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Abstract

Serious games have become increasingly availab&dtcators. Empirical studies and
meta-analyses have examined their impact on legraghievement. However, natural
sciences could have a special relation to sericrseg by their systematic use of
quantitative and predictive models that can geeematroworlds and simulations. Since
no known meta-analysis on serious games obsergghdicant impact in the specific
context of science learning, the present meta-arsalgynthesized results from 79
empirical studies that compared the impact on seietearning achievement of
instruction using serious games versus instructisimg more conventional methods.
Consistent with theory and past meta-analysespettifically related to science learning,
post-instruction learning achievement was weaklynimderately higher for declarative
knowledge, knowledge retention and procedural kedgé for students taught with
serious games. Furthermore, findings of the presemk suggest that five moderator
variables produced significant effects on the retethip between playing serious games
and learning outcomes, and three showed consiggigtions in mean effect size that
could lead to significance, with more studies aacyér samples. These findings are
discussed in connection with previous meta-analybedings, potential pedagogical
implications and possible future research.
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I ntroduction

Serious Games for Science Learning

It has been widely argued that more active insivnel methods must be implemented in
science classrooms (Aziz, Z., Nor, S. H. M. & Rahra, 2011; Millar, 2011; Avvisati,
2011; Wieman, 2012). To define these more actigguctional methods, one can refer to
the general proposition of Bonwell (1991,ip) for students to be engaged in usual tasks
such as listening, reading, writing, discussingsolving problems but also, and most
importantly, to be engaged in higher-order thinkiagks such as analysis, synthesis, or
evaluation and for which an inquiry-based appraackcience produces good examples.

The National Research Council (2011, p. 22) has adsnted out that:

A growing body of research indicates that engagstgdents in science
processes (inquiry) can motivate and support s@elsarning. However,
because inquiry approaches can be difficult fordstts, teachers, and
schools, they are rarely implemented.

In this particular context, computer simulation a®lious games can play a special role
because the quantitative and predictive modelscadnse can be used to generate
interactive microworlds and simulations that can fbeely experienced. "Computer
simulations and games have great potential to ymgabnd support inquiry-based
approaches to science instruction, overcoming awiar and logistical barriers.”

(National Research Council, 2011, p. 22).

Serious gameare generally defined as digital software the priympurpose of which is
learning rather than entertainment (Klopfer, Os&h& Salen, 2009). They could be a
beneficial alternative to other instructional metbo(Griffiths, 2002; Munienge &
Muhandji, 2012; Scanlon, 2002) and could transfoeducation (Shaffer, Squire,

Halverson & Gee, 2004) because: 1) simulation addosgames let players participate in



worlds otherwise inaccessible to them and thusldpveew situated understanding; 2)
video games make it possible for players to padi in very large scale communities of
practice and to learn by doing the ways of thinkingt organize those practices. With
regard to the role of serious games in educatimmesscholars (e.g. Prensky, 2004aye
even argued that developing digital-based educatigames is a “moral imperative,” as
learners of the new generation do not respond festefly to more conventional
instruction. In a widely publicized report follovgnits 2006 Summit on educational
games, the Federation of American Scientists (F&@joed these opinions by writing
that “Given the digital natives’ affinity for digit technologies, digital games for learning
could be potentially powerful tools for teachingy. 7). Of course, one must recognize
the complexity of the “digital natives” notion amdise questions about the empirical
evidence supporting it (Helsper & Eynon, 2010), sider the social inequalities related
to Internet and digital technology access (Came8ohulz & Jeannet, 2018), recognize
the complexity of changing policies and practic€ol{urn, 2004), and the profound
challenges related to implementing constructivisgtriuction (Windschitl , 2002), but
there still appears to be enough potential tofysti least some private and government-

sector investment in educational game research.

Despite the potential and the popularity of serigases, there is currently no consensus
with regard to their impact on science learning.tites, empirical evidence supports
higher science learning achieved by students sidujelo serious games in comparison
with more conventional instructional methods (€gmeron, 2003; Huppert, Lomask &
Lazarowitz, 2002; Kolloffel & de Jong, 2013; MyneNarayanan, Rebello, Rouinfar &
Pumtambekar, 2013; Pyatt & Sims, 2007, 2012; Zaah&lympiou & Papaevripidou,
2008). In this context, more conventional instroigtcan be considered the opposite of a

more active approach (previously defined) and sefaostly to lectures, discussions,



textbook readings, exercises and problem solvingl@en & Kenny, 2015; Waldrop,
2015) or, more generally, of less involvement asddr higher-order thinking tasks. Of
course, one has to acknowledge that the oppodigbmeen active and more conventional
approaches can be misleading because quality ¢f &dive games and conventional
instruction have changed over the years. At otinegg, no difference in science learning
achievement is found between serious games in aosopawith more conventional
instructional methods (Corter, Esche, Chassapis,&dickerson, 2011; Lang, 2012;
Zacharia & Olympiou, 2011; Renken & Nunez, 2013;e¥vier & Lan, 2004). The
National Research Council (2011, p. 54) concluded tEvidence for the effectiveness
of games for supporting science learning is emegggbut is currently inconclusive.”
They observed that, even if the research on simuakats stronger than the research on
games, both have not yet been studied enough ¢t eeaefinitive conclusion (Clanit
al., 2009). This can be explained partially by theidaghanges in technology and the
related difficulty in focusing the research. Anath@oblem is the poor or missing
description of the variables describing the contektthe students that could also
influence learning. Some methodological issues was® identified, such as small
sample size, ecological biases related to nestedpgr wide range of theoretical
perspectives, and variability of instruments to suea learning outcomes. Globally,
dissentious views are present among both praatittoand researchers (Brinson, 2015;
National Science Teachers Association, 2013; O,N&riness & Baker, 2005; Voget
al., 2006). Younget al (2012, p. 70) similarly noted that:

Despite a decade of research emphasis on STEM tolucthere has been
little peer-reviewed literature published in gamasbd learning for science,
and that which already exists, like that for mathéos, is not consistent in
terms of activities being monitored, learning outas assessed, or types of
science-based gaming being used as the treatmaabia



More recently, Giessen (2015, p. 2242), after cotidg an overview of the field of
digital game-based learning, concluded that dedpi¢ée fact that “it seems language
learning is a sphere where computer-based gamesuae=convincing, [...] we are still
far away from a general result on whether compbiéesed gaming dgerious Gamesor
that matter, are successful or not.” Wouters e{24113, p. 258) similarly observed that

serious games significantly improve learning indalinains except in science.

To fill in the gaps and strengthen the overall guabf the research, the National
Research Council (2011) proposed a list of possiuigons for researchers such as:
explicitly specifying the desired science learnmgticomes and studying the role of a
simulation or game in advancing these; studyingdffects of a simulation and game
both in formal and informal contexts; using the @iations and games to assess and
support individualized learning. Other actions waiso proposed for developers and
institutions. All these proposed actions were méambordinate and provide guidance to
players in the field. Another possible approachddress this currently inconclusive state
of the art concerning the impact of serious gamesakence learning achievement is to
conduct a quantitative review of previously pubdédhempirical studies, calledmeta-
analysis This approach provides several benefits, suclthasability to improve the
power by combining small or inconclusive studiesattsswer important questions on a
topic, the capacity to identify sources of diversitross various types of studies, and the
ability to reveal how heterogeneity among populaiosettings and methodologies
affects the educational interventions (Fagard, sS&® & Thijs, 1996; loannidis & Lau,
1999). Another advantage of a meta-analytical aggras to allow for a comparison of
studies that differ in experimental rigor and othegthodological factors (Lipsey, 2003).
In brief, meta-analyses can increase the precisitimn which the treatment effect of an

intervention, such as serious games, can be estinjBartolucci & Hillegass, 2010).



Because it can be argued that natural sciencesl dmye a special relation to serious
games and because of the current inconclusiveriessamtific literature with regard to
the impact of serious games on science learningea®ment, a meta-analysis was

conducted in the present work to answer two rebeguestions:

(1) What is the impact of serious games on sciégaming achievement when compared

with more conventional instructional methods?

(2) Which moderator variables influence the relatitp between playing serious games
and science learning achievement? A moderator Mari@.e. hereinafter referred to as
moderatoj is a continuous (e.g. age, school marks) or eiec(e.g. gender, ethnicity)
variable that affects the strength or directiorthef relationship between an independent

or predictor variable and a dependent or criteviariable (Baron & Kenny, 1986).

Answering these questions should provide the bggowdate high-level description that
characterizes the significant impact of serious €an science learning. It is important
to note that, because of its general stance relatede available data in the previous
studies, the present work could not satisfact@ilgress some questions that might prove
useful to educators or designers and be relatethdoeffectiveness of games at the
instructional level, such as: “Why is a given gadme#ter than another one?”, “What is the
best way to use a given game in school?”, or maeeglly, “What are the best
underlying educational purposes, pedagogical mopael®ther forms of typologies for
games?” It is also important to note that, evethd diversity and limited quality of

learning outcomes in science must be acknowlededybserved significant differences,

2 http://psych.wisc.edu/henriques/mediator.html.
} Conceptual, strategic, and statistical considerations. Journal of Personality and Social Psychology, 51,
1173-1182.



if any, can still be interpreted at a high levethwappropriate caution. The focus of the
present work therefore is to determine cautiousthe previously studied games, in the
specific context of natural sciences and for a tshist of moderator variables, had
significant impact on measured learning. It is nt¢argive the best possible answer with
available data from literature and serve as oneaiplysuseful starting point for future

studies.

Previous Meta-Analyses on Serious Games

Because the present meta-analysis aims to fillatie of knowledge regarding the impact
of serious games on science learning achievemtastimportant to look first at relevant
past meta-analyses that examined the impact afusegames on learning achievement in
general, with an emphasis on how these past melgs®s can inform us with respect to
the definition of serious games and the presemtarel questions. As this overview will
point out, the main limitation of these past meatalgses is that the question of the
impact of serious games or simulations in the g$jpeciontext of science learning
achievement was addressed only weakly. Anotheresobphis overview is to establish
the hypotheses of the present work with regardhéorésearch questions. Table 1, at the
end of this text, summarizes all the relevant naetalyses found in the literature.
Although this list goes back to 1981 for completmeonly results for the studies
produced after the year 2000 are discussed bhefyw.

The meta-analysis conducted by Vogelal (2006) analyzed results from 32 studies
from 1986 to 2003. Vogadt al’s meta-analysis focused on pretest/post-test aoisyns
of learning achievement outcomes fmulations gamesor or an activity combining
features of both, versus more conventional insoctSimulation was defined as an

“activity which mustinteract with the user by offering the options ¢hoose or define



parametersf the simulation then observe the newly createpisece rather than simply
selecting a pre-recorded simulation” (p. 231). Anpoiter game was defined as being
“defined as such by the author, or inferred byrrser because the activity fgasls is
interactive and isrewarding (gives feedback)” (p. 231). Comparison conditioasged
from no training to more conventional instructiomaéthods, such as lectures, tutorials
and discussions. Learners in the studies includeded from preschoolers to adults. The
main learning outcome considered veagnitive gain which was not explicitly defined,
but which seems to consist of both knowledge @grse material) and skill (e.g. flight
navigation) acquisition. Moderator variables wenalgzed and consisted of (1) gender,
(2) level of learner control during navigation (i.game controlled by student vs.
teacher/computer), (3) type of activity (i.e. siatidn, game, combination), (4) age (i.e.
from preschool to adult), (5) image realism (i.eraalistic/low-quality images, cartoon-
like, photo-realistic) and (6) user grouping (iredividual vs. group). Vogett al’s meta-
analysis did not focus on a particular subject ,aega included studies from various
knowledge domains such as psychology, flight naioga computer science,
mathematics, general cognitive skills, science, &uwerall, Vogelet al found that
significantly higher cognitive learning gains weraserved in subjects using simulations,
games or a combination versus traditional instometi methodsz= 6.05,p < .0001,N =
8549). More specifically, the highest effect sizasviound for simulationz & 9.147,p <
.0001,N* = 2179), with a lower effect size found for games (3.706,p = .0001,N =
2165) and combinatiorz & 3.209,p = .0007,N = 4205), although Vogedt al. noted a
low reliability for these resultdith respect to other moderators, Vogelal’s findings

suggested a lack of significant differences acgesslers{= .9910,p = .1594 N = 394).

“In Vogel et al.’s meta-analysis, N represents the cumulative number of participants from primary studies
on which overall effect sizes were computed.



