoc comparisons failed to reveal any reliable differences. Tablea§slibglt all
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levels of unassisted-discovery conditions except for matched probes sonmevoned f
participants in the explicit conditions. Next, we investigated the exptindidons to which
unassisted-discovery conditions were compared. The type of explicit conditionatecidide
findings,Q (5) = 32.31p < .001. Participants in unassisted discovery fared worse than
participants in comparison conditions of direct teachihg {.29), feedbackd(= -.46), worked
examplesd = -.63), and explanations provideti< -.28). Table 9 provides more information
regarding these comparisons. Post-hoc comparisons revealed that eféefirgimect teaching
and worked examples were significantly different from one anoghér) = 18.98p < .001, and
indicated that participants learning with worked examples outperformedpemt learning
through unassisted discovery to a greater extent than did participanisgdesm direct
teaching outperform participants learning from unassisted discovery. Posirhparesons also
revealed that feedbad®, (1) = 9.15,p < .003, and worked exampl&3,(1) = 13.70,p < .001,

benefited learners more than having no exposure with pre- and post-tests only.

Overall, the findings indicate that explicit instructional conditions lead tdegrksarning
than do unassisted-discovery conditions. The lack of significant differencescetfne mean

effect sizes of the unassisted-discovery conditions helps to illustratdaimat

Enhanced Discovery

Overall Effects

A total of 360 comparisons from 56 studies compared enhanced discovery learning (i.e.,
generation, elicited explanation, or guided discovery) with other types afdtistral methods.
Table 10 lists each sample. With the random effects analysis, the 56 studies hace&enta

size ofd = .30 (95%CI = .15/.44), indicating that enhanced-discovery methods led to greater
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learning than did comparison methods of instruction. This constitutes a small but rhganing
effect size f < .001). The effects are highly heterogeneous across the s@@d&#s), = 260.14p
<.001. Again, such heterogeneity is to be expected given the diversity othesedhods,
participant samples, and learning tasks. To address issues of publicationIbafsNaiwere
calculated both at the level of comparisons and at the level of studies with @&ptea9s, two-
tailed. At the level of comparisons, 4,138 unpublished studies and at the level of studies, 960
unpublished studies would be needed to reduce effects to nonsignificance.
Moderators

First, using studies as the unit of analysis, the type of publication moderated thesfinding
Q (2) =18.66p = .001. Articles in first-tier journalgl= .35) and second-tier journals£ .40)
generally favored enhanced-discovery conditions, whereas datasets fromagousiudies and
dissertations did notl(= -.54). Post-hoc comparisons revealed that although the effect sizes
derived from first-tier and second-tier journal articles were notfggnily different,Q (1) =
.10, ns the mean effect size from unpublished works and dissertations differed from both the
mean effect size from first-tier journaf3,(1) = 9.65p < .003, and the mean effect size from

second-tier journal® (1) = 21.59p < .001.

Domain was also found to moderate the findirg@$5) = 65.53p < .001. As can be seen
in Table 11, in the domains of math= .29), computer skillsd(= .64), scienced(= .11),
physical/motord = 1.05), and verbal and social skiltk£ .58), participants evidenced more
learning in the enhanced-discovery conditions than in the comparison conditions. Post-hoc
comparisons indicated that the mean effect size in the physical/motor donsasignificantly
greater than the effect sizes in the domains of n@afh) = 34.59p < .001, scienceQ (1) =

41.67,p <.001, and problem solvin@ (1) = 15.73,p < .001. Also, the mean effect size for the
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domain of computer skills was significantly greater than the effect sizee domains of math,

Q (1) =12.14p < .001 and scienc€ (1) = 18.65p < .001.

The next moderator, participant age, also influenced the findin¢), = 10.68p < .01.
Table 12 displays the effect sizes by the age group of the participanthoPastmparisons
revealed that the mean effect size for adults was significantly gteatethe effect size for
children,Q (1) = 7.64p < .01. Although superficially there was a greater difference bettiee
mean effect sizes of adults and adolescents, that difference was not found toficarsiglue to
the larger variance within the adolescents (95% CI = .04/.33). Next, the typecoiddat
variable was found to moderate the findinQg4) = 64.60p < .001 Measures of post-test
scores @ = .28), acquisition scored € .54), and self-ratingsl(= 1.25) favored participants in
enhanced-discovery conditions over participants in comparison conditions, whereaemehs
reaction timesd = -.72) favored participants in comparison conditions over participants in
enhanced-discovery conditions. See Table 13. Post-hoc comparisons indicated thasuhe mea
of post-test scores led to significantly greater effect sizes in &vymarticipants in enhanced-
discovery conditions than did the measure of self-ratiQd4, = 29.68p < .001. Comparisons
also indicated that the mean effect size derived from reaction time meags significantly
different (i.e., significantly opposite in effect size direction) from bothntlean effect size
derived from acquisition score®,(1) = 10.19p = .001, and the mean effect size derived from
post-testsQ (1) = 31.61p < .001. Lastly, the mean effect size for self-ratings which favored
enhanced discovery was found to be significantly different (i.e., opposite to) #meetffiect size

for mental effort/load which showed trends favoring other forms of instruction.

The type of enhanced-discovery condition used also moderated the fir@if®)s;

65.00,p < .001. Table 14 shows that elicited explanatoba (36) and guided discoverg € .50)
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favored enhanced discovery whereas generatien-(15) favored other instructional methods.
Post-hoc comparisons indicated that indeed, generation conditions were siggitidéerint in
their effect sizes to both elicited explanati@Qy1) = 33.20p < .001, and guided discoveR,

(1) =57.43p < .001, but the effect sizes for elicited explanation and guided discovery did not
differ from one another. Next, we investigated the instructional conditions to whichoextha
discovery conditions were compared but the type of comparison condition failed to maderat
findings,Q (4) = 9.12p = .06,n.s.As shown in Table 15, with the exception of worked
examplesd = .06,n.s), all other comparisons conditions indicated significantly superior

performances in the enhanced-discovery conditions.