For age, the combination gfreschool, elementary, middle, and high schooldcérl
showed significantesults ¢ = 4.111,p < .0001,N = 6138) favoring simulations and
games, while slightly more beneficial, albeit nagnsficantly different, results were
obtained for the combination of college studentd adult populationgz = 7.434,p <
.0001,N = 2336).Likewise, image realism did not have a significemiderator effect,
with both the unrealistic simulations and ganes $.447,p < .0001,N = 11481148 and
the photo-realistic oneg € 4.105,p < .0001,N = 842 being more beneficial than more
conventional instruction. However, significant diénces were found with regard to
learner control and user grouping. Compared withremoonventional instruction,
significantly higher cognitive learning gains wereserved for studies in which learners
controlled their navigation through the systerm=(7.038,p < .0001,N = 3656), and
lower, albeit not significantly different, cognigvlearning gains for studies where
learners were automatically navigated through tts¢esn ¢ = -2.099,p = .018,N = 94).
Cognitive learning gains were also significanthghmer for studies involving learners
individually navigating through the simulation carge ¢ = 7.352,p < .0001,N = 3413)
versus studies in which group navigation was peréar ¢ = 2.222,p = .0131,N = 931),
with both forms of navigation being more benefidl@n more conventional instruction.
However, Vogelet al’s meta-analysis has limitations. Despite providian explicit
definition of the concepts @imulationandgame Vogelet al included several studies in
which the experimental condition did not seem tosist of either a simulation or a
game. In such studies (i.e. Andrews, Schwarz & Heln1992; Blank, Roy,
Sahasrabudhe, Pottenger & Kessler, 2@¥8wster, 1996; Costabile, De Angeli, Roselli,
Lanzilotti & Plantamura, 2003; Kekkonen-Moneta & iaa, 2002), the experimental
group was subjected to multimedia or hypermedi&ruston consisting, for instance, of

hypertext, images, videos, sounds, quizzes, or FRouet presentations, but not a



simulation or a game. In addition, Vogsl al.s meta-analysis computed general effect
sizes for several knowledge domains consideredvdsode, thus precluding a conclusion

related specifically to science learning achieveimen

In a 2011 meta-analysis, Sitzmann and Ely analyesdilts from 65 studies from 1976 to
2009. This meta-analysis focused on pretest/psstdemparisons of computer-based
simulation games/ersus more conventional instruction in the contafx professional
adult training. Studies included were in variouswiedge domains, such as psychology,
business, computer science, mathematics, sciertce, S&zmann and Ely defined
computer-based simulation games as a form of tiodon delivered via personal
computer that immerses trainees in a decision-ngakéxercise in an artificial
environment in order to learn the consequencesheir decisions” (p. 492). Control
conditions in the empirical studies analyzed byr8dann and Ely ranged from no training
to trainees who received various forms of more eatienal instruction as a substitute
for the computer-based simulation game. Three typesognitive outcomes were
considered: (1)declarative knowledgereferring to trainees’ memory of the facts and
principles taught in training, (Procedural knowledgereferring to information about
how to perform a task or action, and (8)ention,referring to the delayed assessment of
trainees’ declarative knowledge weeks or monther déaving the training environment.
Moderators were analyzed and consisted of five rétemal moderators, which were
respectively (1) entertainment value of the simafaigame (i.e. high vs. low, with the
high value being described as the simulation gaomaming at least one characteristic
commonly seen in board games or video games, ssicbllang a virtual dice, moving
pegs around a board, striving to make the listogf $corers, playing the role of a
character in a fantasy world, or shooting foreidneots), (2) activity level of users

during navigation (i.e. passive vs. active), (3)eleof access to the simulation game (i.e.
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unlimited vs. limited), (4) simulation game as swmistructional method vs. accompanied
by other forms of instruction, and (5) activity &h\of the comparison group (i.e. passive
instruction [i.e. lecture, reading] vs. active mstion [i.e. hands-on practice,
discussion]). Four methodological moderators wése aonsidered, namely (1) random
assignment to conditions (vs. no random assignménj)rigor of study design (i.e.
pretest/post-test comparison vs. post-test onB)) p@blication status (i.e. published vs.
unpublished in scientific journal), and (4) year plblication/presentation. For
declarative knowledged(= 0.28, 95% CI[0.20 — 0.38],N° = 2 758), procedural
knowledge ¢ = 0.37, 95% CJ0.23 — 0.50],N = 936), and retentiord(= 0.22, 95% ClI
[0.07 — 0.37]N = 824), Sitzmann and Ely found significantly higlp@sitive effects for
trainees receiving instruction via a simulation gamcomparison with trainees receiving
instruction via more conventional instruction. Witspect to theoretical moderators, all
proved significant, with the exception of entertaant value. For entertainment value, it
was found that the benefits of high entertainmestier @ = 0.26, 95% CJ0.11 — 0.41],

N = 809) were not significantly higher, and were repossibly lower than those of low
entertainment valued(= 0.38, 95% CJ[0.31 — 0.45],N = 32163216). However, adults
trained with a simulation game learned more, in ganson with a control group, when
(1) they were actived(= 0.49, 95% CJ0.41 — 0.56],N = 32603260) rather than passive
(d=-0.11, 95% CJ-0.29 — 0.07]N = 521) during navigation, (2) they had unlimiteld=(
0.68, 95% CJ[0.54 — 0.82] N = 925) rather than limitedd(= 0.31, 95% CJ0.23 — 0.38],

N = 2738) access to the simulation game, and (c)simeilation game was used as a
supplement to other instructional methods=(0.51, 95% C[0.43 — 0.58],N = 3109)
rather than the standalone instructi@h< -0.12, 95% CI[-0.26 — 0.01],N = 946).

> In Sitzmann & Ely’s meta-analysis, N represents the cumulative number of participants from primary
studies on which overall effect sizes were computed.
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Conversely, the control group learned significamtigre than the simulation game group
when the control group received instruction thaivaty (d = -0.19, 95% C[-0.33 —
-0.05],N = 832) rather than passively € 0.38, 95% CJ0.24 — 0.51]N = 970) engaged
them in the learning experience. With respect tdhodplogical moderators, random
assignment, rigor of the study design and yearubligation did not moderate learning
from simulation games, relative to the comparismug. Random assignment to a group
(d = 0.35, 95% CJ0.26 — 0.45], N =19971997) yielded a slightly lower, but not
significantly different overall effect size thanethack of random assignmert € 0.43,
95% CI[0.34 — 0.53]N = 19311931). The more rigorous pretest/post-testysdesign

= 0.36, 95% CJ0.26 — 0.46]N = 18321832) yielded an identical overall effeaeswith
the less rigorous post-test only study design=(0.36, 95% CI[0.27 — 0.45],N =
21932193). For year of publication, the inversetred sampling error variance weight
correlation between the year of publication or pneation and the effect size was not
statistically significantr(= .16), thus suggesting that the effect of simalatgames on
learning, relative to the comparison group, has cdoénged over timeHowever,
publication status produced a significant moderatiect, with effect sizes being
significantly larger for publishedi(= 0.52, 95% CJ0.44 — 0.59]N = 30323032) than for
unpublished d = -0.10, 95% CJ-0.23 — 0.03],N = 993) studies, suggesting a probable
publication bias effect. As in previous reviewstz8iann and Ely’'s meta-analysis has
some limitations. Sitzmann and Ely calculated gelneifect sizes for several knowledge
domains (e.g. psychology, business, computer sejanathematics, science) considered
as a whole, and did not draw specific conclusiongannection with science learning
achievement. Furthermore, Sitzmann and Ely’'s me#dyais focused exclusively on

adult workforce trainees, thus precluding geneatilin to younger learners specifically.
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A meta-analysis conducted by Wouters, van Nimwegan, Oostendorp and van der
Spek followed in 2013, and analyzed 38 studies 880 to 2012. Wouterst al
included pretest/post-test as well as post-test-oamparisons oferious gamesersus
more conventional instructional methods. Studiedushed covered several knowledge
domains (e.g. language, mathematics, preparatonga¢idn, science) with 22 studies
being in the domain of science (i.e. biology andjieeering). Serious games were
defined as “being interactive, based on a set oéeafrules and constraints, directed
toward a clear goal often set by a challenge, amdtantly providing feedback, either as
a score or as changes in the game world, to endhjers to monitor their progress
toward the goal” (p. 250). Control conditions iretktudies analyzed by Woutest al.
comprised a wide range of more conventional ins§wnal methods, such as lectures,
reading, drill and practice, or hypertext learngmvironments. Learners in the studies
included ranged from elementary school childrenattults. Three types of learning
achievement outcomes were considered: Khpwledge learning, as observed by
immediate post-test; (ognitive skillslearning, pertaining to more complex cognitive
processes, such as when learners apply their kdgeléo solve problems; and (3)
retention as observed by delayed post-test. Theoreticalenadoks consisted of (1)
arrangement of the comparison group (i.e. activepeassive instruction), (2) serious
game being inclusive (i.e. combined with anothstrurctional method) vs. exclusive (i.e.
the only instructional method), (3) number of traghsessions (single vs. multiple), (4)
group size (i.e. single player vs. group play),ifS}ructional domain, (6) age, (7) level of
realism (schematic, cartoon-like, photorealisti(§) presence of a narrative during
gameplay (vs. absence). Methodological moderatonsisted of (1) publication source
(i.e. peer-reviewed journal, proceedings, dissertat (2) presence of randomization (vs.

absence), and (3) experimental design (post-te§t ws. pretest/post-test design).
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Wouterset al found that serious games were significantly meifective than more
conventional instruction concerning knowledge leagrd = 0.27, 95% CJ0.01 — 0.54],
N® = 948), cognitive skills learningl(= 0.29, 95% CJ0.15 — 0.43]N = 45994599), and
retention ¢ = 0.36, 95% CI[0.07 — 0.68],N = 499). With respect to theoretical
moderators, no significant effect was found foeagement of the comparison group and
age. Serious games did not yield more learning:omparison with more conventional
instruction, when the control group engaged in ipassstruction rather than active
iNnstruction Eactive-passive= 1.38, p>.05). Likewise, comparisons of age groups did not
yield any significant differencep$ > .1). However, significant effects were found &l
other theoretical moderators. Serious games wgrgfisantly more effectivezcusive vs.
exclusive= 1.66,p < .048), compared with more conventional instruttiohen they were
supplemented with other instructional methodis (0.41, 95% CJ0.23 — 0.59]k’ = 29)
rather than presented along £ 0.20, 95% CJ[0.03 — 0.37],k = 48). Games were
significantly more effectivez{ session vs. muttiple sessios 3.94,p < .003) when played over
multiple training sessionsl(= 0.54, 95% CJ[0.35 — 0.72],k = 30) rather than a single
training sessiond = 0.10, 95% CJ-0.07 — 0.26]k = 47). Games were significantly more
effective Gndividual vs. group= 2.34,p < .01) when learners played in a grodp=(0.66, 95%
C1[0.32 — 1.00] k = 13) rather than individuallyd(= 0.22, 95% CJ0.09 — 0.36]k = 63).
With regard to visual realism, schematic gantes .46, 95% CJ0.27 — 0.65]k = 14)
were significantly more effectiveZghematic vs. cartoon-ike 1.89,p = .03) than cartoon-like
games d = 0.20, 95% CJ-0.01 — 0.40]k = 20) and significantly more effectives{gematic
vs. realistic= 2.25,p = .01) than photorealistic games £ 0.14, 95% CJ-0.08 — 0.35]k =

® In Wouters et al.’s meta-analysis, N represents the cumulative number of participants from primary
studies on which overall effect sizes were computed.
" In Wouters et al.’s meta-analysis, k represents the cumulative number of effect sizes from primary
studies on which overall effect sizes were computed.
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32). Findings also suggested that the absencenafrative § = 0.46, 95% C[0.18 —
0.73],k = 15), compared with the presence of a narrative Q.25, 95% CJ0.11 — 0.39],

k = 62), seemed to yield higher learning gains, altfiothis result did not quite reach
statistical significance {Zqrative vs. no narraivee 1.34,p = .09). For instructional domains,
significant difference was observed for all doma@xsept the ones related to natural
sciences: biology (d = 0.11, 95% CI [0.11 — 0.38F 28) and engineering (d = -0.36,
95% CI [-0.80 — 0.09], k = 6) for which no sign#iat effect was observed. With respect
to methodological moderators, unpublished studies .20, 95% CJ-0.83 — 0.43]k =

3) seemed to yield a lower effect size in favogames than published studiels=0.36,
95% CI[0.24 — 0.48],k = 67), but this result did not reach significanps ¢ .05).
Random assignmend € 0.08, 95% CI[-0.13 — 0.29],k = 35) significantly attenuated
(Zandom vs. non-randon= 2.75, p = .003) the positive learning effect of serious gam
compared with lack of randomizationd £ 0.44, 95% C[0.29 — 0.60],k = 42). The
experimental design had no effect on the magnitfdie effect sizezZost-test only vs. pre-post-
est = 0.55,p > .1), with post-test onlyd(= 0.25, 95% C[0.07 — 0.44],k = 27) and
pre/post-testd = 0.32, 95% CJ0.16 — 0.48] k = 50) studies yielding similar effect sizes.
Wouterset al’s main limitation with regard to science learniachievement is the rather
small sample of 22 studies in the domain of natacances that were included in the

analysis and the absence of significant effechigdomain.

The last relevant meta-analysis for this study e@sucted by Clark, Tanner-Smith and
Killingsworth (2015), and they analyzed 69 studiesm 2000 to 2012. Clarlet al

focused on pretest/post-test comparisondigital gamesversus more conventional
instructional methods. Studies included coveredessdv knowledge domains (e.g.
language, mathematics, social sciences, natuehaes) with 13 studies in the domain of

natural sciences. Participants in primary studeegyed from ages 6 to 2Bigital games
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were defined either as a (1) “digital experiencewimich the participants (a) strive to
achieve a set of fictive goals within the constisiof a set of rules that are enforced by
the software, (b) receive feedback toward the cetigyl of these goals (e.g. score,
progress, advancement, win condition, narrativeluti®n), and (c) are intended to find
some recreational value” (p. 9), or as a (2) “digenvironment explicitly referred to by
the authors of the study as a game in the titiebstract” (p. 9). Control conditions in the
studies analyzed by Cladt al included more conventional instructional methsdsh as
lectures, reading, drill and practice, or hypertedrning environments. The learning
achievement outcome consisted of a unif@mynitive learningoutcomecomprising
cognitive processes and strategies, knowledge esativity. Most notable theoretical
moderators consisted of (1) play duration (single multiple sessions), (2) additional
instruction (game with vs. without additional noarge instruction), (3) player grouping
(e.g. single player vs. collaborative team), (4ngaype (i.e. rudimentary game [adding
points/badges] vs. more school-like game consisiingore than adding points/badges),
(5) visual realism (schematic, cartoon, realistioyl (6) story relevance (none, irrelevant,
relevant). Most notable methodological moderatosascsted of (1) research design
(quasi-experimental vs. experimental), (2) assestnigpe (pre-existing normed
instruments vs. author-developed instruments) aBd quality of game condition
reporting, in terms of word count and number ofsashots. Analysis for the overall
cognitive learning outcome showed that studentigital game conditions demonstrated
a significantly better outcome relative to studentthe non-game comparison conditions
(g = 0.35, 95% CI [0.20, 0.51]N® = 173). For play duration, effect sizes were
significantly smaller Iy = —-0.37,p = .03, 95% CI £0.70, —0.04]) when games were

®In Clark et al.’s meta-analysis, N represents the cumulative number of effect sizes from primary studies
which lead to computation of overall effect sizes.
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played in one sessiog € 0.08, 95% CI [-0.24, 0.39N = 43) versus multiple sessions
(g=0.44, 95% CI [0.2, 0.59N = 166). For additional instruction, the analysiarid no
evidence Iy = 0.04, 95% CI [-0.23, 0.31]) that effect sizes avdifferent depending on
whether game conditions included additional non-ganstruction § = 0.36, 95% ClI
[0.19, 0.52],N = 72) or not § = 0.32, 95% CI [0.11, 0.52]N = 137). For player
grouping, average effects were significantly large= 0.29,p = .03, 95% CI [0.02,
0.56]) for games with single playerg £ 0.45, 95% CI [0.29, 0.61N = 150) relative to
those using collaborative teantgs< -0.22, 95% CI [0.32, 0.76N = 12). For game type,
no significant differenceb(= 0.28,p = .07, 95% CI+0.02, 0.57]) was found in the mean
effect size across the two categories of rudimgnig~ 0.53, 95% CI [0.27, 0.79N =
64) and school-like gameg € 0.25, 95% CI [0.08, 0.42N = 145). For visual realism,
effects were significantly largeb (= 0.45,p = .03, 95% CI [0.05, 0.84]) for schematic
(g= 0.48, 95% CI [0.13, 0.82N = 52) than for realistic gameg € -0.01, 95% CI |-
0.34, 0.32]N = 36). For story relevance, effects were signiftbalarger p = 0.46,p =
.01, 95% CI [0.12, 0.81]) for game conditions usimmglevant story linesg= 0.63, 95%
Cl1]0.33, 0.94]N = 75) compared with those using relevant storgdiy= 0.17, 95% CI
[-0.03, 0.37],N = 88). Research design was not significantly dased p = -0.26,p =
.051, 95% CI [-0.51, 0.001]) with effect size magde across studies, but was close to
significance, with quasi-experimental studies yigjda notably larger average effect size
(g = 0.43, 95% CI [0.22, 0.63 = 96) than experimental studieg £ 0.17, 95% CI
[0.004, 0.33]N = 113). For assessment type, results indicatesigroficant differences
(ps > .05) in effect size magnitude across assesstypes, although the mean effect
sizes were slightly lower for author-developed rmstents § = 0.33, 95% CI [0.11,
0.56],N = 97) compared with pre-existing normed instruradgt= 0.40, 95% CI [0.22,

0.58], N = 89). Finally, for condition reporting, there wemno significant differences in
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mean effect sizes filtering studies based on wardnts of the game descriptions.
Number of screenshots, however, was significantiyetated with effect sizes for the
game versus non-game conditions in the media cosgomaanalysesb(= 0.05,p = .02,
95% CI [0.01, 0.09]), suggesting that studies whiotluded more screenshots of the
game condition obtained larger effect sizes. Créll’s main limitations with regard to
the present work’s objectives are the relativelabmample sizeN = 13) of studies in
the domain of science and the lack of differergiatof the learning outcome, which

considered as a single whole knowledge, cognitreegsses/strategies and creativity.

Thus, as can be noted from these previous revign@anain limitation with regard to the

present work’s objectives is the lack of sufficiexamination of the effect of serious
games in the domain of natural sciences. Evenvérsé of these meta-analyses (e.g.
Clark et al, 2015; Sitzmann & Ely, 2011; Voget al, 2006) included some science-
focused games, they did not differentiate the s@dearning outcome. Besides, for the
only meta-analysis (e.g., Wouters et al., 2013) #pecifically addressed this question,
the science domain included a limited number ofmpry studiesN = 22) and was the

only domain for wich no significant effect on learg was observed.

Research Hypotheses of the Present Meta-Analysis

Definition of Serious Games

Because the present meta-analysis aims to exarhaentipact of serious games on
science learning achievement, it is important tecey what will be meant by serious
game As could be noted in the preceding overview, éhsrsome heterogeneity in the
scientific literature with regard to the defininggtures of a serious game (Garris, Ahlers

& Driskell, 2002; Hays, 2005; Manninen, 2002; O'Net al, 2005; Sitzmann & Ely,
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2011; Vogelet al, 2006). Some scholars (e.g. Gredler, 1996, 2P0dnsky, 2001) have
proposed that there are in fact two types of digitames, namelgerious gamesnd
simulations A serious games generally defined as a digital software themgairy
purpose of which is learning, rather than entent@nt (Bellotti, Kapralos, Lee, Moreno-
Ger & Bertal, 2013; Giessen, 2015; Giratdal, 2013; Klopfer, Osterweil & Salen,
2009; Quinn, 2015; Wouters, van der Spek & Oostgnd®009). In addition, there is
general agreement that a serious game has theviofdeatures: a goal to be reached
(e.g. move to a higher difficulty level), rules aoohstraints (e.g. what a player can and
cannot do, time limits), competition (e.g. agaiongiter players or against computer), a
dose of fantasy (e.g. a specific context separata feal life in terms of time and space),
and fun for users (Bright & Harvey, 1984; Dorn, 298eemkuil, de Jong & Ootes, 2000;
Lindley, 2003, 2004; Tobias & Fletcher, 2007; Vogehl, 2006; Woutergt al, 2009).

A simulation shares several of these same features, but, avgada several scholars
(Bell & Smetana, 2008; Gredler, 1996, 2004; Hay¥)3? Tobias & Fletcher, 2007), it
differs from a serious game mainly because ofriéaigr realism and more serious goals.
For example, Gredler (1996, p.522) noted that evlal serious game’s rules and
constraints may be imaginative and exceed thediofithe real world;a simulation is a
realistic approximation of reality and its basisaiglynamic set of relationships among
several variables that reflect authentic causatgsses The National Research Council
(2011, p. 9) identifies four features in which cartgy games differ from simulations: 1)
they are played for enjoyment in informal conte®sthey incorporate goals and rules, 3)
they provide feedback on the player’s progresshdy let the player influence the future
state of the game. It has also been acknowledgatiofiil Research Concil, 2010, p. 1)
that “the technical and cultural boundaries betwaeadeling, simulation, and games are

increasingly blurring.”
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Despite possible conceptual distinctions betwsenous gamesnd simulations this
distinction will not be made in the present work foree reasons. First, several authors
have pointed out that these two concepts are fretlyuaised interchangeably by
researchers conducting studies in the field (Grie¢@bDuke, 1981; Hays, 2005; Rieber,
Smith & Noah, 1998; Thomas, Cahill & Santilli, 199%econd, recent works (e.g.
Sitzmann & Ely, 2011; Tennyson and Jorczak, 2008p@sed that there are no longer
clear boundaries between these two concepts, betaescientific literature is rich with
examples of digital software callesimulations, which do not reproduce real-world
contexts and examples of software cabedious gameswvhich have very serious goals.
Third, the more recent meta-analyses discusseleirpteceding overview (i.e. Clagkt
al.,, 2015; Sitzmann & Ely, 2011; Wouteet al, 2013) did not distinguish between
serious games and simulations. Thus, to help casgrer between these past reviews
and the present work, a unifying conceptsafrious gamesith the four preceding

features but not excluding simulations will be ddesed here.

Learning Outcomes

Although serious games could possibly advance nsaignce learning goals (identified
by National Research Council, 2011, p. 25) such mastivation, conceptual
understanding, science process skills, scientiicalirse and identity, research actually
provides some evidence only for the first two (mwatiion and conceptual understanding)
and the present work focuses on the second bedaissa more essential goal for the
educational system. The present meta-analysis tonexamine the overall effect of
serious games and simulations versus more convetimstructional methods on
science learning achievement outcomes. Of coumstyref work could focus on

motivation as, for comparable learning outcomestemengaged students is preferable.
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Several taxonomies of learning outcomes have begpoped in the scientific literature
(Kraiger, Ford & Salas, 1993; O’Neill, 2009; Wowgevan der Spek & van Oostendorp,
2009). To help build on previous reviews’ findingsd because of available data, three
cognitive learning outcomes will be considered hanel will be the same as those
frequently examined by previous reviews, namely) (&arning of declarative
knowledge, as observed by immediate post-test cis,faoncepts, principles, theories or
models (Chi & Ohlsson, 2005), (2¢tentionof declarative knowledge, as observed by
delayed post-tests, and (8arning of proceduralknowledge, as observed by post-test on
how to perform a task (Chi & Ohlsson, 2005). Howewas future studies are conducted
and provide more data, it will be interesting tods on more ambitious goals for the rich
learning contexts related to serious games, asopeapby Barab & Luehmann (2003) or
Shaffer, Squire, Halverson & Gee (2004), to proviggources and tools supporting the

complex learning-by-doing process of individualstiggpating in large communities.

For learning of declarative knowledge, becausef(the previously discussed theorized
advantages of serious games (i.e. more active) amdpwith more conventional
instruction and (ii) the fact that previous metalgses (e.g. Sitzmann & Ely, 2011,
Wouterset al, 2013) mostly concluded that serious games wewee rheneficial than

more conventional instruction, the first hypothesiads as follows.

Hi: Instruction using serious games yields highernlieg gains in terms of
immediate declarative knowledge than instructiomgisnore conventional
methods under conditions of similar time investmanéngagement.

Similarly, for declarative knowledge retention, dese of the theorized advantages of
serious games and because previous meta-analygeSi(emann & Ely, 2011; Wouters
et al, 2013) mostly concluded that serious games weoee nbeneficial than more

conventional instruction, the second hypothesidsea follows.
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Ha: Instruction using serious games yields highernlieg gains in terms of
declarative knowledge retention than instructiomngismore conventional
methods under conditions of similar time investmanéngagement.

For the learning of procedural knowledge, only previous relevant meta-analysis
(Sitzmann & Ely, 2011) examined this outcome andntb a beneficial effect of
simulation gaming compared with more conventiomatruction. At a theoretical
level, this finding seems to support the postutd#tsome scholars, which posited
that serious gaming “fosters procedural thinkingdhnson, Smith, Willis, Levine
& Haywood, 2011, p.7; McClartyet al, 2012, p.16). Therefore, the third

hypothesis reads as follows.

Hs: Instruction using serious games yields highernlie@ gains in terms of
procedural knowledge than instruction using moreaveational methods
under conditions of similar time investment or eygaent.

With regard to the special relation between sergasies and natural sciences, it could
seem reasonable to propose that the first threethgpes should be verified with

stronger effect sizes when compared with other kedge domains.

Moderators

As can be noted from the preceding overview, séveagerators have been empirically
found to affect the relationship between playingasess games and learning outcomes.
The following list describes the expected significenoderators that will be tested in the
present meta-analysis, and the hypothesis regaedioly moderator’s effect based on the
overview and theoretical postulates from the sdientiterature. A dichotomist

categorization (i.e. theoretical and methodologicabderators), as used by some

previously discussed reviews (e.g. Clatkal, 2015; Sitzmann & Ely, 2011), will be
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used to classify moderators. The first four theoa¢tmoderators categorize context
(subject area, grade level, duration of intervamtiactivity level of the comparison
group), three more theoretical moderators desctrae qualities of the games (ludic
content, level of realism, level of user contratdahe last four moderators characterize
methodology (randomization, experimental designaryef publication, publishing

status).