Overall, results seemed to favor enhanced-discovery methods over other forms of
instruction. However, the dependent measure and the type of enhanced discovery employed

affected the outcome assessments.
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Chapter 5: Discussion of Resultsand Implications

The first meta-analysis was intended to investigate under which conditionsstewassi
discovery learning might lead to better learning outcomes than explicitgéhenal tasks.
However, more explicit-instructional tasks were found to be superior to undssistevery
tasks. Moreover the type of publication, the domain of study, the age of particthants
dependent measure, the type of unassisted-discovery task, and the comparisam @hditi
moderated outcomes. Post-hoc comparisons revealed that on average, publicatid+iem firs
journals showed greater benefits for explicit-instructional tasks than digtgtidgns in second-
tier journals. Among the variety of different domains in which more explicituosbn was
found to benefit learners, verbal and social learning tasks seemed to favait agtiuction
most, followed by problem solving and science. Adolescents were found to benefitaighyif
more from explicit instruction than did adults. Analysis of dependent measuredadditat
learners’ acquisition scores showed a greater detriment under discoveryoosritidin did post-
test scores, time to solution, and self-ratings. Although the type of unashstedery task
moderated trends favoring explicit instruction, unassisted tasks, tasks requantgon, and
tasks involving collaboration with a naive peer were all found to be equally detritoenta
learning. Analyses of the types of explicit instruction in the comparison comglihdicated that
worked examples benefited learners more than direct teaching and alsedatheatfeedback
and providing explanations are useful aids to learning. The finding that worked egampl
evidenced greater learning than did unassisted discovery is expected giverkétk example
effect (Sweller, Kirschner, & Clark, 2007). However, the finding that workethpbes benefited

learners to a greater extent than did direct teaching was unexpected.
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The second meta-analysis investigated under which conditions enhanced forms of
discovery-learning tasks might be beneficial. This meta-analysis shostier learning for
enhanced-discovery instructional methods, with the type of publication, the domairg thfe ag
participants, the dependent measure, and the type of enhanced-discovery tasknmalera
findings. Unpublished studies and dissertations were found to show disadvantages fadnhanc
discovery conditions whereas first and second-tier journal articles fagoheshced discovery.

Of the different task domains, physical/mdét@momputer skills, and verbal and social skills
benefited most from enhanced discovery. Also, analyses revealed that adtifigrast benefit
more from enhanced discovery than children. Of the three types of enhanced discovery, the
generation method of enhanced discovery failed to produce learning benefitshever ot
instructional methods, which was unexpected given the typical benefits repotted a
generation effect (Bertsch, Pesta, Wiscott, & McDaniel, 2007; Slameckai&X978). It

should be noted that the advantage of other forms of instruction over generation aldbded t
finding that unpublished studies and dissertations showed an advantage for other forms of
instruction over enhanced discovery. This was due to the fact that four out of the fies studi
sampled from unpublished works or dissertations employed generation conditions. Alineug
meta-analysis indicated that the type of comparison condition did not moderateuttse mese
that enhanced discovery was generally better than both direct teachingttons

provided. Thus, the construction of explanations or participation in guided discoveryiigdrette

learners than being provided with an explanation or explicitly taught how to succee¢astnia

2Because of concerns that the domain category of physical/motor skills migbtrieating the
overall analysis of enhanced discovery, those 24 comparisons were removed and amgib/se
run again. The removal of physical/motor skills from the overall analyses inederdom
effects model only reduced the mean effect size slightly [i.e., fdom 30) to ¢l = .25)].
Consequently, we retained the category of physical/motor skills within owysasal
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support of constructivist claims. In regard to the large mean effect siteefoategory of
comparison conditions labelether, it should be noted that this category included only two
comparisons; these two comparisbwere included to ensure a complete inclusion of
comparison conditions, despite the fact that they did not fit into the other catepasiths.
analysis of the dependent measure indicated that although learners’ pasttastjuisition
scores benefited from enhanced-discovery tasks, reaction times did not. Thgstlgge
learners may take more time to find problem solutions or perform target respdresesngaged

in enhanced-discovery tasks.

The moderating effect of age across the two meta-analyses did not folloxpéduteel
pattern of results. First, the adolescent age group was shown to benefit leastdssnsted-
discovery conditions, as opposed to the children, as had been predicted. Although enhanced-
discovery conditions led to better learning outcomes for all age groups, adoieisecbenefit
from enhanced-discovery tasks more so than children. Interestingly, thecahdéetended to
benefit least and the adults tended to benefit most from both unassisted-disask&®gnd
enhanced-discovery tasks. One might speculate that the negative trend amesgeatkotould
reflect a general lack of motivation or lack of domain-relevant knowledggdr, 2009).

However, if the trend was the result of a lack of domain-relevant knowledgejightexpect to
see even larger deficits in children. With regards to the adults, perhaps th&r dogadin-

relevant knowledge helped them to succeed on unassisted-discovery tasks to axgezdtthan

®The participants in the firgtther comparison condition were asked the same questions that
were asked of the elicited explanations group but the elicited explanationsaroretiuired
participants to provide a specific target answer before proceeding to thguesiion, and the
comparison condition did not. The participants in the seotimel comparison condition were
asked to discuss how/why things balance on a beam within a group without input from the
experimenter, and were compared to participants who were asked to explain jeetimmexter
who guided the learner with subsequent questions toward the target explanation.
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the adolescents. It is also possible that the tasks used in the enhanced-dstadiesyvere
more appropriate for adult learners (e.g., having participants explaimdtensts they were
using to solve problems) than for young learners. Organizing guidance tafadiscovery
requires sensitivity to the learner’s zone of proximal development (Vygotsky, 18622604) if

it is to be maximally useful.

Implicationsfor Teaching

The results of the first meta-analysis indicate that unassisted diggmresrally does not
benefit learning. Although direct teaching is better than unassisted discowetgjng learners
with timely feedback and/or worked examples might be optimal. Whereas prowidikgmed,
individualized feedback to all learners might be impossible (e.g., in a classriimg)se
providing such feedback on homework assignments seems possible and worthwhiles Student
might also benefit from having worked examples provided on those homework assignments
when the content allows for it. Furthermore, the second meta-analysis sulggetgadching
practices should employ scaffolded tasks that have support in place as latiemaps$ to reach
some objective, and/or activities that require learners to explain their oas idee benefits of
feedback, worked examples, scaffolding, and elicited explanation can be understopédrtmbe
a more general need for learners to be redirected, to some extent, whee thes ar
constructing. Feedback, scaffolding, and elicited explanations do so in more obvigus way
through an interaction with the instructor, but worked examples help lead learneré&throug
problem sets in their entireties and perhaps help to promote accurate cansgrasta result.
Although our suggestions are conservative as to how to apply the current findingspea sus
and hope that these analyses will be influential in subsequent designs, both instractonal

empirical.
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Implicationsfor Theory

Perhaps the inferior outcomes of unassisted discovery should not be surprising. Hake
(2004) referred to such methodsextrememodes of discovery and pointed out that methods
with almost no teacher guidance will, of course, be inferior to more guided mdthamiss not
seem that many researchers on either side of the argument would disyseekva claim
(Tobias & Duffy, 2009). Nonetheless, it seems that many of Mayer’s (2004) comacerns
justified. Unassisted discovery tasks appear inferior to more instructiguedlgd tasks, whether
explicit instruction or enhanced discovery. Mayer’s concern that unassisted dystesks do
not lead learners to construct accurate understandings of the problem sedsedidbe potential
disconnect between activity and constructivist learning. As Mayer points outhebaghe
accepted practice to consider hands-on activities as equivalent to construlstivscive
instructional methods do not always lead to active learning, nor do passive methrendsleas
to passive learning (Mayer, 2009).