Subject area. Examining the moderator effect of subject area iste®f verifying if the
impact of serious games, compared to conventiamgtuction, differs depending on
subject area or, in the present case, on scierdiBcipline (i.e. physics, chemistry,
biology, etc.). As pointed out in the present oi@m one major limitation of previous
reviews (e.g. Clarlet al, 2015; Dekkers & Donatti, 1981; Lee, 1999; Sitnma& Ely,
2011; Vogelet al, 2006) with regard to the present work’s aimshis fact that overall
effect sizes were computed by considering primaugies in various knowledge domains
(e.g. science, mathematics, social sciences, canpaience, etc.) as a single whole, thus
precluding a precise conclusion with regard todbmain of science. Some recent meta-
syntheses (Brinsoet al, 2015; Ma & Nickerson, 2006; Rutten, van Joolmgevan der
Veen, 2012; Youngt al, 2012), which examined the impact of serious gaarescience
learning achievement, suggest, however, that segames could yield different learning
outcomes depending on scientific discipline. Foaragle, Rutteret al’s review (2012)
suggests that studies on serious games in biolagypaysics generally yield positive
learning outcomes, but that studies in chemistejdymore negative outcomes, such as
“no difference in long-term performance” and “nouch contribution to conceptual
understanding” (p. 142). Younet al’s review (2012) suggests that serious games in
physics seem to yield less positive outcomes coetpaith biology, and that one reason

explaining this could be that they “may introducéseonceptions that could interfere
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with the learning of concepts like force, momentamd inertia” (p. 73). Thus, because

of these previous findings, the fourth hypothesauds as follows.

Hs: The beneficial effect of instruction using sesogames on learning
achievement outcomes, in comparison with more quiieal instruction, is
larger for some scientific disciplines than forath

With regard to the special relationship betweenossrgames and natural sciences, it
could seem logical to propose that the observeterdiices with other knowledge

domains should be larger than the differences letwatural sciences.

Grade Level. Examining the moderator effect of grade level cstissof verifying whether

serious games are more beneficial, in comparisdh wiore conventional instruction,
depending on learners’ educational level (i.e. eletary, secondary, college, etc.).
Previous meta-syntheses (Brinsenhal, 2015; Hew & Cheung, 2010; Oloruntegbe &
Alam, 2010) note that a majority of primary studiwhich examined the impact of
serious games on science learning achievement eareed out in higher education
settings, such as polytechnics and universitiesnsBn (2015, p. 230) suggests it is

therefore important to gain a better understandhgserious games’ “effectiveness
relative to student grade level and cognitive/psjatical development because of the
proliferation of serious games and the increas@umber of online elementary and
secondary schools.” As pointed out in the preseatwew, the moderator effect of grade
level was examined by some previous meta-analygegel et al (2006) found that
younger learners (i.e. combination feschool, elementary, middle, and high school
children) seemed to benefit less=4.111,p < .0001,N = 6138) from serious games,
compared with older learners consisting of a coltitdm of college students and adult

populations(z = 7.434,p < .0001,N = 2336), although this comparison failed to quite

reach statistical significanc#/outerset al (2013) found similar results, with adults <



24

0.50, 95% CI [-0.10, 1.10]) seemingly benefitingreathan childrend = 0.30, 95% ClI
[0.08, 0.52]) from playing serious games, but mothte point of statistical significance.

Thus, because of previous meta-analytical findittys fifth hypothesis reads as follows.

Hs: The beneficial effect of instruction using sesogames on learning
achievement outcomes, in comparison with more aatieal instruction, is
greater for older learners compared with youngamiers.

Duration of Intervention. Examining the moderator effect of duration of imggrtion
consists of verifying whether the effect of seriay@mes on learning achievement, in
comparison with more conventional instruction, gardepending on the length of game
play. In a 1977 meta-synthesis on serious gamesfyPalready cautioned that short
duration studies, in which one group continues il same instructional method they
have been using previously while another groupuigjested to a new technological
method, being the serious game, are almost alwdlyenced by a Hawthorne or novelty
effect biasing the results. Novelty effect has belescribed as the greater learning
transitorily achieved by participants in the experimental grbepause of their increased
interest and motivation toward the new technoldgiwadia, and as the attenuation of this
beneficial effect as the duration of exposure ®téthnological media lengthens (Clark,
1983; Colorado, 1988; Lookatch, 1995; Poppenk, Mwoisch & Kohler, 2010;
Timmerman & Kruepke, 2006). The presence of noveligct in computer-assisted
instruction (CAl) in general was confirmed by salaneta-analyses (Bayraktar, 2001;
Kulik, Bangert & Williams, 1983; Kulik & Kulik, 198, 1991; Kulik, Kulik & Shwalb,
1986; Liao, 1998, 2007; Roh & Park, 2010; Schenk@67). These meta-analyses found
that, when compared with more conventional instomgtionger duration of exposure to
CAI (e.g. more than four weeks) was associated sntaller learning effect sizes than a
median duration of exposure to CAl (e.g. betweea amd four weeks) which itself was

associated with smaller learning effect sizes thamorter duration of exposure to CAl
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(e.g. less than one week). For the specific typEAlfthat are serious games, the present
overview suggests more contradictory findings. @ekkand Donatti (1981) found a
negative correlation between duration of game ay, both learning (= -.282;p < .05)
and retention achieved € -.431;p < .05), a result suggesting the presence of altyove
effect and going along well with meta-analyses okl @ general. On the contrary,
Sitzmann and Ely (2011) found that learners besgfihore from game play when they
had unlimited ¢ = 0.68, 95% C[0.54 — 0.82],N = 925) rather than limitedd(= 0.31,
95% CI[0.23 — 0.38]N = 2738) access to the serious game. In the samas&itzmann
and Ely, Woutergt al (2013) found that serious games were signifigamibre effective
(z1= 3.94,p < .003) when played over multiple training sessihs 0.54, 95% CJ0.35

— 0.72],k = 30) rather than a single training sessior (0.10, 95% CJ-0.07 — 0.26]k =
47), while Clarket al (2015) found that effect sizes were significandipaller b =
-0.37,p = .03, 95% CI [-0.70, —0.04]) when serious gamesewsayed in one game
sessiond = 0.08, 95% CI [-0.24, 0.39N = 43) versus multiple sessiorg< 0.44, 95%
ClI [0.2, 0.59],N = 166). However, one limitation of the three lastntioned meta-
analyses on serious games is the fact that onlyléwels of game play duration were
considered (e.g. one session vs. multiple sessitng precluding a finer analysis with
regard to the effect of game play duration. In adaonce with the previously discussed
meta-analyses on CAIl in general, it is thus possibht learning promoted by serious
games needs more than one play session to readaxisnum effect, and that this effect
wanes thereafter as game play duration lengthdmerelore, the sixth hypothesis reads

as follows.

He: The beneficial effect of instruction using sesogames on learning
achievement outcomes, in comparison with more caiimeal instruction,
decreases with length of game play duration.
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Activity Level of the Comparison Group. Examining the moderator effect of the activity
level of the comparison group consists of verifywgether the group playing a serious
game shows more learning outcomes when the coropagi®up receives passive rather
than active conventional instruction. There is gahagreement in the scientific literature
that learning is enhanced when learners activedyaga with the course material (Newell,
Rosenbloom & Laird, 1989; Sitzmann, Kraiger, Steaw&arWisher, 2006; Webster &
Hackley, 1997). Active learning has been found éodffective across several subject
matter areas (Freemaat al, 2014) and should benefit learning regardlessvioéther
learners are playing a serious game or learning frore conventional instruction. It has
been posited (Bell & Kozlowski, 2008; Keith & Fre2805, 2008) that active learning is
beneficial by helping learners develop a more exfimental model of course material
(i.e. declarative knowledge) and the expertise irequto apply their knowledge to
different circumstances (i.e. procedural knowledd&cording to previously discussed
meta-analyses (e.g. Sitzmann & Ely, 2011; Wouetrsl, 2013), learners in comparison
groups are considered active when they are usaugrguterized tutorial, participating in
a discussion, completing assignments or exercik®@sg hands-on laboratory work, or a
combination of these instructional methods. They @nsidered passive when they are
listening to a lecture or PowerPoint presentati@ading textbook or other forms of
expository texts, watching a video, or a combimatd these instructional methods. The
previously discussed Sitzmann & Ely meta-analy&81{) found that adult trainees
learning with serious games learned more than casges trainees learning with more
conventional instructional methods, when the mamventional instruction was passive
rather than active. Although this finding was neplicated by Wouterst al’s (2013)
meta-analysis, based on theoretical postulatesSamthann and Ely’s (2011) finding, the

seventh hypothesis reads as follows.
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H7z: The beneficial effect of instruction using sesogames on learning
achievement outcomes, in comparison with more aatieal instruction, is
larger when the comparison group receives passatker than active
instruction.

Ludic Content. Examining the moderator effect of ludic content sists of verifying
whether the effect of serious games on learningesement, in comparison with more
conventional instruction, varies depending on hodid a game is. Thiedic contentcan

be described as the “entertainment value” of thmegdSitzmann & Ely, 2011), the
“enjoyment felt while playing” (Hays, 2005) or vesymply, as Prensky (2001) wrote,
how “fun” the game is. Baranowski, Buday, ThompgoBaranowski (2008) noted that
“fun” is not a concept that is well understood dhdt typical measures of enjoyment (or
fun) have used synonyms of fun (e.g. enjoy, likeerested, pleasurable, energizing).
Several scholars (e.g. Goh, Ang & Tan, 2008; Jomn$891; Prensky, 2001) posited that
more ludic serious games promote greater learncigeaement. In a 2009 meta-
synthesis examining the effects of serious gamesealth and physical education,
Papastergiou (2009, p. 608) notably concluded #rgbyment [...] seems to account for
the effectiveness of the games.” In the presentvaas, it was pointed out that only
Sitzmann and Ely’s meta-analysis (2011) examinedetffiect of this moderator on the
learning achieved playing serious games, and folgadning attained with high
entertainment value games € 0.26, 95% CI[0.11 — 0.41],N = 809) was not
significantly higher than learning achieved witkvlentertainment value games$< 0.38,
95% CI[0.31 — 0.45],N = 32163216). Thus, because of theoretical possiand

because of Papastergiou’s meta-synthetic findimgseighth hypothesis reads as follows.

Hs: The beneficial effect of instruction using sesogames on learning
achievement outcomes is greater for games withehilyldic content than for
games with lower ludic content.
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One has to recognize here that the effects of ladident could also have a complex
relation to engagement and duration of gameplais fBsting would be beyond the scope

of the present work.

Level of Realism. Examining the moderator effect of level of realisrmansists of
verifying whether the effect of serious games aarrieng achievement, in comparison
with more conventional instruction, differs deperglon how realistic the game interface
looks. Game realism can be defined as how accyriditelgame “replicates the real world
environment” (Wilsonet al, 2009, p.232), or as the physical and psycholdgi
similarity between a game and the environmentptasents (Crawford, 1984). Several
scholars posited that a higher level of game meakshances learning (e.g. Bell &
Smetana, 2008; Dickey, 2007; Gehal, 2008; McClartyet al, 2012; Prensky, 2001,
Warren, Dondlinger & Barab, 2008). For example oagng to Bell and Smetana (2008,
p. 3), realism can “bring the subject matter te”liand favor the development of mental
constructs about objects, phenomena and proceSetarly, in a 2011 meta-synthesis
on serious games, Mikropoulos and Natsis (p. 768dthat “real world, authentic tasks
[...] enable context and content dependent knowlecgestruction.” In the present
overview, it was pointed out that three previougavanalyses (Clarkt al, 2015; Vogel
et al, 2006; Wouter®t al, 2013) examined the moderator effect of realisith wather
concurring results. Contrary to previous postulat&suterset al (Zschematic vs. realistic
2.25,p = .01) and Clarket al (b = 0.45,p = .03) found that less realistic (schematic)
games were significantly more beneficial than mreddistic (photorealistic), while Vogel
et al. found a slightly higher beneficial effect for schatic gamesz(= 5.447) than for
photorealistic gamesz (= 4.105, although this comparison did not reach stafstic
significance. One possible interpretation for thiasdings is that visual complexity may

“distract students from the intended learning conte provide alternative goals within
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the game that do not support improvement on thesassl outcome measures” (Clatk
al., 2015, p. 34). Thus, because of the general agmeeamong these three previous

meta-analyses, the ninth hypothesis reads as fellow

Ho: The beneficial effect of instruction using sesogames on learning
achievement outcomes, in comparison with more aatieal instruction, is
greater for less realistic games than for mords@aames.