Recently, Chi (2009) outlined the theoretical and behavioral differences bdeseing
tasks that require the learner to be active and learning tasks that requeaariee fo be
constructive, and emphasized that the two are certainly not one in the same. Althotgh a me
analysis of Chi’'s claims would be optimal to support her outline, she nonetheless hasprovide
tentative explanations that are useful fodder and seemingly in agreemeamietexstent with the
points of Mayer (2004). She explained that although activities requiring hands-on active
participation from learners guarantee a level of engagement giteatgrassive reception of
information, these activities do not guarantee that learners will understand erighig subject
matter or that they will be engaged to the extent necessary to make senseatetieds for

themselves. From Chi’'s perspective, learning activities entailing dngractivism should
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require learners not only to engage in the learning task (e.g., manipulate obftaphrase)
but also to construct ideas that surpass the presented information (e.g., to elaleoliate, p
reflect). Chi’'s emphasis that constructivism should require learners to atthoesehigher-order
objectives similar to those outlined by Fletcher (2009) that include analysis, evalubiliies
and creativity - illustrates that the objectives of constructivism aeast in part, present within
the learning activity itself.

Perhaps the completely unguided discovery activities objected to by Mayer (28@4)
too ambiguous to allow learners to transcend the mere activity and reach tloé level
constructivism intended. Through more guided tasks, the learner is liberated pypteota
high demands on working memory and executive functioning abilities (Chi, 2009hKersc
Sweller, & Clark, 2006; Mayer, 2003; Rittle-Johnson, 2006; Sweller, 1988) and can therefore
direct his/her efforts toward more creative processes (e.g., inferemggatian, and
reorganization) as outlined by both Chi (2009) and Fletcher (2009). Our finding thedtgeme
is not an optimal form of enhanced discovery may illustrate this claim. Theagjeneronditions
required learners to generate rules, strategies, or images, or to answer gabstibtize
information but there was little consistency as to the extent that learnketis @ beyond the
presented information to do so. Of the three types of enhanced discovery, generatied tlqui
least engagement of learners with respect to the types of actiléteShi identified as
constructive.

The finding that enhanced forms of discovery are superior to unassisted farroalizls
into question ecological perspectives of learning inherent within discoveryqumdagd
perhaps constructivism more generally. Although it seems reasonable to eapexntsi¢éo be

able to construct their own understandings with minimal assistance becaude Huegn a daily
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basis in the context of everyday activities, perhaps the content and context ofdducetion
are extraordinary (Geary, 2008) and consequently require more assistamee tat @accurate
constructions, understandings, and solutions (Sweller, Kirschner, & Clark, 200 8lsth is
possible that people often learn what they do within daily life activities througts fof guided

participation (Rogoff, 1990).

The Potential of Teaching Discovery

In light of the previous discussion of Mayer (2004) and Chi (2009), we should return to
the possibility that it might serve educators and students alike to spend timedeheni
procedures of discovery (Ausubel, 1964; Bielaczyc, Pirolli, & Brown, 1995; Bruer, 1993;
Dewey, 1910; Karpov & Haywood, 1998; King, 1991; Kozulin, 1995; Kuhn, Black, Keselman,
& Kaplan, 2000). Teaching learners first to be discoverers (e.g., how to navigateltteepr
solving space, use limited working memory capacities efficiently, anddatierelevant
information) couldoreparethem (Bruner, 1961) for those active learning demands as outlined by
Chi (2009), and perhaps provide some of the needed curricular focus and necessarg &iruc
discovery tasks as emphasized by Mayer (2004). Furthermore, by having leattears
familiarized with the processes of discovery, the cognitive load demandsh(ikérs Sweller, &
Clark, 2006; Rittle-Johnson, 2006; Sweller, 1988) might be reduced and consequently allow
learners to engage with the learning tasks not only in active ways, bubattauctively (i.e., in
the ways outlined by Chi, 2009) to allow them to go beyond the presented information. Bruner
(1961, pp. 26) emphasized that discovery encourages learners to be constructivists and tha
practice in discovering teaches the learner how best to acquire infornuati@ke it more
readily available. Again, he implied that the act of discovering is one thatesguactice to be

of value.
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Bruner also warned that the learner’s mind has to be prepared for discovery. The
preparation that Bruner emphasized was not merely an existing knowledgedaasiéng the
domain of study; he also emphasized that learning by discovery does not ngcessdvid the
acquisition of new information. Bruner claimed that discovery was more ofterstiieota
learner gaining insights that transform their knowledge base through nevoinagsnizing the
previously learned information. Furthermore, the prepared mind for Bruner was one with
experience in discovery itself.

It goes without saying that, left to himself, the child will go about discovehimgs for

himself within limits. It also goes without saying that there are iceidams of child

rearing, certain home atmospheres that lead some children to be their own discover

more than other children (pp. 22).

Although Bruner referred to a child, the same might be said of all learnergudive
ability to discover is profoundly limited. Bruner (1961) continued by explaining Vygastsk
(1962) emphasis that the narrative of teaching is a conversation that islimterbs the learner
who can subsequently use that narrative to teach himself/herself. Bruner izexbtteest
opportunities for discovery might facilitate this process. Consequently, it seasmable to
conclude that discovery might be itself, a scripted tool (i.e., a narrative pfangnsense of
materials on one’s own (Arievitch & Stetsenko, 2000; Kozulin, 1995; Stetsenko & &hgevit
2002; Wertsch, 1981). The steps and procedures of that script are not intuitive to theolggarner
need to be presented by teachers, or parents as emphasized by Bruner, becarespdheyf a
culture (e.g., the culture of formal education). Thus, if learning through discisv&uperior to
other forms of instruction, then it might serve educators and students alike toispelehtning

the procedures of discovery (Ausubel, 1964; Bielaczyc, Pirolli, & Brown, 1995; Bruer, 1993;
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Dewey, 1910; Karpov & Haywood, 1998; King, 1991; Kozulin, 1995; Kuhn, Black, Keselman,
& Kaplan, 2000). Generally, teaching the procedures of discovery to learners might provide
some of the needed curricular focus and necessary structure to discoveryionstrotethods
(concerns raised by Mayer, 2004). It might also reduce the cognitive demand®weédisc
learning tasks and make such methods more easily employed (a con@ztiyaisrschner et

al., 2006).

Although the suggestion is to teach learners how to discover, that is not to imply that
these analyses have led to some oversimplified strategy for discovergrhaidge all domains
or learning tasks. On the contrary, as pointed out by both Klahr (2009) and Wise aifitl O'Ne
(2009), directly instructing learners on problem solving skills, analogies, and otiméinaog
processes should not be expected to lead learners to generalize those $kith¢o @eas of
learning. However, providing ample opportunities for learners to discover when anel thhbse
processes are appropriate, could lead learners to such discovery-basedtnosistiuay after
those processes have been directly taught within the contexts of their appropnmins.

More generally, teaching students how to discover or how to be constructive might begin
with more basic preparation. Perhaps many learners are not prepared fottisitesand that
instruction needs to be focused first at the level of reading comprehensionhtetteknts how
to make sense of new information (Herman & Gomez, 2009) because domain-relevant
information might be essential for successful construction of novel understandinggs durin
instruction, particularly in ill-structured domains (Rosenshine, 2009; Spiro & Dg&ch2009).
Herman and Gomez have outlined sevezatling support toolgp. 70) that are designed to help
students understand science texts in meaningful and useful ways. Althouglvtfeseed first

to be taught explicitly, they could provide self-guidance while readingseiexts thereafter.
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Perhaps similar reading support tools need to be developed for other texts astatistudents
can come to view textbooks as helpful resources within their environments thatettadyeato
interact with in meaningful ways to reach objectives, the definition of lsguas proposed by
Gresalfi and Lester (2009). These tools could establish foundations for learnimgghianot be
readily generalizable from the moment that they are mastered but caari@adtice,
experience in different contexts, and in the presence of scaffolding and feedhsel&(\W
O'Neill, 2009).
Conclusion

Overall, the effects of unassisted discovery tasks seem limited, wheheased
discovery tasks requiring learners to be actively engaged and constructivepdeeah Based
on the current analyses, optimal approaches should include at least one of the follpwing
guided tasks that have scaffolding in place to assist learners towardyeite 2atasks that
require learners to explain their own ideas and that ensure that those ideasiate &y
providing timely feedback, or 3) tasks that provide worked examples of how to succeed in the
task. Opportunities for construction might not present themselves when learnarassisted
and perhaps spending their efforts on making sense of the task alone. Perhapsdihgsecn
help to move the debate away from issues of unassisted forms of discovery and tdwstfds a
discussion and consequent empirical investigations to decide at which point durgey tiegl
task direct forms of instruction are optimal, how scaffolding is best implethdrde to provide

feedback in classroom settings, how to create worked examples for varietieseat,cetct



Table 1

Categories of Each Moderator

Moderator

Categories

Publication rank

Domain

Age

Dependent measure

Journal impact factor of 1.5 +
Journal impact factor below 1.5
Book chapters
Unpublished/dissertations
Math/numbers
Computer skills
Science
Problem solving
Physical/motor skills
Verbal/social skills
Children: under 12 y/o
Adolescents: between 12 and 18 y/o
Adults: 18 y/o +

All post-tests scores, error rates, ratesrafetaction
Acquisition scores
Reaction time scores
Self-ratings
Peer ratings

Mental effort/load ratings



Moderator

Categories

Unassisted discovery

Enhanced discovery

Comparison condition

Unassisted, teaching oneself, practice problems
Invention
Other: matched guidance/probes in both discovery
and comparison conditions
Simulation
Work with a naive peer
Generation
Elicited explanation
Guided discovery
Direct teaching
Feedback
Worked examples with solutions provided
Baseline
unassisted: no exposure nor explanation
enhanced: unassisted discovery or textbook only
Explanations provided

Other: study-specific condition
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Table 2

Descriptions of Discovery Conditions and Compari€umditions

Unassisted Moderator Categorical definition: Learners... Specific example
Discovery
Type of Unassisted taught themselves or completed pramtatgems. Kalyuga, Chandler, & Sweller E2: To leabout Boolean switching equations for
discovery relay circuits, learners were asked to explorectteuitry without worked examples.
Invention invented their own strategies or desiggir own Charney, Reder, & Kusbit: To learn about data eféarners were asked to invent
experiments. their own problems to solve.
Other: matched in both conditions were provided with probe questior a Kersh, article 2: To learn about addition rulesyteers were asked to complete
probes minimal form of guidance. practice problems and were told whether correatamrrect.
Simulation manipulated components or engagedrimesype of Rieber & Parmley: To learn about Newtonian mechatiicough inductive reasoning,
practice within a computer-generated simulation. learners were asked to manipulate a simulatiomderao discover and apply
Newtonian principles.
Work with naive worked with equally novice partners. O'Brien & Bina: To learn about mathematical patterns, learmere asked to
peer work in groups of three to find and list patterns.
Type of Direct teaching received explicit instruction. Kerarticle 2: To learn about addition rules, leasneere first trained and then
explicit asked to complete practice problems and were tbkthver correct or incorrect.
instruction

Feedback received hints, cues, or objectives dufia task.

Worked examplesreceived completely worked examples to study.

Baseline: no did not have an opportunity to discover nor receixglicit
exposure instruction.

Explanations were provided with explanations of how to succeedltat
provided to understand.

Other studied under conditions that only diffeséightly from the

discovery condition

Charney, Reder, & Kusbit: To learn aloaia entry, learners were asked to solve

problems within a manual and were provided witldEsek during that task.
KgdyChandler, & Sweller E2: To learn about Boolgaiiching equations for

relay circuits, learners were asked to study wokkamples.
Peters: To succeed on a Piagetian conservationléaskers were asked to complete
pre- and post-tests without an intervention.
Kelemen E2: To learn about scientific explanatiohthe natural world, learners
were provided with scientific explanations by thstiuctor.
Quilici & Mayer E1: To learn about similarities beten statistical word problems,
learners were provided with only one example ohdgpe instead of three (i.e., as in
the discovery condition).

TS



Enhanced
Discovery

Moderator

Categorical definition

Specific example

Type of discovery Generation

Type of other
instructional
condition

Elicited
explanation

were required to generate rules, stesteignages, or
answers to general questions.

were required to explain some aspect of the task or
concepts.

Guided discoveryreceived regular feedback or scaffolding duringtéts.

Direct teaching

Worked
examples

Baseline:
unassisted
discovery

Explanations
provided

Other

received explicit instruction.

received completely worked examples to study.

had to teach themselves or study from the textbook.

were provided with explanations of how to succeedltat

to understand.

studied under conditions that only diffeséightly from the
discovery condition.

Ginns, Chandler, & Sweller E2: To learn geometuies for calculations, learners were asked
to generate images of the steps required to sbé/eroblem.