Level of User Control. Examining the moderator effect of level of usertcolnconsists of
verifying whether the effect of serious games aarrieng achievement, in comparison
with more conventional instruction, differs deperglion whether a learner can decide
what happens during his navigation through the gameot. This moderator can be
described subjectively as the sense of being itrabwhich is experienced by the user
while using a medium (Csikszentmihalyi, 1990; Geedl1996) or objectively as the
“users’ ability to influence elements of their legrg environment, such as [...] how they
navigate through content, and their pace throughgime” (Wilsoret al, 2009, p. 234).

It was posited that learner control over navigattbrough tasks and activities is a
“surprisingly important feature of effective leamgi games” (Mayo, 2009, p. 80).
Similarly, Gifford (1991) emphasized the importardecontrol in a good serious game.
In the present overview, it was pointed out thatyoone previous meta-analysis
examined this moderator. Voget al (2006) found that significantly higher learning
gains were observed for studies in which learnags ¢ontrol over content, sequence or
pace of navigationz(= 7.038,p < .0001,N = 3656), and lower, albeit not significantly
different, learning gains for studies in which leenrs did not have control over any of
these elementsz (= -2.099,p = .018,N = 94). Another meta-analysis (Sitzmaenal,
2006), not discussed in the overview, examinedetifiect of this moderator in studies
comparing the impact of Web-based instruction (WBlyelation to more conventional

classroom instruction and found concurring resdlte cumulative findings showed that
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the extent to which Web-based trainees learned thare classroom trainees was greater
when they were afforded a higtl £ 0.30) rather than a low level of contrdl £ 0.07)
during WBI. Thus, the tenth hypothesis reads devd.

Hio: The beneficial effect of instruction using sesogames on learning
achievement outcomes, in comparison with more aatimeal instruction, is
greater when learners control their navigation ulgrothe game than when
they do not.

Randomization. Examining the moderator effect of randomizationsists of verifying
whether the effect of serious games on learningesement, in comparison with more
conventional instruction, differs depending on vileeta pure experimental (participants
randomly assigned to group or randomized contr@l)tror quasi-experimental
(participants not randomly assigned to group) stubsign is used. Randomized
controlled trials are the most rigorous way of deiaing whether a cause-effect relation
exists between treatment and outcd@eardet al, 2013; Sibbald & Roland, 1998), but
only a minority of studies which examined the impaicserious games used this design
(Connolly, Boyle, MacArthur, Hainey & Boyle, 201®loruntegbe & Alam, 2010).
Because an experimental design is more rigorouss, dften posited that effect sizes
related to the effect of serious games on learatigevement should be lesser in such
design (Bisoglio, Michaels, Mervis & Ashinoff, 2014n the present overview, it was
pointed out that three meta-analyses examined tdemator effect of randomization and
all concur that randomization is associated withdpoverall effect sizes. Sitzmann and
Ely (2011) found that random assignment to a gr@up 0.35) yielded a slightly lower,
but not significantly different, overall effect sizhan the lack of random assignmeht(
0.43). Wouterset al. (2013) found that random assignment to a grodip @.08)
significantly attenuatezéngom vs. non-randorie 2-75,p = .003) the positive learning effect of

serious games compared with lack of randomization @.44). Clarket al. (2015) found
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that randomization was not significantly associgted -0.26,p = .051) with effect size
magnitude across studies, but that it was closggificance, with quasi-experimental
studies yielding a notably larger average effert §§ = 0.43) than experimental studies

(g=0.17). Thus, the eleventh hypothesis reads &snfsl

Hi1: The beneficial effect of instruction using sesogames on learning
achievement outcomes, in comparison with more aatimeal instruction, is
greater for studies using a quasi-experimentaigdesian for studies using an
experimental design

Experimental Design. Examining the moderator effect of experimental gesionsists of
verifying whether the effect of serious games amrrieng achievement, in comparison
with more conventional instruction, differs depemgion whether a study used a
pretest/post-test design or a post-test only desgpme scholars (e.g. Pierfy, 1977,
Salthouse & Tucker-Drob, 2008) posited that prépest-test design poses a risk of a
test-retest effect, especially so when the santeidassed at both times, thus enhancing
the observed effect size due to game playing. Osblplars (e.g. Hays, 2005; Liao,
1998) posited that, on the contrary, repeated measesign is methodologically more
rigorous and takes into account learners’ variongyelevels of knowledge before
playing the game. In the present overview, it wamted out that two meta-analyses
examined this moderator and concurred that thenm isignificant effect with regard to
this moderator. Sitzmann and Ely (2011) found thatpretest/post-test study design=(
0.36) yielded an identical overall effect size witle post-test only study desigd £
0.36). Wouterset al (2013) found that the experimental design hadefiect on the
magnitude of the effect Siz@pst-test only vs. pre-posttest 0.55,p > .1), with post-test only
(d =0.25) and pretest/post-test=< 0.32, 95% CJ0.16 — 0.48]k = 50) designs yielding

rather similar effect sizes. Thus, the twelfth éast hypothesis reads as follows.
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Hi2: The beneficial effect of instruction using sesogames on learning
achievement outcomes, in comparison with more aatimeal instruction, is
greater for studies using a quasi-experimentaigdesian for studies using an
experimental design.

Year of Publication. Examining the moderator effect of year of publicaticonsists of
verifying whether the group playing a serious gdeaens more, compared with the more
conventional instruction group, in more recent ssdather than in older studies. Several
scholars posited that because technology “advawessrapidly” (Roh & Park, 2010,
p. 150) and “is becoming more manipulative, intévac and ‘real’ by the day” (Brinson,
2015, p. 230), more recent studies that compared farm of computer-assisted
instruction (CAI) to more conventional instructishould probably yield better results in
favor of CAl than older studies. According to Lifl®98, p. 353), year of publication is
thus an important moderator because it “allows ssessment of the effects of media
over time.” As can be noted from the present owvyirather conflicting results were
found for this moderator. Dekkers and Donatti’'s§1Pmeta-analysis found a positive
correlation between date of publication and retenfi = .539;p < .05). Sitzmann & Ely
found that the correlation between year of pubilicatind overall effect size for learning
was not statistically significant & .16,p > .05). Thus, because of the aforementioned
theoretical postulates and meta-analytical findoigDekkers and Donatti (1981), the

thirteenth hypothesis reads as follows.

His: The beneficial effect of instruction using sesogames on learning
achievement outcomes, in comparison with more aatimeal instruction, is
larger in more recent studies compared with oltetiss.

Publication Status. Examining the moderator effect of publication stattonsists of
verifying whether the effect of serious games aarrieng achievement, in comparison
with more conventional instruction, differs deperglon whether a study is published in

a peer-reviewed journal or unpublished in this eghtWe will hereafter designate as



33

“unpublished” the studies (e.g. dissertation theaets of proceedings, research reports)
that have become available on platforms other tpapr-reviewed journals. This
moderator is related to the “file drawer probler@lgss, McGaw & Smith, 1981) that is a
potential bias affecting meta-analysis. It concehesfact that studies included in a meta-
analysis may not be a correct representation aftatlies that were actually conducted on
a subject (Ellis, 2010; Rosenberg, 2005; Rosenitefl5). Because statistical analyses of
studies published in peer-reviewed journals areeniiiely to have reached statistical
significance and larger effect sizes, compared wsitldies unpublished in such journals
(e.g. acts of proceedings, dissertation thesegjaito a balanced view of the literature on
a subject, both published and unpublished studiesld be examined (Rothstein, Sutton
& Borenstein, 2005). In the present overview, isypainted out that three previous meta-
analyses examined this moderator and they all caet published studies yield larger
effect sizes. Dekkers and Donatti (1981) found sitpy@ correlation between publication
status and both learning £ .326;p < .05) and retentiorr (= .477;p < .05), suggesting
that published studies reported larger effect siras unpublished studies. Sitzmann and
Ely (2011) found that effect sizes were signifitarirger across published & 0.52)
compared with unpublishedd (= -0.10) studies. Wouterst al (2013) found that
published studiesd(= 0.36) seemed to yield larger effect sizes thapublished studies
(d = -0.20), but this result did not reach significanp > .05). Thus, the fourteenth

hypothesis reads as follows.

His: The beneficial effect of instruction using sesogames on learning
achievement outcomes, in comparison with more aatimeal instruction, is
greater for published than unpublished studies.
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M ethod

The present work used the same classical metataa@hlgpproach (Glass, McGaw &
Smith, 1981; Hunter & Schmidt, 1990; Hunter, Schrdidlackson, 1982; Kulik, Kulik &
Bangert-Drowns, 1985; Liao, 1998) which was useddzgnt meta-analyses discussed in
the overview. This method can be declined in thieiong four steps: (1) locate studies
through objective and replicable literature seafhdescribe outcomes using a common
scale, (3) code these studies for salient chaiatitsr (i.e. moderator variables), (4) use

statistical methods to relate the study charac¢tesiso the outcomes.

Literature Search

Computer-based literature searches of three daal{&RIC, Google Scholar, PsycNet)
were conducted to locate relevant studies. Therighgo which was used for the search

consisted of a set of keywords related to medi (eerious game,” “simulation game,”

” “ ” “

“virtual simulation”), knowledge domain (e.g. “soige,” “physics,” “chemistry,”
“biology”), outcome (e.g. “learning,” “learning a@vement,” “knowledge gain”) and
presence of a control group subjected to more gcdiveal instruction (e.qg.
“experimental,” “comparison group,” “traditional;’tonventional”). To be included in
the initial review, studies had to contain termkevant to each of these four sets of
keywords. This initial search yielded > 1,000 pbksistudies. A review of abstracts,
combined to skim reading of studies when necesdanyted the initial list to 62
potentially relevant studies. Using a snowball teghe (Greenhalgh & Peacock, 2005),
reference lists of these studies were manuallyckedr for more relevant studies,
resulting in a new total of 195 potentially relevatudies. In addition, a manual search
was performed through the reference lists of séveeata-syntheses (e.g. Brinson, 2015;

Girard et al, 2013; Lee, 1999; Randet al, 1992) and meta-analyses (e.g. Clarlal,
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2015; Sitzmann & Evy, 2011; Voget al, 2006; Wouter®t al, 2013) on the impact of
serious games, resulting in a new total of 238 @ty relevant studies. Finally,
researchers with some expertise in the field abesrgames were asked to provide leads
on possible supplementary studies, resulting imal total of 242 potentially relevant

studies, of which 79 survived application of indtuscriteria.

Inclusion Criteria

To be included in the present meta-analysis, ssuda to meet five inclusion criteria:
(1) the article had to describe an experimentajuasi-experimental study comparing a
group subjected to playing a serious game with augrsubjected to non-game
instruction; (2) the subject matter had to be gti@ntific discipline within the natural and
physical sciences (e.g. physics, chemistry, bialagy.); (3) the article had to present
quantitative learning outcome measurement of eitlestarative knowledge, procedural
knowledge or retention; (4) compared groups hacbtwsist of non-disabled learners; (5)
the study had to provide sufficient data to allaw €alculation of standardized effect
sizes (@), such as mean$/fj with standard deviation$SD), sample sizesN), t-values or

univariateF-values.

Coding of Moderators

With respect to moderators, all the coding wasgraréd on a SPSS 23 data sheet by two
of the study's authors. The original inter-raterremgnent was 90 percent. Most
disagreements concerned randomization, level of ueatrol, level of realism and
activity level of the comparison group for whichregment went down to 79 percent. For
these moderators, we found that papers were nadyalvexplicit and some implicit

deduction was necessary. All disagreements on adeng were afterward resolved by
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discussion and consensus after careful re-exaromafi corresponding papers. For every
moderator, codes used by previously discussed amgthses on serious games were
used to help comparisons, with one exception: tloagories were used to code
duration of interventionto better account for novelty effect, instead wb tcategories
used by Sitzamnn and Ely (2011), Woutetrsl (2013), and Clarkt al (2015). Table 2,
at the end of the present text, summarizes codsegl ior each moderator and Table 3

summarizes coding for each moderator and each .study

Calculating Standardized Effect sizes (d) for Learning Outcomes

With respect to the three learning outcomes, #&vent quantitative data (i.81, SD, N)
and results of statistical inference tests (i-ealues,F-values) were entered onto the
same SPSS 23 data sheet. The approach developdddges (1981) and Hedges and
Olkin (1985) was used to analyze the data. Thedstalived effect size computed for
every learning outcome in primary studies wWawhich quantifies the difference between
learning achieved by the group subjected to a gergame and the group subjected to
more conventional instruction. To this end, Glads(Gaw and Smith’s (1981) formulas
(i, ii, iii, iv, v) revised by Hunter, Schmidt & d&son (1982) were used. When means and
standard deviations were available, formulas iiamgre used. When a study conducted
only a post-test, formula i was used. The meantifigr control group Nictrl) was
subtracted from the mean for the experimental gr@dexp), and this difference was
divided by the pooled standard deviation for the gvoups $Dpooled) obtained with
formula v. When a study conducted a pretest ands&tpst, formula ii was used. The
post-test mean for the control group was subtraftech the post-test mean for the
experimental group, and this difference was dividgdhe pooled standard deviation for

the two groups at post-test to obtain a post-testignt. The same computation was done
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for pretest to obtain a pretest quotient. Then pifleeest quotient was subtracted from the
post-test quotient to obtaoth When means and standard deviations were notaijl

either formula iii {-value) or iv F-value) was used to compute

d= (Mexp — Mctrl) / SDyooled 0]

d = [(MeXp - MCtI‘l) /S[)poo|ed post-test [(Mexp - MCtI‘l) /S[)pome(] pre-test (”)

4= * e i
d= \/F\/(Nelxp * Ncltrl) (V)
Sy D g

deorr = [1 - 22)] * d (vi)
95% Cl =deor * Zoss* (0] (vii)

In addition, because of a possible small sampls, [@h effect sizes were then adjusted
with the small-sample correction formula (vi) toopide unbiased estimates of effect
sizes for learning outcomes (Hedges, 1981; Hedg&¥k&, 1985). In this formulagco
corresponds to the corrected effect sideorresponds to the cumulative post-test sample
size for the experimental and control groups, ahdorresponds to the original
standardized difference effect size computed vatmbilas i to iv. Then, overall meais
were computed for every learning outcome by weightior the total sample size of

every primary study. A total number of 138 effazeswere analysed.
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Some of the primary studies reported data, fordhmme learning outcome, from two
experimental groups subjected to serious game®mahdd control groups subjected to
more conventional instruction. In such cases, aglted mean and pooled standard
deviation based on the sample size of each grogpfived computed for all experimental
groups and/or for all control groups, before apmlyithe aforementioned formulas.
Likewise, some of the primary studies reported pl@tquantitative dataM, SD) based
on the same experimental and/or control group feingle learning outcome. In such
cases, one mean and one standard deviation pgy grasi computed per group for that
learning outcome, before applying the aforementdof@mulas. Finally, 95 percent
confidence intervals (Cl 95%) were computed arouhe weighted overallds by
applying formula vii. In this formulagse, corresponds to thevalue (i.e. 1.96) associated
with a 5 percent risk of type | errd8Dd corresponds to the standard deviatiordgm,
andN corresponds to the total number of participanés dontributed to computation of
deor. Confidence intervals present the benefit of assgshe accuracy of the estimate of
the mean overallls and provide a reliable estimate of the extenwitich the overall

meands are different from zero (Whitener, 1990).

Moderator Analyses

A test for heterogeneity (Hedges & Olkin, 1985; ¢iigs, Deeks & Altman, 2008;
Higgins & Thompson, 2002; Higgins, Thompson, De&k&ltman, 2003; Kulinskaya &
Dollinger, 2015) was first conducted to verify whet effect sizes were consistent across
studies. A test for heterogeneity examines the hyjothesis that all studies are
evaluating the same effect. For the overall mafact$ of the three learning outcomes,
the set of effect sizes was tested for heterogebgiperforming a Cochran® analysis

(QT statistic). QT is computed by summing the squared deviationsawth study's
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estimate from the overall meta-analytic estimateigiming each study's contribution in
the same manner as in the meta-anal@¥ishas an approximaté distribution withk - 1
degrees of freedom, whekeis the number of effect sizeB-values are obtained by
comparing the statistic with this expectgddistribution. If QT is beyond the statistical
threshold p < .05), then the null hypothesis of homogeneityregected, and the
alternative hypothesis of heterogeneity is accepiedeptance of heterogeneity indicates
that there is more variability in the overall mesffect size than would be expected by
chance alone, thus suggesting that it is appr@pt@atonduct moderator analyses, which

was the case here.

The objective of moderator analyses was to deterrwhether the impact of serious
games, relative to more conventional instructiaffeced based on each theoretical and
methodological study’s features described abovedéviting effects were tested by
classifying studies according to moderator categorand testing for heterogeneity
between categories (Liao, 1998). Because all mtolsracomprised three or more
categories, a univariate analysis of variance vaasptited to test whether mean effect
sizes across categories for each moderator difteyedore than chance alone. When that
was the case, it was concluded that the moderamb@rsignificant effect on the relation
between playing a serious game and learning adiemed a pairwise comparison of
mean effect sizes was performed using a Bonfenpost hoc test to determine which

means were significantly different.

Results

First, at a descriptive level, a majority of stugliacluded in the present meta-analysis
were conducted in North Americd\ (= 41). A considerable number of studies were

conducted in EuropeN( = 25). A lesser number of studies were conducted\sia
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(N = 10), while only two studies were conducted imi¢g€ and one study was conducted
in Australia. A majority of studied\(= 69) were published in a peer-reviewed journal,
three studies were dissertation theses and seuelestwere acts of proceedings. A
majority of the included studiedl (= 46) found that serious games produced signifigan
greater science learning achievement than moreectional instruction. A considerable
number of studied\ = 26) found that there was no significant differefetween science
learning achieved playing serious games compar#d twaditional instruction. A lesser
number of studiesN = 7) found that more conventional instruction v&gnificantly
more effective on science learning achievement g&ious games. It is important to
note that, given the selection criteria for studid®e selected games could not be
considered representative of commercially succeggmes played by many but less

related to school and consequently less studiduisrcontext.

Results for the main effects analyses are presantddble 4, at the end of this text.
HypothesisH; predicted that instruction received with serioumga would yield higher
learning gain in terms of declarative knowledge pared with instruction received with
more conventional methods. Across 65 studies tlegtsored this outcome and provided
enough statistics to allow calculation of effectes, it was found that declarative
knowledge was higher for learners subjected toossrigames instruction than for
learners subjected to more conventional instrucfbr 0.34, 95% IC [0.25, 0.43k =
65, N = 7354). The confidence interval for this outcoexeluded zero, thus leading to
acceptance of hypothesis;.HThis finding suggests that, with respect to detiee
knowledge gained, approximately 63 percent of le@m the experimental group would
be above average in the control group (Sullivaneink, 2012). The&)T statistic QT =

296.17,df = 64,p < .001) was very significant, meaning that thevitthal effect sizes
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which contributed to this overall effect size weneterogeneous and it was thus

appropriate to test for moderators.

HypothesisH; predicted that instruction received with serioumga would yield higher
learning gain in terms of knowledge retention coragawith instruction received through
more conventional methods. Across eight studies thaasured this outcome and
provided enough statistics to allow calculatioretiect sizes, it was found that retention
of knowledge was higher for learners subjectedeidoss games instruction than for
learners subjected to more conventional instrudfion 0.31;k = 8; N = 10251025; 95%
IC [0.10, 0.52]). The confidence interval for tlwatcome excluded zero, thus leading to
acceptance of hypothesis,.HThis finding suggests that, with respect to krexlge
retention, approximately 61 percent of learnerh@aexperimental group would be above
average in the control group. TIGZT statistic QT = 5.28,df = 7, p > .05) was not
significant, meaning that there is not enough logfeneity between the individual effect

sizes which contributed to this overall effect diagustify moderator analyses.

HypothesisH 3 predicted that instruction received with serioumga would yield higher
learning gain in terms of procedural knowledge cared with instruction received
through more conventional methods. Across sevediesuthat measured this outcome
and provided enough statistics to allow calculatadneffect sizes, it was found that
procedural knowledge gain was higher for learnalgested to serious games instruction
than for learners subjected to more conventionstruiction @ = 0.41;k = 7; N = 556;
95% IC [0.11, 0.71]). In addition, the confidenagerval for this outcome excluded zero,
thus leading to acceptance of hypothesis Hhis finding suggests that, with respect to
procedural knowledge gain, approximately 66 pera#gntearners in the experimental

group would be above average in the control grotye.QT statistic QT = 7.12,df = 6,p
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> .05) was not significant, meaning that there as enough heterogeneity between the
individual effect sizes that contributed to thisewadl effect size to justify moderator

analyses.

As shown in Table 1, th@T value was found to be significant for all three maverall

effect sizes, indicating they are heterogeneous taatl it is appropriate to conduct
moderator analyses. Furthermore, because the dezall mean effect sizes for learning
outcomes were relatively similar and their conficemtervals overlapped,@B analysis

was conducted to test for heterogeneity betweem.tide analysis yielded a result that
was not significant)¢(2) = 1.96,p > .05), suggesting that the overall mean effeassiz
for declarative knowledge, knowledge retention, gmdcedural knowledge were not
different by more than simple sampling error. Theeé learning outcomes were thus

combined for the moderator analyses.

Table 5, at the end of this text, summarizes resaflthe univariate analyses of variance
(F) that were conducted for every moderator to venihether its categories influenced
significantly the overall effect size. A statistic beyond the threshold for a moderator
indicates that the mean effect sizes across theeratmi’s categories differ by more than
chance alone. Such finding suggests that the mimledaes have a significant effect
affecting the relation between playing a seriousigm and learning achieved (Lipsey &
Wilson, 2001). However, effect size, more than jueaindicates the possible amplitude
or importance of an effect and consistent variatibeffect sizes could suggest that, with
more studies and larger samples, significant resumtiuld be observed. To identify the
possible needs for future research, examinationefiéct sizes was also done
systematically for each moderator and consistenatans reaching the limit of 0.10

were identified.



43

For subject areaa nonsignificanf statistic was foundH{3, 61] = 0.179;p = .911),
suggesting that scientific discipline did not seenmave anoderating effect on the link
between playing a serious game and science learacigeved. Because of this
nonsignificant result, a post hoc Bonferroni tesiswot performed. Examination of the
overall mean effect sizes associated with eacmsfigediscipline showed that physics
appeared to be associated with the highest overadin effect sized(= 0.38). Physics
appeared to be followed in decreasing order byddence ¢ = 0.33), chemistryd =

0.24) and astronomy or Earth sciende=(0.21).

For grade level a significantF statistic was foundH{2, 60] = 6.064;p = .004). The
pairwise post hoc comparison using the Bonferramrextion showed (1) a significant
difference Ad = 0.53;p = .005) between the overall mean effect sizeshigh school
students and college/adult students in favor ohhsghool students; (2) a marked
difference Ad = 0.40; p = .103) between the overall means for elementahod
students and high school students in favor of hsghool students, although this
difference did not quite reach statistical sigmfice; (3) a small and nonsignificant
difference Ad = 0.13; p = .803) between the overall means for elementahod

students and college/adult students in favor ahelgary school students.

For duration of interventiona significantF statistic was foundH(3, 61] = 4.227;p =
.022). The pairwise post hoc comparison using tle@f@&roni correction showed a
significant difference Ad = 0.12; p = .026) between the overall mean effect sizes
obtained for (1) studies with an intervention léngt less than one week in comparison
with (2) studies with an intervention length betweene and four weeks, with the
difference being in favor of (1). Likewise, the Bemoni correction showed a significant

difference Ad = 0.13;p = .020) between the overall means obtained fosi{@jies with



44

an intervention length between one and four weeki(8) studies with an intervention

length longer than four weeks, with the differebegng in favor of (2).

For activity level of the comparison groug marginal, but nonsignificait statistic was
found F[2, 62] = 2.883;p = .064), suggesting that the activity level of tteenparison
group did not seem to havaraderating effect on the relation between playirsg@ous
game and science learning achieved. Because ohdmsignificant result, a post hoc
Bonferroni test was not performed. However, exationaof the overall mean effect
sizes associated with the two categories defiriiegevel of activity of the control group
(i.e. 1 = more passive vs. 2 = more active) shothatia more passive comparison group
appeared to be associated with a higher overalhreffact size Ad = 0.24) in favor of

serious games relative to a more active compagsoup.

For ludic contentof the serious game, a nonsignific&nstatistic was foundH[2, 44] =

0.249;p = .781), suggesting that the presence of a highdic content in the serious
game did not benefit learning more in comparisotiai lower ludic content. Moreover,
the mean overall effect sizes associated with aetoor a higher ludic content were

almost identical.Ad = 0.03).

For level of realismof the serious game, a nonsignificdhtstatistic was foundH(1,
63] = 1.854;p = .179), suggesting that serious games have rereiitial effect on
science learning achieved depending on their lezetalism. Despite this nonsignificant
result, the mean overall effect size associateth wathematic/unrealistic gameAd(=
0.13) appeared to be larger than the mean oveffdictesize associated with

photorealistic games.
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For level of user controtiuring the game, a significaktstatistic was foundH{2, 55] =
3.582;p = .012). The pairwise post hoc comparison usirg Bonferroni correction
showed that the mean overall effect size when &rarrhad control over content,
sequence or pace of the serious game was lakger 0.24) than the mean overall effect

size when learners did not have control over arthese three elements.

For randomizationto group, a nonsignificarf statistic was foundH{2, 57] = 1.741,
p =.194). Nevertheless, the overall mean effea sizstudies not using randomization
to assign learners to groups appeared to be sifith= 0.08) than the overall mean

effect size of studies using randomization.