Mwangi & Sweller E3: To learn 2-step mathematicatdvproblems, learners were required to
answer open-ended questions that prompted thenptaie while studying worked examples.

Anastasiow et al.: To learn about geomstrapes, learners were provided with cuing,
guidance, and direct connections between targgieshand the instructional examples.

Atesow et al.: To learn about geometric shapespéea were provided with an explanation
of the concepts, cues during the task, explicérefces to the rules, and the rules were
explicitly verbalized.

Mwé&ngweller E3: To learn 2-step mathematical wordlgems, learners were required to
study worked examples.

Anastasiow et al.: To learn about geometric shdpamers were asked to explore the shapes
but were only provided with minimal assistance anty when necessary to keep the learner on
task.

Crowley & Siegler: To learn how to play tic-tac-téearners watched a demonstration of the
game and the instructor explained the move stredegi

Amsterlaw & Wellman: To learn about false belidésrners were questioned about
protagonists' false beliefs but were not correctectasked if incorrect (as in the elicited
explanation condition).
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Table 3

Summary of Effect Sizes

Unassisted Discovery Level of Analysi€ohen’sd  95% CI Z pvaue(@ N Q df(Q) p-value Q)
Studies
Fixed -.30 [-.36, -.25] -10.62 0.00 5,226  522.11 107 0.00
Random -.38 [-.50, -.25] -5.69 0.00 5,226
Comparisons
Fixed -.30 [-.32,-.27] -23.08  0.00  25,9863,490.42 579 0.00
Random -.38 [-.44, -.31] -11.40 0.00 25,986
Enhanced Discovery Level of Analysiohen’'sd  95% CI Z pvalued N Q df(Q) p-value Q)
Studies
Fixed .26 [.20, .32] 8.39 0.00 4,243  260.14 55 0.00
Random .30 [.15, .44] 4.10 0.00 4,243
Comparisons
Fixed .24 [.21,.26] 18.61 0.00 25,928,037.19 359 0.00
Random .30 [.23, .36] 9.12 0.00 25,925
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Table 4

Samples Included in the Unassisted Discovery Meta-analysis

Discovery Comparisor Cohen’s

Author(s) Year n n d Domain Age Journal rank
Alibali 1999 26 29.25 -0.89  math/numbers  children Journals
Anastasiow, Sibley, Leonhardt, & Borich 1970 6 6 -0.06  math/numbers  childrerournaj < 1.5
Bannert 2000 37 35 0.74  computer skills adults journal < 1.5
Belcastro 1966 189 189 -0.26  math/numbers  adolescents journal < 1.5
Bobis, Sweller, & Cooper E1 1994 15 15 1.07 math/numbers  children journal < 1.5
Bobis, Sweller, & Cooper E2 1994 10 10 1.11  math/numbers  children journal < 1.5
Bransford & Johnson E1 1972 10 10 -0.63  verbal/social adolescents jourhal
Bransford & Johnson E2 1972 17 17.5 -0.60 verbal/social adults jeufnal
Bransford & Johnson E4 1972 9 11 -0.50 verbal/social adolescents jodral
Brant, Hooper, & Sugrue 1991 33 35 0.55 science adults journal < 1.5
Brown, Kane, & Long E3 1989 21 16 -0.17  problem solvidigildren journal < 1.5
Butler, Pine, & Messer 2006 34 28 -0.01  math/numbers  children unpub/diss
Cantor, Dunlap, & Rettie 1982 24 24 -0.46  math/numbers children journal < 1.5
Carroll E1 1994 16.8 16.8 -0.89 math/numbers  adolescgotsnal> 1.5
Carroll E2 1994 12 12 -2.05 math/numbers  adolescgotgnal> 1.5
Charney, Reder, & Kushit 1990 20 45 -0.33 computer skills adults journal < 1.5
Craig 1965 30 30 -0.11  math/numbers  adults journal < 1.5
Danner & Day 1977 20 20 -0.86 science adolescejaisrnal> 1.5
Destrebecqz E1 2004 20 20 -0.56  problem solvemdults journal < 1.5
Destrebecqz E2 2004 12 12 -2.36  problem solvamults journal < 1.5
Elias & Allen 1991 37.86 34.43 -0.01  problem solvirodildren journal < 1.5
Elshout & Veenman E1 1992 4.5 4.25 -0.19 science adults journal < 1.5
Elshout & Veenman E2 1992 4.4 5 -0.24  science adults journal < 1.5
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Discovery Comparisor Cohen’s
Author(s) Year n n d Domain Age Journal rank
Fender & Crowley E2 1992 12 12 -1.04  science children journal < 1.5
Guthrie 1967 18 18 -0.64  problem solving adults journals
Hendrickson & Schroeder 1941 30 30 -0.32  physical/motor  adolescentisial> 1.5
Hendrix 1947 13 13.5 0.51  math/numbers adults journal < 1.5
Hodges & Lee 1999 8 8.5 0.39  physical/motor  adults journal < 1.5
Howe, McWilliam, & Cross E2 2005 36 36 0.43 science children journal < 1.5
Howe, McWilliam, & Cross E3 2005 36 36 0.29 science children journal < 1.5
Jackson, Fletcher, & Messer 1992 36 24 -0.23  math/numbers children jodrkal
Jimenez, Mendez, & Cleeremans 1996 6 6 0.00 verbal/social adults joudrkal
Kalyuga, Chandler, & Sweller E1 2001 9 8 -0.78  math/numbers adults journal < 1.5
Kalyuga, Chandler, & Sweller E2 2001 9 8 -0.28  math/numbers adults journal < 1.5
Kalyuga, Chandler, Tuovinen...E1 2001 12 12 -0.53  computer skill adults jeutrial
Kalyuga, Chandler, Tuovinen...E2 2001 12 12 0.70  computer skill adults jeutral
Kamii & Dominick 1997 16.29 16.71 0.21  math/numbers children journal < 1.5
Kelemen 2003 12 11 -0.82  science children journhls
Kersh 1958 16 16 -0.18  math/numbers adults jourriab
Kersh: Article 2 1962 10 10 0.50 math/numbers adolescqgatgnal> 1.5
King 1991 8 7.5 -0.58 problem solving children journdl.5
Kittell 1957 45 43.5 -0.78  verbal/social children journdl.5
Klahr & Nigam 2004 52 52 -1.14  science children journal5
Kuhn & Dean 2005 12 12 -1.18 science children journhb
Lawson & Wollman 1976 16 16 -0.82 science adolescejusrnal < 1.5
Lazonder & van der Meij 1993 30 34 0.67  computer skill adults journal < 1.5
Lazonder & van der Meij: Article 2 1994 21 21 0.05  computer skill adults ournpl<1.5
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Discovery Comparisor Cohen’s