For experimental designa nonsignificantF statistic was foundH[2, 51] = 0.808;
p = .608). The overall mean effect size of studising a post-test only design appeared
to be very similar 4d = 0.03) to the overall mean effect size of studisg a pretest-

post-test design.

For year of publicationa significantF statistic was foundH(2, 62] = 6.993;p = .002).
The pairwise post-hoc comparison using the Bonfercorrection showed a significant
difference Ad = 0.26;p = .002) between the overall mean effect sizes(Iprstudies
published from 2010 to the present day and (3)issudublished before 2000, in favor of
(1). Bonferroni correction also showed a significdifference Ad = 0.26;p = .018)
between the overall mean effect sizes for (1) ssigiublished from 2010 to the present

day and (2) studies published between 2000 and, 2@@én in favor of (1).

For publication statusa significantF statistic was foundH(2, 62] = 3.198;p = .038).

The overall mean effect size for studies publisiveda peer-reviewed journal was
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significantly higher Ad = 0.25) than the overall mean effect size of gsidinpublished

in a peer-reviewed journal.

Discussion

Learning Outcomes

With regard to hypotheseld; to Hs, findings suggest that serious games are more
beneficial, in the context of natural sciences afitth equivalent instructional time, than
more conventional instructional methods on dedlaaknowledge gain, knowledge
retention and procedural knowledge gain. Thus, thgses kito H; are accepted. These
findings are in accordance with findings of metalgses discussed in the preceding
overview (and not specifically related to natureleaces), which have mostly come to
the same conclusions. Moreover, it is interestmgiote the similarity between mean
overall effect sizes computed in the present waortt mmean overall effect sizes of past
meta-analyses. For example, flaclarative knowledggain, an overall effect size of 0.34
was found in the present work, while previous wohkse found quite similar overall
effect sizes of 0.35 focognitive learningoutcomes (Clarlet al, 2015), of 0.27 for
knowledge learningWouterset al, 2013) and of 0.28 fodeclarative knowledgegain
(Sitzmann & Ely, 2011). Foknowledge retentignan overall effect size of 0.31 was
found in the present work, while previous works ddound quite similar overall effect
sizes of 0.36 (VanSickle, 1986 Wouteatsal, 2013). Sitzmann and Ely (2011) found a
slightly lower effect size of 0.22 for this sametaame, a result which could possibly be
explained by the fact that Sitzmann and Ely’s stiatyised exclusively on adult trainees
and, thus, on a very circumscribed educationalecdntAlthough points of comparison

are more difficult to establish fgrocedural knowledgethe overall effect size of 0.41
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found in the present work was relatively similathe overall effect size of 0.37 found by
Sitzmann and Ely’s (2011) meta-analysis. Thus,ifigsl of the present meta-analysis
seem to confirm that instruction with serious ganoesnpared with more conventional
instruction, is associated with a small to modepaisitive overall effect size on science
learning achievement. Findings also seem to confitat the significant effects do not
differ when considering declarative knowledge g&mowledge retention or procedural
knowledge. In addition, the impact of serious garamsscience learning achievement
does not appear to be different from their ovenafiact on learning achievement in other
domains of knowledge. This general result, befoomsiering the effects of the
moderators, does not support the proposition thatral sciences have a special relation

to serious games.

Moderators

With regard to hypothesid,, findings suggest that serious games are notrdiftally
beneficial on science learning achievement dependm scientific subject area. Thus,
hypothesis H is rejected. Despite this finding, the discipliolephysics appeared to be
associated with the highest overall mean effeat, sithich contradicts some theoretical
postulates. Indeed, because physics is a disciplimérich misconceptions, or erroneous
beliefs about natural phenomena, are particulagf entrenched among learners, it was
earlier pointed out that some scholars (e.g. Yatreg, 2012) posited that serious games
could be detrimental for learning physics becaussy tmight induce or consolidate
misconceptions. Thus, findings of the present ma@&ysis do not support this claim. In
addition, the nonsignificant present finding foristrmoderator could be considered
slightly conflictual with previous meta-analysesdameta-syntheses on serious games

that examined the moderator effect of subject afsapointed out in the overview,
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subject areas compared in these past reviews tewtsi$ various knowledge domains
(e.g. mathematics, science, language, etc.) ansl #u inter-domain comparison was
conducted. Usually, the conclusion reached wash#o dffect that learning achieved
differed depending on subject area (e.g. Rartlal., 1992; Woutert al, 2013). This
observed nonsignificant difference (while previausta-analyses observed significant
differences for other knowledge domains) could supthe claim that all natural science
disciplines (physics, chemistry, biology, etc.)ctese they are based on the same type of
quantitative predictive models, have some spe@hition to serious games that leads

them to be homogeneously beneficial.

With regard to hypothesHds, findings suggest that high school students apjoelaenefit
the most from playing serious games. Indeed, hlod students appear to achieve
higher, although not significantly different, learg gains than the younger elementary
school students. Thus, hypothesig i partly accepted. This finding concurs with
findings of previous meta-analyses on serious ggmes Vogelet al, 2006; Wouteret
al., 2013), which reported higher learning achievgdoliler learners. However, these
findings also partly conflict with KHand previously discussed meta-analyses (e.g. Vogel
et al, 2006; Wouterset al, 2013) and in other meta-analyses on computerebas
instruction (CAl) in general. For example, Liaok®08) meta-analysis on CAI found that
the lowest overall means were achieved by high @cktudents. In the present meta-
analysis, high school students achieved signiflgamngher learning gains than the older
college/adult population, while the overall meanngachieved by elementary school
students was slightly higher, although not sigaffity different, than the college/adult
population. This finding suggests a non-monotomiationship between age, learning

sciences and serious games.
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With regard to hypothesids, findings suggest that a shorter duration of uttton with
serious games Yyields higher learning achievemefttomes than a median duration,
which itself yields higher learning achievementomumes than a longer duration. Thus,
hypothesis K is accepted, leading to the conclusion that tlebaisle dissipation of a
novelty effect explains the progressive decreagheimain effects. One cannot exclude
that it could also mean that games designed torashort engagement time have some
other beneficial effect on learning. This findingncurs with the previously discussed
Dekkers and Donatti’'s (1981) meta-analysis on serigames, which found a negative
correlation between game play duration and learaictgeved. It also concurs with the
previously discussed considerable corpus of meddyses which found that shorter
computer-based instruction (CBI) was associatedh Wwigtter learning outcomes than
longer CBI, and generally concluded the presenca obvelty effect (i.e. Bayraktar,
2001; Kulik, Bangert & Williams, 1983; Kulik & Kuk, 1986, 1991; Kulik, Kulik &
Shwalb, 1986; Liao, 1998, 2007; Roh & Park, 2016he®ker, 2007). However, this
finding conflicts slightly with findings of recentneta-analyses on serious games
discussed earlier (e.g. Claét al, 2015; Wouterset al, 2013), which found that
multiple-session gaming was associated with hideaming achievement than single-
session gaming. As already pointed out, the méstyliexplanation for this is the fact
that the coding used by Woutesal (2013) and Clarlet al. (2015) for length of game
play consisted of only two categories, thus naivaithg a finer analysis of this moderator.
In addition, the category representing the shdetegth of game play in the present work
(i.e. less than one week) included several stuidieghich game play lasted for two or
three sessions (e.g. Akcayal,, 2006; Pyatt & Simms, 2012) or for a single l@&gsion
(e.g. Baralet al, 2009; Tarekegn, 2009), thus allowing more leggro take place.
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With regard to hypothesid, findings suggest that serious games are notrdiftally
beneficial on science learning achievement dependin the activity level of the
comparison group. Thus, hypothesigibirejected. Despite this finding, it was observed
that instruction with serious games appears todseaated with a higher overall mean
effect size when instruction received by the congoar group is passivel & 0.43) rather
than active ¢ = 0.19). This finding, although not statisticaijgnificant, appears to
concur with the previously discussed general ages¢rm the scientific literature that
active instruction benefits learning more than passistruction (Freemast al, 2014;
Newell et al, 1989; Sitzmanmt al, 2006; Webster & Hackley, 1997). This findingaals
partially concurs with the previously discussedzi®#nn & Ely’s meta-analysis (2011)
on serious games, which found that adult trainesstcted with serious games learned
more than trainees instructed with more conventiamstructional methods, when the
conventional methods were passiwk X 0.38) rather than actived (= -0.19). It is
interesting to note, however, that Sitzmann andshiyeta-analysis found that an active
comparison group appeared to learn mdre ¢0.19) than a serious game group, a result
not replicated here. One possible explanation wethard to these somehow divergent
results is the fact that Sitzmann and Ely focusedusively on adult trainees and,
therefore, on a different learning context. Anotpessible interpretation, which could be
put forward, is that it is the activity level ofdmers, rather than the method of
instruction, that influences learning most. It wblde consistent with the results from

Freeman (2014) that active learning increases stadgerformance in natural sciences.

With regard to hypothesillg, findings suggest that serious games with a highéicl
content do not appear to be more beneficial thaiouse games with a lower ludic
content. Thus, hypothesisli$ rejected. At a theoretical level, this findiogntradicts the

previously discussed postulate of several sch@déags Goh, Ang & Tan, 2008; Johnson,
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1991; Prensky, 2001), according to which more luskcious games promote greater
learning achievement. This finding also contradRépastergiou’s (2009, p. 608) meta-
synthesis on the effects of serious games in tineadoof health and physical education,
which observed that “enjoyment [...] seems to accdontthe effectiveness of the
games.” However, this finding concurs with Sitzmamd Ely’'s meta-analytical finding
(2011), to the effect that learning attained witbrenludic gamesd(= 0.26) was not
higher, and even appeared to be lower than leamtiiagned with less ludic gamed £
0.38). One possible explanation for these ressiltsat, when subjected to a serious game
with high ludic content, many students might coasithe science learning tasks“am”
(Falvo, 2008) or‘enjoyablé (Stobart and Chau, 2002) the same way consider tak
movies, computer games and other recreation mal&saand enjoyable, thus deterring

them from achieving learning.

With regard to hypothesidlg, findings suggest that serious games do not appebe t
differentially beneficial depending on the level mdalism of their interface. Thus,
hypothesis Hlis rejected. Nevertheless, as was pointed outnten overall effect sizel (

= 0.39) associated with schematic, unrealistic gaappears to be larger than the mean
overall effect sized = 0.26) associated with photorealistic games. Tliis finding
contradicts the previously discussed postulatesegéral scholars, which posited that a
higher level of game realism enhances learning ®eall & Smetana, 2008; Dickey,
2007; Gohet al, 2008; McClartyet al, 2012; Prensky, 2001; Warren, Dondlinger &
Barab, 2008). This finding also contradicts the 2@ihding of the meta-synthesis of
Mikropoulos and Natsis, who concluded that reaistrious games favor knowledge
construction. This apparent contradiction with poeg studies could support the
proposition that natural sciences have a speciatioa to serious games favoring

schematic interfaces. However, the finding of tliespnt meta-analysis concurs with
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findings by three recent meta-analyses discuss#tkioverview that concluded that less
realistic (or schematic) serious games signifigabénefited (Clarlet al, 2015; Wouters
et al, 2013) or appeared to benefit (Vogelal, 2006) learning more than more realistic
(or photorealistic) serious games. This findingalmeady mentioned, could be explained
by the enhanced visual complexity of photorealigf@ones and the state of cognitive
overload it induces. For example, Dansereau (20037) note that too great a visual
complexity could make the “topic material appeaermhelming to the user, which may
cause procrastination and false starts and [...Jfere with the imagery required to
create mental models of the information being presk” One cannot rule out, however,
that this finding could also mean that realism Miénalifferent types of games in a

different way.

With regard to hypothesi$i;o, findings suggest serious games appear to be more
beneficial when learners have control over contsetjuence or pace of the game
compared with when they do not have control ovey ah these elements. Thus,
hypothesis hp is accepted. This finding agrees with previouscdssed postulates, by
which the sense of being in control during medigigetion (Csikszentmihalyi, 1990;
Gredler, 1996) and the learner’s ability to inflaerelements of the media environment
during navigation (Wilsoret al, 2009, p. 234) should enhance learning. Moreaés,
finding concurs with Vogeét al’s (2006) meta-analysis discussed in the overvigsv,
they observed seemingly higher learning gains weamers had control over any of the
same three elements of a serious game, comparedwvén learners did not have control
over any of these three elements. This finding @¢dnd explained by thinearity of the
way the information is presented to the learneindunavigation of a medium (Gredler,
1996; Lawless & Brown, 1997; O'Nedt al, 2005). For example, Lawless and Brown

(1997, p. 118) note that a higher level of learnentrol over navigation enhances
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learning, because the learner then has the “opmtytto select what information to
access as well as how to sequence the informatianmanner that is meaningful to him
or her.” This finding is also consistent with thenstructivist view of learning and

suggests that user-centered serious games areberozécial.