Author(s) Year n n d Domain Age Journal rank
Lazonder & van der Meij: Article 3 1995 25 25 -0.44  computer skill adults journal < 1.5
Lee & Thompson 1997 66 64 -0.92 computer skill adults journal < 1.5
Leutner E1 1993 16 16 -0.09 problem solvingdolescents journal < 1.5
Leutner E2 1993 19 19 -0.36  problem solvingdults journal < 1.5
Leutner E3 1993 20 20 -0.38 problem solvingdolescents journal < 1.5
McDaniel & Pressley E1 1984 16.6 17.6 -1.21  verbal/social adults journdl.5
McDaniel & Pressley E2 1984 21 21 -1.06 verbal/social adults jourpal.5
McDaniel & Schlager E1 1990 31 29.5 0.00 problem solvingdults journal < 1.5
McDaniel & Schlager E2 1990 60 60 0.42  problem solvingdults journal < 1.5
Messer, Joiner, Loveridge, Light... E1 1993 14 13 0.32 science children journal < 1.5
Messer, Joiner, Loveridge, Light,... E2 1993 18 20 -1.14 science children journal < 1.5
Messer, Mohamedali, & Fletcher 1996 21 20 0.34  problem solvinghildren journal < 1.5
Messer, Norgate, Joiner, Littleton...E1 1996 11.75 10.5 -0.89 science children journal<1.5
Messer, Norgate, Joiner, Littleton...E2 1996 16 15 0.43 science children journal <1.5
Morton, Trehub, & Zelazo E2 2003 15.29 16.14 -2.19 verbal/social children journal>1.5
Mwangi & Sweller E1 1998 9 9 -0.46 math/numbers children journal<1.5
Nadolski, Kirschner, & Van Merriénboer 2005 11 12 0.09 problem solvingdults journal < 1.5
O'Brien & Shapiro 1977 15 15 -0.15 math/numbers adults  journal<1.5
Paas 1992 13 15 -2.25 math/numbers adolescenisurnal > 1.5
Paas & Van Merriénboer 1994 30 30 -0.77  problem solvingdults journal 21.5
Pany & Jenkins 1978 6 6 -1.93 verbal/social children journal<1.5
Peters 1970 30 30 0.25 math/numbers children journal<1.5
Pillay E1 1994 10 20 -1.09 problem solvingdolescents journal < 1.5
Pillay E2 1994 10 20 -0.78 problem solvingdolescents journal < 1.5
Pine, Messer, & Godfrey 1999 14 14 -0.74  science children journal<1.5
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Discovery Compariso Cohen’

Author(s) Year n nn sd Domain Age Journal rank
Quilici & Mayer E1 1996 27 54 0.92 math/numbers adults journdl.5
Quilici & Mayer E2 1996 18 18 -1.69 math/numbers adults journdl.5
Radziszewska & Rogoff 1991 20 20 -1.25 problem solvinghildren journak 1.5
Rappolt-Schlichtmann, Tenenbaum... 2007 27 37 -0.61 science children journal < 1.5
Reinking & Rickman 1990 45 15 -1.09 verbal/social children journal < 1.5
Rieber & Parmley 1995 25 27.5 -0.65 science adults journal < 1.5
Rittle-Johnson 2006 21 21.5 -0.23  math/numbers  children journdl.5
Salmon, Yao, Berntsen, & Pipe 2007 16 16 -1.66 verbal/social children journal < 1.5
Scandura E2 1964 23 23 0.00 math/numbers children journal < 1.5
Shore & Durso 1990 60 60 -0.14 verbal/social adults jourmal .5
Shute, Glaser, & Raghavan 1989 10 10 0.42 math/numbers adults bookchapter
Siegel & Corsini 1969 12 12 -0.90 problem solvinghildren journak 1.5
Singer & Gaines 1975 19 18 -0.27  physical/motor adults journal < 1.5
Stark, Gruber, Renkl, & Mandl 1998 15 15 -0.54 math/numbers adults journal < 1.5
Strand-Cary & Klahr 2008 29 32 -0.85 science children journal < 1.5
Sutherland, Pipe, Schick, Murray... 2003 12 115 -0.10 verbal/social children journal < 1.5
Swaak, deJong, & van Joolingen 2004 67 55 -0.56 science adolescents journal <1.5
Swaak, van Joolingen, & de Jong 1998 21 21 -0.44  science adults journal < 1.5
Sweller, Chandler, Tierney, & Cooper E1 1990 16 16 0.20 math/numbers adolescents jourriab
Sweller, Chandler, Tierney, & Cooper E3 1990 12 12 -1.78 math/numbers adolescents jourriab
Tarmizi & Sweller E3 1988 10 10 0.20  math/numbers adolescents jourriab
Tarmizi & Sweller E4 1988 10 10 0.28  math/numbers adolescents jourriab
Tarmizi & Sweller E5 1988 10 10 -0.71  math/numbers adolescents jourriab
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Discovery Comparisor Cohen’s

Author(s) Year n n d Domain Age Journal rank
Trafton & Reiser 1993 20 20 0.39  computer skills  adults journal < 1.5
Tunteler & Resing 2002 18 18 -2.19  problem solvinlgildren journal < 1.5

van der Meij & Lazonder 1993 13 12 1.03  computer skills adults journal < 1.5
van hout Wolters 1990 24 24 -0.54  science adolescents book chapter
Veenman, Elshout, & Busato 1994 15 14 -0.49 science adults journal < 1.5
Ward & Sweller E1 1990 21 21 -1.07  science adolescents journal < 1.5
Ward & Sweller E2 1990 16 16 -1.52  science adolescents journal <1.5
Ward & Sweller E3 1990 17 17 0.25 science adolescents journal < 1.5
Ward & Sweller E4 1990 15 15 -0.42  science adolescents journal <1.5
Ward & Sweller E5 1990 15.5 15.5 -0.47  science adolescents journal < 1.5
Wittrock 1963 67 75 -0.84  verbal/social adults joumals
Worthen 1968 216 216 0.08 math/numbers  children journal < 1.5
Zacharia & Anderson 2003 13 13 4.62  science adults journal < 1.5
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Effect Sizes by Domain for Unassisted Discovery

Domain Cohen'sl 95% Cl Z k N Q
Math/numbers -.16 [-.30, -.03] -2.38* 129 6,639
Computer skills .07 [-.11, .23] 0.75 72 3,627
Science -.39 [-.53, -.24] 5.27+* 117 4,399
Problem solving -.48 [-.60, -.36] -7.73** 154 5,637
Physical/motor skills -.01 [-.39, .38] -0.02 15 520
Verbal/social skills -.95 [-1.11,-.79] -11.66** 87 5,164
Between-classes effect 5 25,986 91.75**