With regard to hypothesidi;, findings suggest that serious games do not yléfdrent
learning outcomes when they serve as the experah@eitment in the more rigorous
experimental studies compared to the less rigoguasi-experimental studies. Thus,
hypothesis H is rejected. This result does not seem to condtlr findings of meta-
analyses previously discussed in the overview.dddboth Sitzmann and Ely (2011) and
Clark et al. (2015) found that random assignmergroup was associated with a lower,
although not significantly different overall effesize than the lack of random assignment
to group. Wouter®t al (2013) found the same, although statisticallynigigant result.
Thus results, of the present meta-analysis donfteap to confirm the fact that
experimental, more rigorous studies on serious gansdd lower effect sizes than quasi-

experimental, less rigorous studies.

With regard to hypothesid,,, findings suggest that serious games do not yléfdrent
learning outcomes when they are examined with tegpost-test design compared with
a post-test only design. Thus, hypothesisiblrejected. This finding thus in agrees with
findings of meta-analyses discussed in the over{l&itzmann & Ely, 2011; Wouteest

al., 2013), which also concluded that these two tygestudy designs are associated with
similar mean overall effect sizes. Thus, resultghaf present meta-analysis appear to
confirm the fact that the presence of a pretestsdogt appear to be a significant

moderator in the relation between serious game quayiearning achieved.
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With regard to hypothesiblis, findings suggest that more recent studies yiedgher
learning achievement outcomes than older studiess,Thypothesis H is accepted. This
is consistent with the postulate (e.g. Brinson, 0Roh & Park, 2010) by which
advancements in serious games’ technology over $ieen to be associated with more
beneficial science learning achievement outcomdss Tinding also concurs with
Dekkers and Donatti's meta-analytical finding diseed earlier, which reported, as early
as 1981, a positive correlation between year oflipaiion and learning outcomes.
However, this finding does not concur with Sitzmamd Ely’s (2011) meta-analytical
finding, which reported a nonsignificant correlatibetween year of publication and
learning outcomes. One possible explanation in ection with this is that Sitzmann and
Ely’s meta-analysis, despite covering a period oferthan 30 years (i.e. 1976 to 2009)
focused exclusively on adult trainees, and thusmesigsicted to a limited part of the field
of literature research on serious games. Anothssipte explanation is that recent years,
following Sitzmann and Ely’'s meta-analysis, haverse particularly rapid rate of
technology development in the field of serious garfida, Oliveira &Baalsrud Hauge,
2014), thus explaining the higher overall mean atffeize associated with studies

published from 2010 onwards.

Finally, with regard to hypothesidy,, findings suggest that studies published in peer-
reviewed journals yield a significantly larger oakrmean effect size than studies
unpublished in such journals (e.g. acts of proceg]i dissertation theses). Thus,
hypothesis hi is accepted. This finding is consistent with firgBnof previous meta-
analyses discussed in the overview (Dekkers & OpnE®81; Sitzmann & Ely, 2011;
Wouterset al, 2013) which came to the same conclusion. Thesjlts of the present
meta-analysis appear to confirm the reported effbett studies statistically significant

and with larger effect sizes are more likely puidid in a peer-reviewed journal.
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To summarize, among theoretical moderators thaggoaize context, findings of the
present work suggest that students appear to feara with a serious game, compared
with comparison group receiving conventional instien, when (1) serious games are
implemented in secondary schools and (2) serionsegaare implemented for a shorter
duration. Consistent variation of effect sizes asggests that, with more studies and
larger samples, (3) serious games could be showhat® more impact in some
disciplines (physics, life science) than othersefulstry, astronomy or Earth science).
The finding that high school students appear tcefiemore from serious games than
younger or older students differs from previougigs not specifically related to natural
sciences and cannot be explained with a simpleaiirfer even monotone) relation
between benefit and age. It would require more dermpropositions about the
relationships between age, learning and seriousegdhat are beyond the scope of the
present study. One cannot rule out that these nmpopitions might contribute to
characterizing a special relationship between aatsciences and serious games. This

would require more research.

Among theoretical moderators that categorize gaealibf the games, findings of the
present work suggest that students appear to teara when (1) they can control their
navigation through the game. Consistent variatibafiect sizes also suggests that, with
more studies and larger samples, (2) schematialstie games could be shown to have
more impact than photorealistic ones. While thes@mnee of ludic content somewhat
surprisingly doesn’t seem to produce any effeclitit would be interesting in future

studies to analyze other qualities more precisdéty €xample, game mechanics,

complexity of storyline, multiplayer mode, etc.)itientify the most significant.
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Among methodological moderators, findings suggbst (1) year of publication and

(2) publication status have a significant effecttba link between instructing students
with serious games and science learning achievi. dould suggest that more recent
efforts in the serious games space seem to be efificacious and that there may be a

publication bias in the literature on this topic.

Conclusion

The present work aimed to determine whether sergarmes were more effective,
compared with more conventional instruction, oresce learning achievement. For all
three learning outcomes examined (i.e. declaraktivewledge, knowledge retention,
procedural knowledge), serious games were foundbéo more beneficial than

conventional instructional methods. The effect sikz¢his benefit was found to be small
to moderate, which is consistent with previous ragtalytical findings on the effects of
serious games in other domains. The present wark toncludes, about the special
relationship of serious games to natural scientted,the overall effect is as significant

and with an amplitude comparable with other domairignowledge.

Moreover, several theoretical and methodologicatienators were found to affect the
link between instruction with serious games ane@rsm learning achieved. Findings of
the present work suggest that five moderators’ceffevere significant (grade level,
duration of intervention, level of user controlayef publication and publication status).
Among those that were not significant, three mobesa showed small consistent
variations of mean effect size (subject area, agtlevel of comparison group, level of
realism) that could lead to significance with moseudies and larger samples.

Furthermore, some findings about moderators argunahg and require more research
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and new proposals that could contribute to charaatg the special relationship between

natural sciences and serious games.

Similar to previous meta-analyses on serious garties,present meta-analysis has
limitations. For example, it did not examine somederators frequently found in the
literature to have a significant effect betweertringion with serious games and learning
achieved, such as participants’ gender, groupinghdwgame play, or overall quality of
the game. It also did not analyze the effect obse games on other variables, such as

motivation.
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Table 1.Past meta-analyses and some meta-syntheses thatinexhthe impact of
serious games on learning achievement

Nu(;\é)er Main conclusion with regard to

Y ear Authors lear ning achieved with serious games

primary ver sus mor e conventional instruction
studies
1981 Dekkers and Donatti 93 Games as effective
as more conventional
1986 vanSickle 42 Games more effective
to a small degree
1992 Randel, Morris, Wetzel, 68 Games more effective for retention,
and Whitehill but not for immediate learning gain
1999 Lee 19 Games combined with conventional
more effective than games alone
2006 Vogel, Vogel, Cannon- 32 Games more effective than conventional
Bowers, Bowers, Muse for cognitive gain outcomes
and Wright
2011 Sitzmann and Ely 65 Games more effective than aaiweal
for declarative and procedural
knowledge acquisition and retention
2013 Wouters, van Nimwegen, 38 Games more effective for
van Oostendorp and van knowledge learning and retention
der Spek
2015 Clark, Tanner-Smith and 69 Games more effective for

Killingsworth cognitive learning outcomes
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Table 2.Coding for each moderator variable

M oder ator

Codes

Subject area

1 = physics; 2 = chemistry; 3 = liégerscescience; 4 = astronomy
or Earth science; 5 = not specified

Grade level

1 primary; 2 = secondary; 3 = colleghigher; 4 = not specified

Duration of
intervention

1 =less than 1 week; 2 = between 1 and 4 weekan8re than 4
weeks; 4 = not specified

Activity level of
the comparison

group

1 = mostly passive instruction, such as listenmg@ fecture or to a
presentation, reading a textbook, watching a vid2e; mostly
active instruction, such as hands-on practice,udsion, exercises,
problem solving; 3 = not specified

Ludic content

1 = high: serious game contains aastleone characteristic
commonly seen in board games or video games, ssichllang a
virtual dice, moving pegs around a board, striiagnake the list
of top scorers, playing the role of a charactea fiantasy world, or
shooting foreign objects; 2 = low: serious gamesdoet contain
any of these characteristics; 3 = not specified

Level of realism

1 = schematic; 2 = cartoon-liBes photorealistic; 4 = not specified

Level of user
control

1 = learner has control over content; sequenceace;p2 = learner
has no control over any of these elements; 3 spetified

Randomization

1 = learners randomly assigned to groups;
2 = |learners not randomly assigned to groups;
3 = not specified

Experimental
design

1 = post-test only design; 2 = pretest and postdesign; 3 = not
specified

Year of publication

1 = 2010 to present; 2 = between 2000 and 200%&ere 2000

Publishing status

1 = published in a peer-reviewed journal;
2 = not published in a peer-reviewed journal,
3 = not specified




Table 3.Coding for each moderator variable and each study

N First author Year SA GL DOI ALCG LC LR LUC R ED YP PS
1 Akcay 2006 2 3 1 1 2 4 3 32 2 1
2 Akpan 20023 2 1 2 2 3 2 12 2 1
3 Anderson 20131 2 2 2 1 2 1 22 1 1
4 Annetta 20093 2 1 1 1 2 1 21 2 1
5 Arici 2008 3 1 2 1 1 2 1 12 2 2
6 Barab 20093 3 1 1 1 2 1 21 2 1
7 Barnea 19992 2 2 1 2 1 3 22 3 1
8 Baser 20001 3 2 2 2 1 1 22 1 1
9 Baxter 19994 2 1 1 2 1 1 12 3 1
10 Bayrak 20081 3 3 2 2 1 1 12 2 1
11 Boothby 20093 2 1 2 2 2 1 22 2 2
12 Bozkurta 20001 3 4 3 3 1 3 12 1 1
13 Brom 2011 3 2 1 1 1 2 1 11 1 1
14 Chini 20001 3 1 2 2 2 1 22 1 2
15 Civelek 20141 3 2 1 2 2 1 21 1 1
16 Climent-Bellido 2003 2 3 3 2 2 1 1 21 2 1
17 Cross 20043 3 1 2 2 3 1 11 2 1
18 Darrah 20141 3 3 2 2 3 1 12 1 1
19 Dobson 20093 3 4 2 2 2 2 11 2 1
20 Elangovan 20133 2 2 1 2 3 2 22 1 1
21 Engum 20033 3 1 2 2 3 1 12 2 1
22 Farrokhnia 20101 3 3 2 2 2 3 12 1 1
23 Finkelstein 20061 3 1 2 2 2 1 22 2 1
24 Frederick 20135 3 3 2 2 4 3 21 1 1
25 Gelbart 20093 3 2 3 2 1 2 22 2 1
26 Harris 20083 1 2 1 1 3 1 22 2 2
27 Hawkins 20132 3 1 2 2 4 1 12 1 1
28 Herga 20142 1 4 3 3 2 3 11 1 1
29 Huppert 20023 2 2 3 2 1 1 22 2 1
30 Husmann 20093 3 3 2 2 3 1 31 2 1
31 Jaakkola 20081 1 1 2 2 2 1 12 2 1
32 Jaakkola 20111 1 1 2 2 2 1 12 2 1
33 Kerr 2004 2 2 2 3 2 3 2 32 2 1
34 Keyser 200103 2 2 2 2 3 1 22 1 2
35 Kiboss 2004 3 2 2 1 2 2 2 12 2 1
36 Kim 2002 3 3 1 1 2 3 2 12 2 1
37 Kim 2006 4 1 1 1 2 3 1 22 2 1
38 Kinzie 1993 3 2 1 2 2 3 1 12 3 1
39 Klahr 20031 1 1 2 2 3 1 12 2 1
40 Klahr 20071 2 1 2 1 1 2 12 2 1
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41
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Kozhevnikov
Krippendorf
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Limniou
Liu

Mamo
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Merchant

Montgomery
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Perry
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Pyatt
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Scoville
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Sun
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Tan
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Table 4.Main effects for declarative knowledge learningowledge retention and
procedural knowledge learning comparing serious gamith more conventional
instruction

bﬁig;‘g d 95% ClI K N T
Eﬁgﬁfég’: 0.34*  [0.25, 0.43] 65 7 354 206.17*
Krr;?;"r']‘;gge 0.31*  [0.10, 0.52] 8 1025 £ 28
Procedural .

knowledge 04" [0-11,0.71] 7 556 7.12

* Significant at thep < .05 threshold.



Table 5.Resume of moderator analyses
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M oder ator F p d; dx d3
Subject area 0.179 911 0.38 0.24 0.33
Grade level 6.064 .004* 033 0.73 0.20
Duration of intervention 4.227 .022* 0,64 052 0.39
Activity level of the comparison group 2.883 064 43 0.19

Ludic content 0.249 .781 0.33 0.36

Level of realism 1.854 A79 039 0,34 0.26
Level of user control 3.582 .012* 045 0.21
Randomization 1.741 194 0.28 0.36
Experimental design 0.808 .608 0.35 0.32

Year of publication 6.993 .002* 0.42 0.16 0.16
Publishing status 3.198 .038* 0.36 0.11

* Significant at thep < .05 threshold.