*p <.05, *p<.01

Post-hoc comparisonQJ

Domain Computer Problem Physical/motor
Math/numbers  skills Science solving skills

Math/numbers

Computer skills 4.72

Science 6.09 16.64***

Problem solving 13.65%** 28.29*** 0.88

Physical/motor skills 0.63 0.11 3.67 5.95

Verbal/social skills 50.03*** 58.17**  22.65*** 18.35*** 14.87***

*** p < .003 (adjusted for post-hoc comparisons)



Table 6

Effect Sizes by Age for Unassisted Discovery

Age Cohen'sl 95% ClI z k N Q
Children -44 [-56,-32] -7.11* 163 8,784
Adolescents -.53 [-.66, -.40] -8.01** 148 5,556
Adults -.26 [-.35, -.16] -5.28* 266 11,646

Between-classes effect

2 25,986 12.29*

*p <.05, *p<.01

Post-hoc comparisonQJ)

Age Children Adolescents
Children

Adolescents 151

Adults 5.00 10.41%**

*** p <.017 (adjusted)
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Table 7

Effect Sizes by Dependent Measure for Unassisted Discovery

Dependent measure Cohed’'s 95% CI 4 N Q

Post-test scores -.35 [-42,-28] -9.30** 430 20,070

Acquisition scores -.95 [-1.16,-.74] -8.93* 54 2,059

Reaction times =21 [-.39, -.02] -2.20* 69 2,632

Self-ratings .07 [-.39, .54] 0.31 9 668

Peer ratings -.32 [-1.12, .49] -0.77 2 306

Mental effort/load -.16 [-.64, .32] -0.66 10 251
Between-classes effect 5 25,986 37.38*

*p <.05, *p <.001

Post-hoc comparisonQ)

Dependent measure Post-testAcquisition Reaction Self- Peer

scores scores times ratings ratings
Post-test scores
Acquisition scores 28.14%**
Reaction times 1.98 23.84***
Self-ratings 3.30 15.89*** 1.28
Peer ratings 0.01 1.88 0.06 2.70
Mental effort/load 0.60 7.82 0.04 1.99 0.14

*** < 003 (adjusted)
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Table 8

Effect Sizes by Type of Unassisted Discovery
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Type of Discovery Cohents 95% ClI Z k N Q
Unassisted -41 [-.48, -.34] -11.15** 47621,832
Invention -.34 [-.60, -.08] -2.52* 38 1,191
Matched probes .19 [-.26, .64] 0.84 13 303
Simulation -.13 [-.42, .15] -0.92 29 1,652
Work with a naive peer -47 [-.81,-13] -2.72* 19 1,008
Between-classes effect 4 25,986 10.02*

*p < .05, **p < .01
Post-hoc comparison&)
Type of Discovery Matched

Unassisted Invention probes Simulation
Unassisted
Invention 0.23
Matched probes 6.57 7.06
Simulation 3.35 0.95 1.56
Work with a naive peer 0.13 0.35 4.37 2.23

*** ) < 005 (adjusted)



Table 9

Effect Sizes by Comparison Condition for Unassisted Discovery
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Comparison condition Coherms 95% CI z k N Q
Direct teaching -.29 [-.38,-.20] -6.10** 272 14,145
Feedback -.46 [-.64,-29] -5.11* 74 2578
Worked examples -.63 [-.76,-50] -9.70* 150 5,319
No exposure / pre + post 21 [-.14, .56] 1.18 17 881
Explanations provided -.28 [-.47,-08] -2.77* 59 2,927
Other .02 [-.84, .87] 0.04 2 136
Between-classes effect 5 25,986 32.31**

*p <.05, *p <.001
Post-hoc comparisonQ)

Direct Worked No exposure Explanations
Comparison condition teaching Feedbackexamples /pre + post provided
Direct teaching
Feedback 3.27
Worked examples 18.98*** 1.57
No exposure / pre+post 8.70 9.15%**  13.70***
Explanations provided 0.01 1.80 6.99 5.00
Other 0.62 1.05 1.56 0.13 0.44

*** p < .003 (adjusted)



Table 10

Studies Included in the Enhanced Discovery Meta-analysis

Discovery Comparison Cohen’s

Author(s) Year n n d Domain Age Journal rank
Amsterlaw & Wellman 2006 12 12 1.11  verbal/social skills children journal < 1.5
Anastasiow, Sibley, Leonhardt, & Borich 1970 6 6 -0.08  math/numbers children journal < 1.5
Andrews 1984 25 28 1.27 science adults journal < 1.5
Bielaczyc, Pirolli, & Brown 1995 11 13 0.95 computer skills adults journal < 1.5
Bluhm 1979 20 17 1.44  science adults journal < 1.5
Bowyer & Linn 1978 312 219 0.20 science children journal < 1.5
Butler, Pine, & Messer 2006 32 31 -0.02  math/numbers children unpub/diss
Chen & Klahr 1999 30 30 -0.07  science children jourmal .5
Chi, de Leeuw, Chiu, & LaVancher 1994 14 10 0.94  science adolescents journal5
Coleman, Brown, & Rivkin 1997 14 14 0.61 science adults journal < 1.5
Crowley & Siegler 1999 57 57 -0.25  problem solving children jourmal .5
Debowski, Wood, & Bandura 2001 24 24 1.07  computer skills adults jourpal.5
Denson 1986 45 34 0.10 science adults unpub/diss
Foos, Mora, & Tkacz E1 1994 78 90 0.53  science adults jourmal.5
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Discovery Comparison Cohen’s

Author(s) Year n n d Domain Age Journal rank
Foos, Mora, & Tkacz E2 1994 25 25 0.71 science adults jourgal.5
Gagne & Brown 1961 11 11 1.41 math/numbers adolescents jourrfab
Ginns, Chandler, & Sweller E1 2003 10 10 -0.67 computer skills adults journal < 1.5
Ginns, Chandler, & Sweller E2 2003 13 13 0.67 math/numbers adolescents journal < 1.5
Grandgenett & Thompson 1991 72 71 0.05 computer skills adults journal < 1.5
Greenockle & Lee 1991 20 20 0.48 physical/motor skills  adults journal < 1.5
Hiebert & Wearne 1993 24 21.25 0.70 math/numbers children journal < 1.5
Hirsch 1977 61 76 0.56 math/numbers adolescents journal < 1.5
Howe, McWilliam, & Cross E1 2005 31 30 0.15 science children journal < 1.5
Howe, McWilliam, & Cross E2 2005 35 36 0.15 science children journal < 1.5
Howe, McWilliam, & Cross E3 2005 355 36 0.34 science children journal < 1.5
Jackson, Fletcher, & Messer 1992 12 24 0.01 math/numbers children journal < 1.5
Kasten & Liben 2007 34 99 0.42 problem solving children jourmal .5
Kersh 1958 16 16 0.12  math/numbers adults journdl.5
Kersh: Article 2 1962 10 10 -0.10  math/numbers adolescents jourrfab
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Discovery Comparison Cohen’s

Author(s) Year n n d Domain Age Journal rank
Kuhn, Black, Keselman, & Kaplan 2000 21 21 0.29 science adolescents journal < 1.5
Lamborn, Fischer, & Pipp 1994 113 113 1.06  verbal/social skills adolescents jourriab
Murphy & Messer 2000 41 40.5 0.46 science children journal < 1.5
Mwangi & Sweller E3 1998 12 12 -0.04  math/numbers children journal < 1.5
Ohrn, van Oostrom, & van Meurs 1997 11 12 0.99 science adults jourgal .5
Olander & Robertson 1973 190 184 -0.02  math/numbers children journal < 1.5
Peters 1970 30 30 -0.09  math/numbers children journal < 1.5
Pillow, Mash, Aloian, & Hill 2002 15 15 0.44 verbal/social skills children journal < 1.5
Pine & Messer 2000 40 44 0.55 science children journal < 1.5
Pine, Messer, & Godfrey 1999 14 14 -0.35 science children journal < 1.5
Ray 1961 45 45 0.44 math/numbers adolescents journal < 1.5
Reid, Zhang, & Chen 2003 20 18 0.16 science adolescents journal < 1.5
Rittle-Johnson 2006 22 21 0.19 math/numbers children journdl.5
Rittle-Johnson, Saylor, & Swygert 2007 36 18 0.81 problem solving children journal < 1.5
Scandura E1 1964 23 23 0.00 math/numbers children journal < 1.5
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Discovery Comparison Cohen’s

Author(s) Year n n d Domain Age Journal rank
Singer & Pease 1978 16 16 2.62 physical/motor skills  adults journal < 1.5
Stark, Mandl, Gruber, & Renkl 2002 27 27 0.94 math/numbers adults journal < 1.5
Stull & Mayer E1 2006 51 52.5 -0.60  science adults unpub/diss
Stull & Mayer E2 2006 38 39 -1.14  science adults unpub/diss
Stull & Mayer E3 2006 33 325 -1.10  science adults unpub/diss
Tarmizi & Sweller E2 1988 12 12 -0.08  math/numbers adolescents jourrfab
Tenenbaum, Alfieri, Brooks, & Dunne 2008 32 30.5 0.20 verbal/social skills children journal < 1.5
Tuovinen & Sweller 1999 16 16 -0.67  computer skills adults jourpal.5
Vichitvejpaisal et al. 2001 40 40 -0.28  science adults jourmal .5
Zhang, Chen, Sun, & Reid E1 2004 13 13.67 -0.16  computer skills adolescents journal < 1.5
Zhang, Chen, Sun, & Reid E2 2004 14 16 0.36 computer skills adolescents journal < 1.5
Zimmerman & Sassenrath 1978 119.67 119.67 0.51 math/numbers children journal < 1.5
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Table 11

Effect Sizes by Domain for Enhanced Discovery

Domain Cohen'd 95% ClI Z k N Q

Math/numbers .29 [.18, .40] 5.24**116 9,100

Computer skills .64 [.44, .84] 6.26** 36 1,379

Science A1 [.02, .20] 2.30* 15212,164

Problem solving .20 [-.08, .47] 1.40 14 1,723

Physical/motor skills 1.05 [.80,1.30] 8.25**23 896

Verbal/social skills .58 [.26, .90] 3.51** 13 663
Between-classes effect 5 25925 65.53**

*p < .05, *p <.001

Post-hoc comparisonQJ)

Domain Math/ Computer Problem Physical/motor

numbers skills Science  solving skills

Math/numbers

Computer skills 12.14%**

Science 6.69 18.65***

Problem solving 0.84 5.55 0.31

Physical/motor skills 34.59*** 4.96 41.67*+* 15.73***

Verbal/social skills 3.59 0.04 6.67 3.51 3.48

*** p < .003 (adjusted)
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Table 12

Effect Sizes by Age for Enhanced Discovery

Age Cohen'sl 95% ClI Z k N Q
Children .24 [.14, .33] 4.94** 157 16,556
Adolescents 19 [.04, .33] 250 71 3,420
Adults 44 [.33,.55] 7.97** 129 5,949
Between-classes effect 2 25,925 10.68*

*p <.05, *p <.001

Post-hoc comparisonQJ)

Age Children Adolescents
Children

Adolescents 0.02

Adults 7.64%** 5.37

*** p < .017 (adjusted)



Table 13

Effect Sizes by Dependent Measure for Enhanced Discovery

Dependent measure Cohedh's 95% CI z k N Q
Post-test scores .28 [.22, .33] 8.38**  3022,636
Acquisition scores .54 [.35, .74] 5.50** 34 2,205
Reaction times -72 [-1.07,-37] -4.04** 11 668
Self-ratings 1.25 [.84,1.65] 6.02** 7 384
Mental effort/load -1.01 [-2.22, .19] -1.65 0 32
Between-classes effect 4 25,925 64.60**

**p < .001
Post-hoc comparison&)
Dependent measure Post-test Acquisition Reaction

scores scores times Self-ratings
Post-test scores
Acquisition scores 6.73
Reaction times 31.61***  10.19***
Self-ratings 29.68*** 6.66 5.18
Mental effort/load 5.94 4.68 0.03 21.33%**

*** p < .005 (adjusted)

70



Table 14

Effect Sizes by Type of Enhanced Discovery

Discovery Cohen'd 95% CI 4 k N Q
Generation -.15 [-.28,-.02] -2.32* 87 3,905
Elicited explanation .36 [.26, .47] 6.93* 1287,037
Guided discovery .50 [.40, .59] 9.96** 14214,983

Between-classes effect 2 25,925 65.00**
*p <.05, *p <.001
Post-hoc comparisonQJ)
Discovery Generation Elicited

explanation

Generation
Elicited explanation 33.20%**
Guided discovery 57.43%* 3.86

*** p < .017 (adjusted)
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Table 15

Effect Sizes by Comparison Condition for Enhanced Discovery
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Comparison condition

Coherds 95% CI z k N

Direct teaching
Worked examples
Unassisted / pre + post
Explanations provided
Other

Between-classes effect

26 [15, .37] 4.74*123 13,668
.06 [-21,.32] 041 22 634
33 [.25,.42] 7.48*t90 10,280
33 [06,.60] 2.39* 19 1,238
1.30  [40,220] 2.82* 1 105

4 25,925

9.12

*p < .05, **p < .001
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